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vestigation of transition-metal
doped Al2B2 and AlB4 monolayers for spintronics

JueFei Wang * and Xuan Luo

Two-dimensional spintronics has garnered significant attention in recent years, driven by the rapidly

increasing demand for greater computational power from machine learning and AI workloads. This

research investigates whether substitutional doping with the transition metals Mn, Fe, and Cr induces

magnetism in two recently discovered, lightweight, two-dimensional Dirac nodal line semimetal

monolayers, Al2B2 and AlB4. Computations performed with density functional theory (DFT) reveal

ferromagnetic ground states in nine of the twelve investigated monolayers. Defect formation energy

calculations show that substitution on Al sites in both monolayers is thermodynamically preferred over B

sites. The opening of gaps at band crossings is observed in band structures across all monolayers when

spin–orbit coupling effects are introduced, suggesting nontrivial topologies of the pure materials are

most likely retained. These findings identify doped Al2B2 and AlB4 monolayers as promising platforms for

the future exploration of two-dimensional spintronics.
Table 1 Electron configurations and radius cutoffs used to generate
the PAW pseudopotentials for elements used in the current research

Element Atomic number Electron conguration Radius cutoff (bohr)

Al 13 [Ne]3s23p1 1.904
B 5 [He]2s22p1 1.701
1. Introduction

The rapid expansion of AI and machine-learning workloads is
driving unprecedented demand for higher performance and
energy efficiency across modern processor architectures, most
notably for CPU and GPU platforms. While efforts continue to
be made towards downscaling the dimensions of transistors,
physical limitations of current technologies are fast approach-
ing. Factors like the high current resistivity of copper wiring,
thermal bottlenecks in silicon wafers, and quantum tunneling
issues all present signicant challenges, highlighting a growing
imperative to explore alternative approaches to information
processing.1–3 Spintronics, or spin transport electronics, has
emerged as a compelling candidate for the foundation of future
computing platforms, with promises to resolve major current
technological roadblocks in the development of faster
processors.4–7 By leveraging the spin degree of freedom, either
alone or alongside charge, spintronics devices have the poten-
tial to overcome limitations of traditional, charge-only elec-
tronics by substantially increasing the nonvolatility, speed, and
energy efficiency of next-generation computational systems.1,4,5,7

In the past few decades, signicant strides have been made
in the eld of spintronics, starting with the discovery of giant
magnetoresistance (GMR) in 1988. GMR spin valves quickly
enabled the creation of room-temperature, eld-sensitive
multilayers that found widespread usage as hard-disk read/
write heads.8–12 MRAM cells were subsequently prototyped
using GMR and early magnetic tunneling junction (MTJ)
ent Center, Springeld, Virginia 22151,

the Royal Society of Chemistry
structures.9,13 Then followed the discovery of dilute magnetic
semiconductors (DMS), created by doping non-magnetic semi-
conductors with magnetic impurities, which offer carrier-
mediated magnetism that is able to be manipulated by gate
voltage, electric current, and light.14 Today, spin-transfer-torque
MRAMs (STT-MRAM) that employ MTJs are being integrated as
embedded nonvolatile memory in automotive, industrial, and
consumer electronics SoCs, complementing or altogether
replacing embedded Flash and SRAM. These devices offer key
benets like low power consumption, nonvolatility, nano-
second read/write speeds, and excellent scalability to smaller
nodes.15–17 Yet there still exists several roadblocks in the way of
translating the usage of current spintronics technology from
embedded memory to broader, processor-grade functionality.
For instance, STT-MRAMs, the main commercial application of
spintronics today with an estimated market worth of several
billion dollars, require a large write current density that results
in signicant power consumption, and can risk damaging the
MgO barrier at small diameters.17–20 In addition, the shared
read/write paths of STT-MRAMs make it difficult to optimize
both writability and read-disturb margin simultaneously.
Cr 24 [Ne]3s23p64s13d5 2.108
Mn 25 [Ne]3s23p64s13d6 2.112
Fe 26 [Ne]3s23p64s13d7 2.115
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Widening the width of the access transistor for reliable reads
can cause bit ips during normal operation, likewise with
thinning the MgO tunnel barrier.19,21–24 Finally, nearly all STT-
MRAM designs rely on single-ended sensing against a xed
reference current, where tiny variations in oxide thickness or
barrier uniformity can potentially push valid read currents into
ambiguous zones that cannot be accurately read.19,25,26

