ACTA PHYSICA POLONICA A No. 3 Vol. 148

Prediction of Spin-Polarization Characteristics of
Al-Doped Single-Walled SiC Nanotubes

V.N. JAFAROVA?, A A. HADIYEVA®® AND V.K. SARIJANOVA®

@ Azerbaijan State Oil and Industry University, 20 Azadliq Ave., AZ-1010 Baku, Azerbaijan
®Khazar University, 41 Mehseti Str, AZ-1096 Baku, Azerbaijan

Received: 24.08.2025 & Accepted: 09.10.2025

Doi: 10.12693/APhysPolA.148.177 *e-mail: aynura.hadiyeva@asoiu.edu.az

The present work explores how aluminum substitution affects the electronic, magnetic, and structural
properties of single-walled (6,0) silicon carbide nanotubes, based on spin-polarized density functional
theory simulations. The incorporation of Al atoms causes pronounced changes in the band structure,
driving the system toward half-metallic behavior, where the spin-up channel retains semiconducting
characteristics while the spin-down channel exhibits metallic conductivity. Analysis of the partial den-
sity of states demonstrates that states close to the Fermi energy primarily originate from the carbon
p orbitals together with contributions from aluminum d orbitals. Spin-resolved charge density mapping
indicates that a net magnetic moment of nearly 1.0 up is localized mainly on carbon atoms surrounding
the dopant. Total energy comparisons between ferromagnetic and antiferromagnetic spin arrangements
establish the antiferromagnetic configuration as the ground state. Collectively, these results highlight
that Al-doped SiC nanotubes are strong candidates for spintronic applications, particularly in spin
filters and antiferromagnetic memory devices, owing to their half-metallicity and robust magnetic or-
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dering.
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1. Introduction

In recent years, two-dimensional (2D) semicon-
ductor systems with graphene-like features have
attracted strong research interest because of their
distinctive structural, chemical, and electronic char-
acteristics, making them promising for future spin-
tronic and optoelectronic technologies [1, 2]. Among
these systems, silicon carbide (SiC) stands out as a
third-generation wide-band-gap material that com-
bines high thermal conductivity, chemical durabil-
ity, and mechanical stability with a large band
gap. These qualities have enabled SiC to be
employed in demanding environments, such as high-
temperature, high-frequency, and high-power elec-
tronic devices [2-4]. Beyond electronics, SiC nanos-
tructures have also been explored for biomedical
sensing, biocompatibility, and energy-harvesting
applications [5].

Previous theoretical and experimental investiga-
tions have shown that silicon carbide nanotubes
(SiCNTs) exhibit more stable electronic and mag-
netic features compared to conventional carbon
nanotubes (CNTs) [6-10]. To broaden the po-
tential of 1D, 2D, and 3D Si-based nanostruc-
tures, considerable attention has been directed to-
ward impurity doping as a strategy to tune their
electronic and magnetic responses. In particular,
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single-walled SiCNTs (SWSiCNTs) doped with
metallic and transition-metal elements are pre-
dicted to be promising candidates for chemical sens-
ing, hydrogen storage, and nanoscale spintronic
applications. Such dopants often cause charge re-
distribution, and their d-orbital interactions can
induce magnetic ordering within the SICNT frame-
work [11, 12]. For instance, Heidarzadeh [8] re-
ported that cobalt doping of cubic SiC (3C-SiC)
creates a metallic intermediate band within the
band gap through the substitution of Co atoms in
the crystal lattice. This intermediate band arises
due to the interaction between the crystalline po-
tential and the spin interaction of Co d orbitals,
which enhances the photovoltaic conversion effi-
ciency by enabling absorption of sub-band-gap pho-
tons [8]. Our previous studies showed that cobalt
doping converts cubic SiC into a metallic state,
while Au- and Co-doped (6,0) SICNTs exhibits half-
metallicity, making them promising candidates for
spintronic device applications [13, 14]. Complemen-
tary density functional theory (DFT) studies have
further confirmed that different SICNT chiralities
retain semiconducting band gaps, proving their flex-
ibility for functional modifications [15].