With investigations revealing their potential to bypass many
said drawbacks, topological quantum materials—systems with
nontrivial band topology and unconventional electronic states
protected by topological invariants—have garnered signicant
interest in the past twenty years for spintronics research.
Fig. 2 Electronic band structures (a) and (b) of the primitive cell of AlB4

with SOC. Electronic band structures (e) and (f) of the 2 × 2 supercell of
without/with SOC. All panels follow the high-symmetry G–K–M–G k-po

Fig. 1 Top and side views of (a) AlB4 and (b) Al2B2 monolayers in 2 × 2 su
lattice (b1, b2) of the monolayers.

1566 | RSC Adv., 2026, 16, 1565–1584
Notably, magnetic topological semimetals (MTSMs) have
gained considerable attention due to their unique properties
that arise from the interplay between topology and magne-
tism.27 Their broken time-reversal symmetries and topological
band crossings (isolated Weyl/Dirac nodes or nodal lines) grant
them electronic pathways that exhibit chirality and can support
channels of perfect conduction. The potential ability to
manipulate their topological states via magnetism pose an
appealing area of research, and MTSMs have been predicted to
have a myriad of uses in areas ranging from quantum
computing, novel electronics, electromagnetic sensors, energy
harvesting, and importantly, spintronics.28–30
without/with SOC and (c) and (d) of the primitive cell of Al2B2 without/
AlB4 without/with SOC and (g) and (h) of the 2 × 2 supercell of Al2B2

int circuit. The Fermi level is set to 0 eV for all plots.

percells, and (c) schematic of the Bravais lattice (a1, a2) and reciprocal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 MnB in 2 × 2 Al2B2. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and red represent B, Al, and Mn,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Mn3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1565–1584 | 1567

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
5:

17
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06454f


Table 2 Defect formation energies EMn
f of doped Al2B2 and AlB4

monolayers, their fully relaxed in-plane lattice constants, and total
magnetic moment

Material Defect EMn
f (Ha)

In-plane latt.
(bohr)

Magnetic moment
(mB)

Al2B2 DB 0.237 11.522 0.677
Al2B2 DAl 0.003 11.023 3.765
AlB4 DB 0.199 11.369 2.101
AlB4 DAl −0.023 11.208 2.193
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Pushing these materials to the two-dimensional limit amplies
their advantages. 2D materials exhibit unique properties like ultra-
long spin relaxation times and spin diffusion lengths, allowing
efficient transport of spin information.31–34 They also provide
intrinsic avenues for spinmanipulationwith properties like Rashba
spin orbit coupling, spin valley coupling, and quantum spin Hall
(QSH) edge channels (currently at up to 100 K).34–38 The unique
dimensionality of these materials has allowed them to realize
architectures with decoupled read/write paths, atomically uniform
tunnel barriers, and nonvolatile electric control of magnetism,
which lowers power consumption.26,39–41 Amongst these materials,
2DMTSMs, which exhibit both enhancedmagnetic anisotropy and
quantum connement effects not observed in any bulk material,
offer a particularly fascinating direction of research for applications
in spintronics.42,43 Particularly since the experimental realization of
graphene, followed by successful discoveries and productions of
monolayers like silicene, hexagonal hBN, and TMDs, signicant
interest arose in their research.44–46 Nonetheless, despite consider-
able efforts that have been made in recent years, the interactive
nature of MTSMs make them hard to predict, and there have thus
been few newly reported discoveries. There are, however, some
notable exceptions like Sr1−yMn1−zSb2 (y, z < 0.1), Fe3GeTe2, and the
pressure-induced EuCd2As2.47–53 These successfully discovered
materials all display considerable potential through either their
topological characteristics or spintronics applications, under-
scoring the value of continued exploration.

Taken together, these limitations and opportunities motivate
our investigation of lightweight, 2D topological materials and
whethermagnetic doping can unlock spintronics functionalities in
them while retaining topology. Al2B2 and AlB4 monolayers, two 2D
Dirac nodal line semimetals predicted by Abedi et al. in 2022, have
drawn scientic interest due to their potential applications in
future quantum and nanoscale devices, especially in the case of
the 2D superconductor AlB4.51 These monolayers have also
demonstrated promise in other applications like sodium-ion
batteries.54 However, their spintronics potential remains largely
unexplored. This, with the addition of nascent research on the
doping of topological monolayers, motivated us to explore the
possibility of introducing impurities to these materials with tran-
sition metal dopants in search of magnetism and therefore
potential uses in spintronics.55–58 Other modications, such as
layer stacking, strain engineering, and carrier or chemical doping,
have also been employed to induce spintronic functionality in 2D
systems.59–61 Nevertheless, we focus on transition-metal doping
because it provides a direct and experimentally established route
to introduce localized magnetic moments while largely preserving
the symmetry-protected topological features of Al2B2 and AlB4.

Importantly, the experimental feasibility of such doping strat-
egies has been demonstrated in related 2Dmaterials. For instance,
substitutional transition metal doping via chemical vapor deposi-
tion (CVD) has been widely used in two-dimensional semi-
conductors. CVD growth enables incorporation of dopant
precursors during synthesis, allowing, e.g., transition metal-doped
TMD monolayers.62,63 Moreover, a microwave-assisted one-pot
method was used to dope the 12-borophene phase with Fe and S
by exposing dispersed borophene to FeCl3 under controlled
microwave irradiation; this work achieved up to 13% Fe doping, as
1568 | RSC Adv., 2026, 16, 1565–1584
conrmed by high-resolution transmission electron microscopy
(HRTEM) and Raman spectroscopy.64 Additional postgrowth
techniques, such as low-energy ion implantation, have been
applied to 2Dmaterials like few-layerWS2, allowing precise control
of dopant concentration. The universality of this method has also
been demonstrated in other 2D semiconductors, including WSe2,
SnS2, and MoS2. These experimental successes offer compelling
evidence that the substitutional doping schemes we explore are
realistic and could be implemented in the laboratory.

In this paper, we describe our procedures in using rst-
principles calculations based on DFT to demonstrate the emer-
gence of magnetism across Al2B2 and AlB4 monolayers aer
doping them with several common transition metals. We also
explore the possibility that these materials retain topological
properties similar to their pristine counterparts. We detail the
structural and magnetic properties of these systems, and discuss
possible implementations in 2D spintronics and potentially as
MTSMs. In Section 2, we detail our methods of performing rst-
principles calculations. In Section 3, we present and discuss our
results for both materials. Finally, our conclusion and framework
for future directions is found in Section 4.

2. Method
2.1. Computational details

First-principles calculations were performed based on Density
Functional Theory (DFT) using the Generalized Gradient Approx-
imation (GGA) in a Perdew–Burke–Ernzerhof (PBE) formalism as
implemented in the ABINIT65 code. The Projector Augmented-
Wave (PAW) method66 was used to generate pseudopotentials by
the ATOMPAW code.67 Table 1 displays the electron congurations
and radial cutoffs of the elements used to conduct our study.

Total energies were computed via self-consistent eld (SCF)
convergence. Cycles were terminated once the total energy
difference between two successive iterations was smaller than 1
× 10−10 Ha. The kinetic energy cutoff, vacuum parameters, and
Monkhorst–Pack k-point grid were converged until the total
energy differences were less than 1 × 10−4 Ha twice consecu-
tively. To optimize atomic structure, the Broyden–Fletcher–
Goldfarb–Shanno (BFGS) minimization algorithm was used
such that the maximum absolute force difference was less than
2 × 10−4 Ha bohr−1 between two consecutive runs.

2.2. Atomic structure

As shown in Fig. 1(a) and (b), the primitive cells of the pure
Al2B2 and AlB4 monolayers are hexagonal lattices of the layer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 MnAl in 2 × 2 Al2B2. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and red represent B, Al, and Mn,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Mn3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1565–1584 | 1569
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Fig. 5 MnB in 2 × 2 AlB4. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and red represent B, Al, and Mn,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Mn3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.

1570 | RSC Adv., 2026, 16, 1565–1584 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 MnAl in 2 × 2 AlB4. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and red represent B, Al, and Mn,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Mn3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1565–1584 | 1571
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Fig. 7 FeB in 2 × 2 Al2B2. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and yellow represent B, Al, and Fe,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Fe3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.