Because silicon and carbon share comparable
valence electron configurations, the formation of
fullerene-like and tubular SiC structures, including
the chiral (6,0) nanotube, has long been anticipated.
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More recently, first-principles studies including ap-
proaches that integrate DFT with machine learning
have shown that noble-metal-doped SiCNTs, such
as Ag- and Au-doped systems, possess tunable mag-
netic properties desirable for spintronic device en-
gineering [16-19].

Against this background, the present work fo-
cuses on aluminum as a group-III dopant. Al sub-
stitution in SiC nanotubes is of particular in-
terest because it can significantly alter electronic
and magnetic characteristics in ways that differ
from transition-metal doping. Understanding these
effects provides opportunities for the design of
nanoscale devices with optimized spin-dependent
performance and robust stability. The relatively
limited prior studies on Al-doped SiCNTs under-
line the novelty of this research, which aims to
clarify their role and broaden the knowledge about
doping-induced modifications in SiC-based nano-
materials [20].

2. Computational methodology

In this work, spin-polarized first-principles cal-
culations within the framework of density func-
tional theory (DFT) were employed to examine the
electronic and magnetic properties of aluminum-
substituted single-walled silicon carbide nanotubes
(SWSiICNTs) with a (6,0) zigzag geometry. A scalar-
relativistic approximation was used throughout the
calculations, incorporating mass—velocity and Dar-
win terms, while the spin—orbit coupling (SOC) ef-
fects were neglected due to the light atomic masses
of Si, C, and Al, for which SOC is expected to
have minimal impact on the electronic and magnetic
properties of the system. The simulations were car-
ried out using the Atomistix ToolKit (ATK) plat-
form, which combines DFT with localized basis sets
and a pseudopotential approach. For the treatment
of exchange—correlation effects, the local spin den-
sity approximation (LSDA) was applied. Since con-
ventional LSDA tends to underestimate band gaps,
a Hubbard U correction (LSDA+U) was introduced
to better capture localized electronic states [19, 20].
Consistent with earlier theoretical studies, the on-
site Coulomb parameters were set to Ug; = 5.0 eV
for silicon 3d states and Uz = 4.8 €V for carbon
2p states in order to reproduce experimental band
gap values of bulk SiC.

For the bulk three-dimensional (3D) SiC refer-
ence structure, a hexagonal crystal symmetry was
considered. In contrast, for the nanotube calcula-
tions, a zigzag (6,0) single-walled SiC nanotube was
modeled. Periodic boundary conditions were ap-
plied along the nanotube axis only, simulating an
infinite one-dimensional (1D) system. No additional
symmetry constraints were imposed beyond the in-
trinsic translational symmetry of the nanotube.

In the doped configuration, one silicon atom lo-

cated near the center of the nanotube wall was sub-
stituted by an aluminum atom, corresponding to
a substitutional doping concentration of ~ 4.2%.
This specific substitution site was selected to main-
tain the structural symmetry of the (6,0) SICNT
and to minimize edge effects in the periodic simula-
tion. The simulation model was based on a periodic
(6,0) SiCNT system containing 24 atoms per unit
cell, with doping implemented through this single-
atom substitution. After substitution, the structure
was fully relaxed to allow the system to reach its
ground-state geometry. Geometry optimization re-
vealed slight local distortions in the vicinity of the
Al dopant due to the difference in atomic radii be-
tween Al and Si, but no significant changes occurred
in the overall structural integrity or periodicity
of the nanotube. Geometry optimization was per-
formed with a plane-wave energy cutoff of 100 Ry
(equivalent to 50 Hartree), and the Brillouin zone
was sampled using a 1 x 1 x 5 Monkhorst-Pack
k-point grid along the nanotube axis. The energy
convergence criterion was set to 107> eV per atom
between successive self-consistent field (SCF) iter-
ations to ensure accurate and reliable results. Con-
vergence thresholds were set to 0.001 eV/A for
atomic forces and 0.001 eV/ A3 for stress tensor com-
ponents.

Spin-resolved electronic structures — including
the density of states (DOS) and band structures
— were computed to analyze the spin polarization
and electronic transitions near the Fermi level. Mul-
liken population analysis was employed to evaluate
the atomic magnetic moments and orbital contribu-
tions. Additionally, the spin-polarized charge den-
sity distribution was visualized to examine the spa-
tial localization of magnetic moments induced by
the Al dopant.