1572 | RSC Adv., 2026, 16, 1565–1584 © 2026 The Author(s). Published by the Royal Society of Chemistry
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group P6/mmm (no. 80). These two congurations give rise to
the thinnest AlB2 lms, and share similar structures when
viewed top-down. They are, however, distinct in their side views.
The starting geometries we used in our study were taken from
prior calculations reported by Abedi et al. in 2022.51

2.3. Electronic structure

The band structures of the monolayers were calculated along the
G–K–M–G path in the two-dimensional Brillouin zone. In reduced
coordinates of the reciprocal primitive lattice, the high-symmetry
k-points are G (0, 0, 0), K (1/3, 2/3, 0), and M (1/2, 1/2, 0) (Fig. 1(c)).

Subsequently, spin–orbit coupling (SOC) effects were intro-
duced while all other computational parameters were kept
unchanged, enabling a one-to-one comparison with the scalar-
relativistic bands.

Band gaps produced by this liing of spin degeneracies were
further examined using orbital-projected (fat-bands) plots with
SOC to inspect contributions from different orbitals.

To identify whether magnetism exists in the ground state,
spin-polarized calculations (SPC) were conducted via the
assignment of initial local moments. Full structural relaxation
was then re-performed, followed by a re-calculation of the band
structures with separate spin-up and spin-down channels.

2.4. Defect formation energies

To evaluate the defect formation energies of our doped mono-
layers, of which all are neutral defects, we use the following
formula, analogous to ones employed in similar studies:68–70

EfðDÞ ¼ EtotðdefectÞ � EtotðhostÞ �
X

i

nimi (1)

Here, Etot(defect) and Etot(host) are the Helmholtz free energies
of the system with and without the defect, ni is the number of
atoms of species added or removed, and mi is their corre-
sponding chemical potentials. At T = 0 K we approximate
Helmholtz free energy as equal to total energy. In our study, all
dopings are performed via the substitution of one atom of
either Al or B with a dopant. As such, the equation simplies to

Ef(DX) = EDX
− EML − ED + EX, with

D ˛ {Mn, Fe, Cr},

X ˛ {B, Al}, ML ˛ {AlB4, Al2B2}. (2)
Table 3 Defect formation energies EFef of doped Al2B2 and AlB4

monolayers, their fully relaxed in-plane lattice constants, and total
magnetic moment

Material Defect EFef (Ha)
In-plane latt.
(bohr)

Magnetic moment
(mB)

Al2B2 DB 0.205 11.521 0.000
Al2B2 DAl 0.000 11.014 2.648
AlB4 DB 0.172 11.382 0.000
AlB4 DAl −0.025 11.221 1.030
3. Results and discussion

We examine the electronic structures of the pure monolayers,
then investigate the defect formation energies for substitutional
doping with Mn, Cr, and Fe. Then, we present a dopant-by-
dopant study of the magnetic and topological properties of the
monolayers by evaluating the fully relaxed band structures, SOC,
SPC, and fat-bands.

3.1. Pure monolayers

To establish a baseline for evaluating the effects of transition
metal doping on the monolayers, we start by examining the
© 2026 The Author(s). Published by the Royal Society of Chemistry
structural and electronic properties of pristine Al2B2 and AlB4

monolayers. Following the metrics detailed in Section 2, we rst
performed kinetic energy convergence, followed by the conver-
gence of Monkhorst–Pack k-point grid, then vacuum height,
and nally full structural relaxation at 0 GPa.

Following this, the in-plane lattice constants of the mono-
layers were determined to be 5.566 bohr for Al2B2 and 5.695
bohr for AlB4. These results are in excellent agreement with the
theoretical values given by Abedi et al., at 5.573 bohr and 5.658
bohr, for their respective monolayers.51

The optimized band structures of the primitive cells of AlB4

and Al2B2 are as presented in Fig. 2. Aer consideration of SOC,
the primitive cells yielded no distinguishable differences in band
structure, conrming that SOC induces no observable splitting or
gap opening in the basematerial. This is an expected outcome, as
both aluminum and boron are light elements with low-Z atoms,
and their inversion ðPÞ and time-reversal ðT Þ symmetries enforce
a two-fold degeneracy at every k-point.

As all doping calculations in this study are performed on 2× 2
supercells, we also computed band structures for the fully relaxed
supercells of the pristine monolayers to provide a point of direct
comparison. The supercells relaxed to 11.132 bohr for Al2B2 and
11.369 bohr for AlB4. As we see in Fig. 2, the introduction of SOC
effects to these systems produced gap openings across numerous
points for bothmonolayers. These results arise from the lowering
of crystal symmetry upon relaxation, liing the PT constraints
that enforce degeneracy in the primitive cells.

As the following sections show, the introduction of SOC and
SPC effects result in signicant changes to the band dispersions
of graphs produced. The results reveal the emergence of
magnetic behavior in MnB, MnAl, FeAl, and CrAl in 2 × 2 Al2B2,
and for MnB, MnAl, FeAl, CrB, and CrAl in 2 × 2 AlB4. The
possibility that the doped systems retain topological features
present in the pure material is also observed. Below, we will
discuss our reasonings for these assessments through a dopant-
by-dopant discussion.
3.2. Mn doped monolayers

In our study of the doped monolayers, we follow the same
workow as we have used for the calculations of the pure mate-
rial, starting from a full structural relaxation on the dopants aer
Mn is introduced. Presented in Fig. 3 are the top and side views of
the optimized atomic structures of Al2B2 with substitutional Mn
doping at the B site. The colors beige, gray and red represents B,
RSC Adv., 2026, 16, 1565–1584 | 1573
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Fig. 8 FeAl in 2 × 2 Al2B2. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and yellow represent B, Al, and Fe,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Fe 3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.
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Fig. 9 FeB in 2 × 2 AlB4. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and yellow represent B, Al, and Fe,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Fe3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.
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Fig. 10 FeAl in 2 × 2 AlB4. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and yellow represent B, Al, and Fe,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Fe3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.

1576 | RSC Adv., 2026, 16, 1565–1584 © 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/5

/2
02

6 
5:

17
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06454f


Fig. 11 CrB in 2 × 2 Al2B2. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and green represent B, Al, and Cr,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Cr3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.
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Table 4 Defect formation energies ECrf of doped Al2B2 and AlB4

monolayers, their fully relaxed in-plane lattice constants, and total
magnetic moment

Material Defect ECrf (Ha)
In-plane latt.
(bohr)

Magnetic moment
(mB)

Al2B2 DB 0.289 11.519 0.000
Al2B2 DAl 0.008 11.054 2.668
AlB4 DB 0.221 11.363 1.607
AlB4 DAl −0.018 11.209 1.813
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Al, and Mn atoms, respectively. Shown in Table 2, the corre-
sponding in-plane lattice parameter is 11.522 bohr, revealing an
increase of 3.50% relative to the pure monolayer. Comparing the
band structures of Fig. 3(b) and (c), we observe that the intro-
duction of spin–orbit interactions result in the liing of degen-
eracies near the Fermi level along the M–G path and opens up
a band gap. The ability of SOC effects to gap the band crossing is
suggestive of nontrivial topology.71–73 In Fig. 3(d), red and blue
dots respectively display the relative orbital contributions of Al3p
and B2p, while green outlines correspond to the strength of the
contributions of the dopant, in this case being Mn3d. The bars
on the rightmap color intensity to raw, unitless orbital-projection
weights, with the bold markers indicating maximum values. As
such, it shows that the orbital weights of Mn3d in the area
overpowers that of Al3p and B2p, playing an important role in
inducing the gap. Under spin-polarized effects, the spin-up and
spin-down band structures differ, as revealed in Fig. 3(e) and (f).
Table 2 displays the magnetic moment, calculated by taking the
difference between spin-up and spin-down electron counts,
integrated over the supercell. Here, the non-zero value conrms
the emergence of magnetism.

For MnAl substitution, we observe that introducing SOC
effects again opens up a crossing along the M–G path of the
band structure, slightly above the Fermi level (Fig. 4(c)). Table 2
presents a 0.98% decrease in the in-plane lattice constant of the
doped material in comparison with the pristine monolayer,
from 11.132 bohr to 11.023 bohr. The fat-bands plot of Fig. 4(d)
reveal that just as in MnB doping, the role of the dopant is
signicant in lowering symmetry and creating the gap. In
addition, there is also more Al3p contribution than B2p
contribution at the Fermi level. Similar to MnB, the spin-up and
spin-down differ when SPC is introduced (Fig. 4(e) and (f)). In
this case, Table 2 reveals a large total magnetic moment,
indicative of a strongly spin-polarized ground state (Table 2).