The valence electron configurations considered
for the pseudopotentials were as follows:

e Si— |Ne| 3s23p?,
o C— [He| 252 2p2,
e Al— [Ne] 3s33pl.

This computational framework provides a robust
and accurate approach to exploring the spintronic
potential of Al-doped SiC nanotube systems.

To determine the most stable spin configura-
tion, both ferromagnetic (FM) and antiferromag-
netic (AFM) states were examined.

3. Results and discussion

3.1. Electronic characteristics
of SWSiC:Al nanotubes

Before investigating the nanostructure, we first
studied the electronic properties of bulk SiC with
a three-dimensional (3D) structure. By selecting an
appropriate computational method, we successfully
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calculated the band structure of this compound.
The results obtained from our calculations are in
good agreement with available experimental data.

Silicon carbide (SiC) in the wurtzite (2H) struc-
ture exhibits a wide indirect band gap of ~ 3.3 eV,
making it highly suitable for applications in elec-
tronics and optoelectronics. Several theoretical
studies have explored the electronic properties of
both bulk wurtzite SiC [21-23] and its nanostruc-
tures [24-30]. In [21], the authors reported elec-
tronic band structures and density of states (DOS)
using DFT with the generalized gradient approxi-
mation (GGA) and the GW (where G refers to the
Green’s function and W to the screened Coulomb
interaction) correction scheme. They calculated a
band gap of ~ 3.17 eV for the hexagonal SiC struc-
ture. Sinelnik et al. [21] and Huang et al. [22] also
investigated the electronic band structure of 2HSiC
using the GGA method and obtained a band gap
of 2.3 eV, which underestimates the experimental
value by about 1.0 eV — a typical limitation of stan-
dard GGA-based DFT calculations.

In our previous work [14], we employed the
DFT-LDA approach with semiempirical Hubbard
U corrections (U = 5.0 eV for Si 4d states and
U = 4.8 eV for C 2p states) to improve the accuracy
of band gap predictions. Our first-principles calcu-
lations yielded direct and indirect band gap values
of 5.2 eV and 3.3 eV, respectively, for the hexag-
onal (wurtzite) SiC structure. These results con-
firm that SiC is an indirect band gap semiconduc-
tor, and the calculated indirect gap is in excellent
agreement with the experimentally reported value
of 3.33 ¢V [31].

This part of the study examines how aluminum
(Al) incorporation modifies the electronic struc-
ture of single-walled (6,0) silicon carbide nanotubes
(SWSICNTs), based on density functional theory
(DFT) calculations. For the undoped nanotube, the
optimized structure exhibits a Si-C bond length of
approximately 1.88 A and an average tube radius
close to 3.11 A, confirming its structural stability
and geometric symmetry. When a silicon atom is re-
placed by an Al dopant, pronounced alterations in
the electronic characteristics appear, most notably
in the spin-polarized states. Within the LSDA spin
framework, the electronic band structures for both
spin-up and spin-down channels were systematically
examined to reveal these modifications.

When aluminum is introduced into the SiC lattice
by replacing a silicon atom, impurity states emerge
near the Fermi level, causing a notable reconfigura-
tion of the electronic band structure. The spin-up
channel retains semiconducting features but with
a significantly reduced band gap of around 1.3 eV,
while the spin-down channel exhibits metallic be-
havior as its band gap completely collapses. This
spin-dependent asymmetry marks the onset of half-
metallicity, a highly desirable property for spin-
tronic technologies because it supports conduction
that is fully polarized with respect to electron spin.
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Fig. 1. The calculated spin-up (black, panel a)
and spin-down (red, panel b) band structures for
Al-doped (6,0) SWSIiCNT systems.