In the AlB4 monolayer with B site substitution, there is
another appearance of a band opening along the M–G path, this
time located slightly below the Fermi level, as seen in Fig. 5(c).
Interestingly, the lattice constants of this monolayer is identical
to that of the pure material, suggestive of there being minimal
global strain (Table 2). At the site of the gap, bright green circle
outlines indicate signicant Mn3d contribution, especially on
bands with stronger Al3p relative orbital contributions. From
the bars, we also observe that B2p and Mn3d have greater
absolute weights in these bands, indicative of their prominent
contributions near the Fermi level. In Fig. 5(e) and (f), strong
magnetism is once again revealed by the markedly distinct spin-
up and spin-down bands, as corroborated by Table 2.

Lastly, in the AlB4 monolayer with Al site substitution, the in-
plane lattice constant is calculated to be 11.208 bohr, corre-
sponding to a 1.42% decrease (Table 2). Numerous nodal points
open in the band structure under the inuence of SOC, as
indicated by the red inset boxes in Fig. 6(b) and (c). Observing
Fig. 6(c), it can be seen that across all gaps near the Fermi level,
there are strong inuences of the Mn3d orbital, particularly in
regions with greater Al3p contribution. Similar to AlB4 with MnB

substitution, B2p and Mn3d orbitals have greater absolute
weights in these bands. As with the three cases above, SPC
1578 | RSC Adv., 2026, 16, 1565–1584
bands and Table 2 reveal the continuation of the pattern of
emergent magnetism (Fig. 6(e) and (f)).

From Table 2, it is clear that substitutions of the Al site has
lower formation energies than substitutions of the B site. This is
consistent with the structural signatures we observe. Al site
doping reduces the in-plane lattice constants of themonolayers,
resulting in chemical compressive pressure, whereas B site
doping either maintains or expands the lattice constants,
resulting in little pressure change in the former scenario and
tensile pressure for the latter. The slightly negative defect
formation energy of AlB4 MnAl signies that even aer
accounting for the energy needed for vacancy formation, the
nal doped structure still lowers the net total energy. These
results are unsurprising, as there is a better size match between
Mn and Al, therefore making it easier to perform doping.
3.3. Fe doped monolayers

Having examined the structural and electronic signatures of Mn
substitution and successfully identifying magnetism, we now
shi our attention to an adjacent element, Fe, to test whether
the same trends persist. As such, we follow the same workow
used above.

Fig. 7(a) shows the top and side views of the optimized atomic
structures of Al2B2 with substitutional FeB doping; yellow repre-
sents Fe atoms. The lattice constant, 11.521 bohr, found in Table
3, signify a 3.49% increase compared to the pure Al2B2 mono-
layer. We observe a splitting slightly below the Fermi level along
the M–G path by comparing Fig. 7(b) to (c). The fat-bands plot
and bars reveal that at the Fermi level, B2p dominates over Fe3d,
both in terms of relative orbital contributions as well as absolute
weights. A high amount of Fe3d character is present at the site of
the gapped band crossing (Fig. 7(d)). Interestingly, from the
identical looking graphs of Fig. 7(e) and (f), it is apparent that this
doped monolayer induces no magnetism, unlike the ones
examined previously. This is supported by the zero in the total
magnetization column found in Table 3.

A nodal point along the M–G path opens when SOC is
introduced to Al2B2 with FeAl doping, as shown in Fig. 8(c).
Table 3 indicates a 1.06% decrease of the in-plane lattice
constant compared to the pure monolayer, from 11.132 to
11.014 bohr. Fig. 8(d), the fat-bands graph, reveal that this
opening results from the mixing of Al3p and Fe3d orbitals, with
the dopant Fe3d having the greatest absolute weight near the
Fermi level. This time, Fig. 8(e), (f) and Table 3 reveal that
magnetism is once again found.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 CrAl in 2 × 2 Al2B2. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and green represent B, Al, and Cr,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Cr3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.
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Fig. 13 CrB in 2 × 2 AlB4. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and green represent B, Al, and Cr,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Cr3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.
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Fig. 14 CrAl in 2 × 2 AlB4. (a) Top view and side view of the 2 × 2 optimized atomic structure. Beige, gray, and green represent B, Al, and Cr,
respectively. (b) Electronic band structure with red inset box. (c) SOC band structure with red inset box. (d) Fat-bands projection on region with
gap opening. Red and blue indicate contributions from Al3p and B2p orbitals, respectively. Green outlines represent contributions from Cr3d
orbitals. Color bars show absolute orbital-projection values for each channel. (e) and (f) Spin-polarized spin-up and spin-down band structures.
All panels follow the high-symmetry G–K–M–G k-point circuit.
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A negligible 0.1% increase in lattice constant is calculated
for AlB4 FeB (Table 3). Below the Fermi level from M to G in the
SOC band structure (Fig. 9(c)), a gap opens in the place of the
crossing seen in Fig. 9(b), as indicated by the red inset box. In
the bands near the gap, regions with greater Al3p contribution
are shown to have bright green circle outlines, indicative of
strong inuences of the Fe3d. In addition, bar ticks show that
the absolute weight of Al3p is very small near the Fermi level.
Same with Al2B2 FeB, SPC produces no visible distinction
between Fig. 9(e) and (f), thus the monolayer is not magnetic.
The corresponding value from Table 3 supports this conclusion.

The relaxed in-plane lattice constant of AlB4 FeAl, 11.221
bohr, is 1.41% smaller than that of the undoped supercell
(Table 3). Akin to AlB4 MnAl, introducing SOC effects results in
the formation of numerous gaps in the band structure due to
lowered symmetries (Fig. 10(c)). Qualitative results of the two
monolayers are alike: strong inuences of the Fe3d orbital in
regions with greater Al3p contribution, B2p and Fe3d orbitals
with greater absolute weights, and SPC bands revealing
magnetism (Fig. 10(d)–(f) and Table 3).

Trends that can be concluded from Table 3 are very similar to
those from Table 2. Substitutions on the Al site still have lower
formation energies than those on the B site, and smaller in-
plane lattice constants than the pristine monolayers. Thus, we
arrive at the same conclusion that doping is easier to perform
on the Al site.
3.4. Cr doped monolayers

Having found magnetic ground states for Mn and Fe, we now
move on to Cr as our nal dopant to examine whether the trend
of dopant-induced magnetism persists, using the same settings
and conventions.

The top and side views of the fully relaxed atomic structure of
Al2B2 with substitutional CrB doping is shown in Fig. 11(a). The
resulting lattice constant converges to 11.519 bohr, indicating
a 3.48% increase (Table 4). The color green is used to indicate Cr
atoms. From M to G, a gap opens up above the Fermi level in
place of a crossing when SOC effects are introduced (Fig. 11(c)).
The fat-bands plot of this monolayer reveals Cr3d to have the
greatest weight around the gap, revealing its importance in
producing this result. Fig. 11(e) and (f) are identical, and Table 4
reports its magnetic moment as 0, signifying that this mono-
layer is non-magnetic.

Comparable to the other Al2B2monolayers with Al site doping,
a band gap opens when SOC is applied, this time along the G–K
path of the band structure (Fig. 12(c)). The dopant induces
a minute, 0.70% increase in the lattice constant (11.054 bohr as
seen from Table 4). The fat-bands plot of Fig. 12 shows that the
dopant Cr contributes strongly to the mixing of orbitals respon-
sible for breaking symmetry. The SPC band structures and Table
4 reveal the existence of magnetism (Fig. 12(e) and (f)).

A negligible 0.05% decrease in lattice parameters appears for
AlB4 with CrB doping (Table 4). A symmetry breaks above the
Fermi level under the introduction of SOC effects to the band
structure, this time from the K–M path (Fig. 13(c)). Fig. 13(d)
show that the relative projections of Al3p orbital dominate near
1582 | RSC Adv., 2026, 16, 1565–1584
the gap, however Cr3d and B2p have much greater absolute
weights. Green outlines of circles near the gap are indicative of
the role of Cr3d in this outcome. Table 4, Fig. 13(e) and (f) once
again show magnetism.

Finally, consistent with other AlB4 monolayers with Al site
doping, a number of different band crossings open under SOC
effects for AlB4 CrAl (Fig. 14(c)). An expected 1.42% decrease in
lattice parameters in comparison to the purematerial, from 11.369
to 11.209 bohr, is also present. Similarly, in all opened nodal points
near the Fermi level, there exists strong inuences of the Cr3d
orbital, particularly in regions with greater Al3p contribution. B2p
and Cr3d orbitals have greater absolute weights in these bands
(Fig. 14(d)). Lastly, Table 4, Fig. 14(e) and (f) reveal magnetism.