The electronic characteristics of the Al-doped
(6,0) single-walled silicon carbide nanotube
(SWSICNT) are further elucidated by analyzing
the spin-resolved band structures and total density
of states (TDOS). To further validate this, the
spin-polarized band structures are shown in Fig. 1.
The energy bands are plotted along the high-
symmetry points from I' to Z in the Brillouin
zone. The position of the Fermi level (dashed line)
indicates the electronic behavior of the system,
which is crucial for understanding its conductive
properties. In Fig. 1a, the spin-up (black) channel
is shown, while the spin-down (red) channel is
depicted in Fig. 1b. A band gap of ~ 1.3 eV
observed in the spin-up configuration confirms the
semiconducting nature of this channel. In contrast,
the spin-down channel exhibits metallic behavior,
with several bands crossing the Fermi level. This
spin-dependent band structure is consistent with
the TDOS results and reinforces the half-metallic
behavior of the Al-doped SiC nanotube. Such a
spin-resolved electronic structure ensures that only
electrons with a specific spin orientation contribute
to electrical conduction, which is critical for the
performance of spintronic devices [32].

The differences between spin-up and spin-down
bands highlight the spin polarization effects caused
by doping, which are important for analyzing
the magnetic and spintronic characteristics of the
system.
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Fig. 2. The calculated total and partial DOS dia-

grams for Al-doped SWSiCNT.

Figure 2 presents the calculated total and partial
density of states (DOS) for the Al-doped single-
walled silicon carbide nanotube (SWSiCNT). The
Fermi energy level (er) is represented by a vertical
dashed blue line at 0 eV, which distinguishes occu-
pied states from unoccupied ones at absolute zero
temperature. The upper section of the plot corre-
sponds to spin-up states, while the lower section
shows spin-down states. The plots clearly demon-
strate the spin-resolved contributions of different or-
bitals to the electronic structure. In particular, the
partial DOS reveals that the 3d orbitals of the alu-
minum atom contribute significantly to the valence
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band region, confirming their active role in the elec-
tronic properties of the system. The spin-up and
spin-down components illustrate the spin polariza-
tion effects in the material. The carbon p states are
also shown, highlighting their dominant contribu-
tion near the Fermi level. This comprehensive DOS
analysis supports our correction in the paper, where
we emphasize the role of Al 3d orbitals while exclud-
ing any significant involvement of 4d orbitals.

A significant asymmetry between the two spin
channels is observed, i.e., the spin-up channel
maintains a clear band gap at the Fermi level,
demonstrating semiconducting behavior, whereas
the spin-down channel exhibits a finite density of
states that crosses the Fermi level, signifying metal-
lic conductivity. This spin-dependent divergence is
characteristic of half-metallic behavior, where one
spin orientation conducts like a metal while the
other behaves like a semiconductor. This feature is
advantageous for spintronic applications, enabling
a fully spin-polarized current. The prominent peaks
near the Fermi level result from hybridized states
formed by the p orbitals of C and the d orbitals of
Al, emphasizing the role of orbital interactions in
reshaping the electronic structure.

Together, the TDOS and spin-resolved band
structure analyses indicate that substituting silicon
with aluminum in the SiC nanotube lattice intro-
duces spin asymmetry and induces half-metallic be-
havior. This is primarily driven by the hybridization
between the 2p orbitals of carbon and the 3d or-
bitals of aluminum, significantly modifying the lo-
cal electronic environment around the dopant site.
The resulting spin polarization and gap opening in
one spin channel make the Al-doped SWSiCNT a
promising candidate for use in nanoscale spintronic
devices, such as spin filters, spin valves, and mag-
netic tunnel junctions.

Partial density of states (PDOS) calculations
reveal that the electronic states near the Fermi
level predominantly originate from the 2p orbitals
of carbon and the 3d orbitals of aluminum. This
hybridization is pivotal in the formation of the
magnetic moment and the electronic transport
properties of the doped system.