4. Conclusion

In this study, we used rst-principles calculations to investigate
whether substitutional transition metal doping can induce
magnetism in the lightweight, two-dimensional nodal line
semimetal monolayers Al2B2 and AlB4, while maintaining band
features compatible with nontrivial topology. Our results reveal
that Al site substitution is consistently more favorable energeti-
cally than B site substitution. We also discover the opening of
crossings across all systems when spin–orbit coupling effects are
introduced. Spin-polarized calculations reveal robust ferromag-
netic ground states for MnB, MnAl, FeAl, and CrAl in 2 × 2 Al2B2,
and for MnB, MnAl, FeAl, CrB, and CrAl in 2 × 2 AlB4. Fat-bands
analyses indicate strong interactions between the dopant and
the host, relative to band openings. Taken together, these results
suggest that the substitutional doping of these two monolayers
could likely give rise to promising candidates for future spin-
tronics applications. In future studies, we will specically inves-
tigate topological properties, explore different host cell sizes, and
incorporate a more comprehensive list of dopants to push for
practical implementations of the monolayers in spintronics.
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9 J. Barnaś, A. Fuss, R. Camley, P. Grünberg andW. Zinn, Phys.
Rev. B:Condens. Matter Mater. Phys., 1990, 42, 8110.

10 S. A. Wolf, A. Y. Chtchelkanova and D. M. Treger, IBM J. Res.
Dev., 2006, 50, 101.

11 J. Lu, E. Chen, M. Kabir, M. Stan and S. Wolf, Int. Mater. Rev.,
2016, 61, 456.

12 J. S. Moodera, L. R. Kinder, T. M. Wong and R. Meservey,
Phys. Rev. Lett., 1995, 74, 3273.

13 M. Hellenbrand, I. Teck and J. L. MacManus-Driscoll, MRS
Commun., 2024, 14, 1099.

14 T. Dietl and H. Ohno, Rev. Mod. Phys., 2014, 86, 187.
15 T. Endoh, Mater. Lett., 2024, 6, 400.
16 D. H. Kang and M. Shin, Sci. Rep., 2021, 11, 22842.
17 H. Kim, K.-W. Kwon and Y. Seo, Electronics, 2024, 13, 3498.
18 T. Lee, K. Yamane, Y. Otani, D. Zeng, J. Kwon, J. Lim, V. Naik,

L. Hau, R. Chao, N. Chung, et al., in 2020 IEEE International
Electron Devices Meeting (IEDM), IEEE, 2020, pp. 11–16.

19 Y. Seo, X. Fong and K. Roy, IEEE Trans. Electron Devices, 2014,
62, 554.

20 C. Lin, S. Kang, Y. Wang, K. Lee, X. Zhu, W. Chen, X. Li,
W. Hsu, Y. Kao, M. Liu, et al., in 2009 IEEE International
Electron Devices Meeting (IEDM), IEEE, 2009, pp. 1–4.

21 K. C. Chun, H. Zhao, J. D. Harms, T.-H. Kim, J.-P. Wang and
C. H. Kim, IEEE J. Solid State Circ., 2012, 48, 598.

22 Z. Bian, X. Hong, Y. Guo, L. Naviner, W. Ge and H. Cai,
Micromachines, 2021, 12, 551.

23 X. Jia and Y. Jiang, AIP Adv., 2024, 14, 025305.
24 J. Cui, K.-X. Zhang and J.-G. Park, Adv. Electron. Mater., 2024,

10, 2400041.
25 V. Nguyen, S. Rao, K. Wostyn and S. Couet, npj Spintronics,

2024, 2, 48.
26 V. H. Guarochico-Moreira, J. L. Sambricio, K. Omari,

C. R. Anderson, D. A. Bandurin, J. C. Toscano-Figueroa,
N. Natera-Cordero, K. Watanabe, T. Taniguchi,
I. V. Grigorieva, et al., Nano Lett., 2022, 22, 935.

27 C. Niu, G. Qiu, Y. Wang, P. Tan, M. Wang, J. Jian, H. Wang,
W. Wu and P. D. Ye, Nano Lett., 2023, 23, 8445.

28 B. A. Bernevig, C. Felser and H. Beidenkopf, Nature, 2022,
603, 41.

29 M. R. K. Akanda, AIP Adv., 2020, 10, 095222.
30 S. Nakatsuji, AAPPS Bull., 2022, 32, 25.
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