In the Al-doped SiC nanotube system, the spin-
down band gap is significantly reduced to zero, re-
sulting in metallic behavior due to the crossing of
energy bands at the Fermi level near the I' point of
the Brillouin zone. This gap closure enhances the
density of states near the Fermi level, thereby im-
proving the electrical conductivity of the Al-doped
SiC nanotube. Our calculations show that the elec-
tronic states near the Fermi level are mainly con-
tributed by the 3d orbitals of aluminum, indicating
strong hybridization between the carbon 2p orbitals
and the aluminum 3d orbitals. This orbital inter-
action plays a crucial role in altering the electronic
structure and magnetic properties, driving the tran-
sition to a half-metallic state with spin-polarized
conduction.
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3.2. Magnetic characteristics of SWSiC:Al
nanotubes

The Mulliken population analysis of the Al-doped
(6,0) SiC nanotube indicates a net spin magnetic
moment of =~ 1.0 up, which is attributed to the spin
polarization induced by replacing a silicon atom
with an aluminum dopant. The spin density dis-
tribution reveals that the magnetic moments are
primarily localized around the Al dopant site, with
significant contributions from nearby carbon atoms
that exhibit positive spin polarization. These car-
bon atoms exhibit enhanced magnetic behavior due
to their proximity and electronic interaction with
the Al dopant.

In contrast, the Al dopant itself contributes a neg-
ative spin magnetic moment, suggesting an antifer-
romagnetic coupling between the Al atom and its
neighboring atoms. This negative moment is par-
tially compensated by silicon atoms in the vicinity,
which also exhibit small to moderate negative spin
moments. As we move further from the dopant site,
the spin polarization weakens, and atomic moments
approach zero, indicating a diminishing magnetic
influence.

Further analysis of the orbital-resolved Mulliken
population provides additional insight into the ori-
gins of the magnetism in this system. Silicon atoms
primarily exhibit spin polarization in their 3p or-
bitals, with values ranging between 0.6 and 0.7 elec-
trons, while the contribution from their 3s orbitals
is slightly lower. Minor contributions from silicon
d-like orbitals suggest a modest degree of orbital
hybridization. In contrast, carbon atoms exhibit
strong spin polarization, primarily in their 2p or-
bitals, with smaller contributions from 2s orbitals
and occasional d-like states, indicating a localized
and directional magnetic nature.

The aluminum atom shows significant spin po-
larization in its 3p orbitals, which plays a central
role in the system’s magnetic behavior. Addition-
ally, smaller spin contributions are observed in its
3s and d-like orbitals. The strong hybridization be-
tween the Al 3p and C 2p orbitals is responsible for
the induced magnetic moment, playing a crucial role
in determining the overall electronic and magnetic
properties of the doped SiCNT.

Moreover, the presence of spin polarization in
the d-like orbitals throughout the structure indi-
cates that orbital hybridization beyond the basic
s and p states contributes to the system’s mag-
netic properties. The total atomic spin magnetic
moment arises from the sum of these orbital con-
tributions, confirming the antiferromagnetic nature
of the Al-doped SiC nanotube, which suggests its
potential applications in spintronic devices.

Figure 3 shows the distribution of spin polariza-
tion in the Al-doped (6,0) single-walled silicon car-
bide (SiC) nanotube. The green arrows represent
the direction and magnitude of the local magnetic
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Fig. 3. Spin polarization in Al-doped SiC nan-
otubes. The green arrows indicate the local mag-
netic moments. Gray, beige, and pink spheres rep-
resent carbon, silicon, and aluminum atoms, respec-
tively.

moments for each atom. Substituting a silicon atom
with an aluminum atom in the center of the nan-
otube induces a distinctive magnetic response in the
surrounding atomic lattice.

As illustrated, the C atoms closest to the Al
dopant exhibit strong spin polarization, with the
spin directions predominantly aligned in one orien-
tation, indicating significant positive magnetic mo-
ments. Conversely, the aluminum dopant itself ex-
hibits a negative spin magnetic moment, with the
spin vector aligned opposite to that of the surround-
ing carbon atoms, suggesting an antiferromagnetic
interaction between them.

Silicon atoms that are further from the dopant
site also show smaller, oppositely aligned spin mo-
ments, further confirming the antiferromagnetic or-
dering across the entire structure. The symmetry
and alignment of the spin vectors across the nan-
otube confirm that the doping process disrupts spin
degeneracy, leading to a net spin polarization con-
centrated around the dopant site.

This overall spin configuration validates the an-
tiferromagnetic ground state of the Al-doped SiC
nanotube, which is in agreement with the Mulliken
population analysis and total energy comparisons
conducted earlier in the study.

The bar chart in Fig. 4 presents the spin magnetic
moment distribution for each atom in the Al-doped
(6,0) SiC nanotube, as computed using DFT and
Mulliken population analysis. Each bar represents
a single atom, labeled by its index along the z-axis.
The vertical axis corresponds to the magnetic mo-
ment in units of Bohr magneton [up]. The color
coding reflects the atomic species:

e Gray bars (C atoms)
Many carbon atoms exhibit significant posi-
tive spin moments, especially those directly
bonded to the Al dopant. These atoms are
the primary contributors to the total magnetic
moment of the system.
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Spin Magnetic Moments of Atoms in Al-Doped SiC Nanotube
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e Orange bars (Si atoms)

Most silicon atoms show small or moder-
ate negative spin moments, indicating anti-
ferromagnetic alignment with the positively
polarized carbon atoms.

Red bar (Al atom)

The Al dopant shows a large negative mag-
netic moment (~ —2.64 pp), which is con-
sistent with its role in inducing strong spin
polarization and participating in antiferro-
magnetic coupling.

The plot shows strong positive spin polarization
on carbon atoms near the Al dopant and signifi-
cant negative polarization on the Al and nearby Si
atoms, confirming antiferromagnetic coupling and
localized spin distribution.

The substitution of a single Si atom with an Al
atom significantly modifies the local spin environ-
ment, leading to pronounced spin polarization ef-
fects near the dopant site. The Al atom (shown
as a red bar) exhibits a large negative spin mag-
netic moment of ~ —2.64 ug, serving as the dom-
inant contributor to the overall magnetism of the
system. This strong local moment originates from
unpaired electrons in the Al 3p orbitals and their
hybridization with surrounding orbitals. Notably,
the nearest-neighbor carbon atoms display strong
positive spin polarization (gray bars), while the ad-
jacent silicon atoms generally exhibit negative spin
moments (orange bars), indicating a ferrimagnetic-
like coupling between the dopant and host atoms.
The spin polarization weakens progressively with in-
creasing distance from the Al site, suggesting that
the magnetic perturbation is highly localized. Inter-
estingly, the distribution of spin magnetic moments
around the Al dopant is not perfectly symmetric,
even though the substitution was performed at a
site intended to preserve the structural symmetry of
the (6,0) nanotube. This apparent asymmetry can
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Spin magnetic moments for individual atoms in the Al-doped (6,0) SiC nanotube.

be attributed to local structural relaxation caused
by the size and electronegativity mismatch between
Al and Si, which leads to slightly different bond-
ing geometries for neighboring atoms. Additionally,
asymmetric charge redistribution and orbital hy-
bridization effects may contribute to the observed
non-uniform spin density.

These results highlight the localized and dopant-
driven magnetic character of the Al-doped SiCNT
system and demonstrate that single-atom substitu-
tion can effectively induce spin polarization, which
may have potential implications for nanoscale spin-
tronic devices.

Table I summarizes the essential electronic and
magnetic properties of Al-doped (6,0) single-walled
silicon carbide nanotubes (SWSiCNTs), derived
from first-principles calculations. The results con-
firm the emergence of half-metallic behavior, driven
by modifications in the spin-resolved band structure
and strong spin polarization localized around the Al
dopant. This behavior, coupled with the energet-
ically favorable antiferromagnetic (AFM) ground
state, highlights the potential of the material for
use in spintronic devices.

The total spin distribution analysis reveals that
the magnetic properties of the system are localized
predominantly around the Al dopant and its im-
mediate carbon neighbors. The total spin magnetic
moment, is 1.0 pup, indicating that the system
possesses a net magnetic moment due to an incom-
plete cancellation between the spin-up and spin-
down electron populations. This finding supports
the earlier identification of half-metallic and anti-
ferromagnetic properties in the electronic structure,
further emphasizing the suitability of this material
for spintronic applications.

To determine the magnetic ground state of the
system, total energy calculations were performed
for both ferromagnetic (FM) and antiferromagnetic
(AFM) configurations. The total energy for the FM

~
~
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Summary of electronic and magnetic properties of Al-doped (6,0) SWSiCNT.

TABLE I

Property

Value / Description

structure type

single-walled (6,0) SiC nanotube (SWSiCNT)

bond length (Si-C)

~ 1.88 A

tube radius

~3.11A

doping type

substitutional doping of Si atom by Al

exchange—correlation functional

LSDA + Hubbard U correction (LSDA+U)

corrected band gaps (bulk SiC)

5.2 eV (direct), 3.3 eV (indirect)

band gap (spin-up channel)

~ 1.3 eV (semiconducting)

band gap (spin-down channel)

0 eV (metallic)

electronic behavior

half-metallic (metallic in one spin channel, semiconducting in the other)

Fermi level contribution

dominated by hybridized Al 4d and C 2p orbitals

density of states (DOS)

spin-asymmetric; metallic behavior in spin-down channel

spin magnetic moment (total)

~ 1.0 uB

magnetization origin

strong positive spin moments from C atoms near Al dopant;

negative moment on Al atom

spin moment of Al dopant

~ —2.64 up (negative value)

magnetic coupling

antiferromagnetic (AFM) alignment between Al and neighboring Si, C atoms

magnetic ground state

AFM more stable than FM by ~ 21.0452 eV

orbital contributions (dominant)

for C — 2p orbitals; for Si — 3p orbitals; for Al — 3p and 3d orbitals

spin localization

strongly localized around Al dopant and adjacent carbon atoms

potential applications

spin filters, magnetic memory, spin injectors, nano-optoelectronics

4. Conclusions

state was found to be —3891.47261 eV, while the
AFM state exhibited a lower total energy equal
to —3912.51781 eV. This energy difference indicates
that the AFM configuration is more stable, confirm-
ing it as the ground state for the Al-doped (6,0)
SWSICNT system.

It is important to clarify that although our sys-
tem exhibits an antiparallel alignment of mag-
netic moments with a net total magnetic moment
(~ 1.0 pp), which may suggest ferrimagnetic behav-
ior by bulk material standards, the total energy
calculations confirm the AFM configuration as the
ground state. This discrepancy arises due to the lo-
calized nature of spin polarization induced by Al
doping in the one-dimensional nanotube structure.
Unlike bulk materials, where antiferromagnetism
implies zero net magnetic moment, low-dimensional
doped systems can display unbalanced antipar-
allel moments leading to a non-zero total mo-
ment. Therefore, we describe the magnetic ground
state as antiferromagnetic with an unbalanced mag-
netic moment resulting from doping-induced local
effects.

These findings reinforce the potential of Al-doped
SiC nanotubes for next-generation spintronic and
antiferromagnetic devices. The unique magnetic
behavior and half-metallic characteristics, com-
bined with the material’s structural stability, make
these nanotubes promising candidates for vari-
ous nanoscale applications, including spin filters,
memory components, and other elements in nano-
optoelectronic technologies.

In this work, we performed a detailed first-
principles study of the electronic and magnetic
properties of aluminum-doped single-walled (6,0)
silicon carbide nanotubes (SWSiCNTs) using den-
sity functional theory (DFT). The findings reveal
that the substitution of Si atoms with aluminum
significantly alters the electronic structure, result-
ing in spin-dependent modifications and leading to
half-metallic behavior.

The spin-polarized charge density and Mulliken
population analyses indicate a total magnetic mo-
ment of approximately 1.0 pp, mainly originating
from C atoms directly bonded to the Al dopant. An
antiferromagnetic interaction is observed between
the Al atom and its neighboring Si atoms, which
contributes to the overall magnetic properties. Ad-
ditionally, total energy comparisons between ferro-
magnetic (FM) and antiferromagnetic (AFM) con-
figurations show that the AFM configuration is
energetically more stable, confirming its position as
the ground state for the system.

In conclusion, the Al-doped (6,0) SWSiCNTs
exhibit desirable characteristics, including tunable
half-metallicity, strong spin polarization, and a sta-
ble antiferromagnetic ground state. These proper-
ties make the material a promising candidate for
next-generation spintronic devices, such as spin fil-
ters, spin injectors, and antiferromagnetic memory
components.
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