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1. Introduction

Prediction of electronic, magnetic, and structural
stability characteristics in Al- and Ga-doped
single-walled SiC nanotubes: ab initio study
using DFT
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We investigate the effects of Al- and Ga-defects on the electronic, magnetic, and structural stability of
single-walled (6,0) SiC nanotubes (SWSICNTSs) through density functional theory simulations. Our results
show that doping at either Si or C sites dramatically alters electronic behavior: Al doping at the Si site
yields half-metallic behavior at 8.3% concentration (spin-up band gap ~1.40 eV; spin-down channel
metallic), while double doping (16.6%) yields full metallicity in both spin channels. Ga doping at the Si
site shows semiconducting gaps for both spins at lower doping (8.3%), but transitions toward half-
metallicity at higher doping (16.6%) with the spin-down channel becoming metallic. Doping at the C site
preserves semiconducting behavior in both spin channels but introduces strong spin asymmetry: e.g. for
Al doping at C, band gaps drop to ~0.66 eV (spin-up) and ~0.51 eV (spin-down) at 8.3%; for Ga at C,
gaps reduce to ~0.44 eV/0.60 eV at 8.3% and ~0.26 eV at 16.6% for both spins. Partial density of states
(PDOS) analyses reveal that near-Fermi states are dominated by carbon p orbitals and dopant d orbitals.
Magnetic moment calculations show total magnetic moments around 1.0ug for single dopants, with
much larger moments (~8.5ug) for double Al dopants at C sites, and ~6.0ug for double Ga at C. Both
Al- and Ga-doped SWSICNTs prefer antiferromagnetic ground states when substituted at Si sites,
whereas Ga doping at C sites favors a ferromagnetic configuration. Stability assessments including
geometry optimization, stress tensor and force analysis, and ab initio molecular dynamics demonstrate
that all studied configurations are thermodynamically stable; however, Al-doped tubes generally show
superior kinetic and mechanical stability, with lower residual forces, smaller stress tensor norms, and
more modest thermal fluctuations during AIMD. Phonon band structure calculations further confirm the
dynamical stability of all Al- and Ga-doped (6,0) SICNT systems, as no imaginary frequencies were
observed across the Brillouin zone, verifying that the optimized configurations are mechanically and
vibrationally stable. These findings suggest that tuned doping (type, site, concentration) in SiC nanotubes
can achieve desirable half-metallicity and robust magnetic behavior, positioning Al- and Ga-doped (6,0)
SWSICNTSs as strong candidates for spintronic applications.

and optoelectronics due to their unique physical and chemical
properties." Among them, silicon carbide (SiC), as a third-

Graphene-like semiconductor materials have recently attracted
significant research attention for applications in spintronics
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generation wide-bandgap semiconductor, has been widely uti-
lized in high-voltage, high-temperature, high-frequency, and
high-power devices owing to its large band gap, excellent
thermal conductivity, chemical stability, and mechanical
robustness. Additionally, SiC has found roles in biocompat-
ibility research, biomedical sensing, and energy harvesting
applications.'™

Theoretical and experimental studies have revealed that
silicon carbide nanotubes (SICNTs) possess more stable elec-
tronic and magnetic properties compared to carbon nanotubes
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(CNTs).>® In efforts to expand the applicability of 1D, 2D, and
3D Si-based nanomaterials, researchers have focused on dop-
ing with various impurity atoms to tailor their physical proper-
ties. Metal- and transition-metal-doped single-walled SiCNTs
(SWSICNTs) have shown significant potential for use in
chemical sensors, hydrogen storage, and nanoscale spintronic
devices. The introduction of dopants leads to charge redistri-
bution and can induce magnetic behavior near the SiCNT
framework. This ferromagnetic (FM) behavior typically arises
due to hybridization involving the dopants’ d orbitals."®""

Previous studies using density functional theory (DFT) have
demonstrated the feasibility of tuning the electronic and mag-
netic properties of SiCNTs through doping. For example, Zhang
et al. investigated Fe-doped SiCNTs and observed that the
system exhibits half-metallic antiferromagnetic (AFM) or FM
behavior depending on the dopant site. Similarly, the adsorp-
tion behavior of a series of transition metals (TMs) on
SWSICNTs was explored, revealing strong chemical binding
with energies ranging from 1.17 eV to 3.18 eV for Cu to Pt
atoms."? Heidarzadeh'® found that Co doping induced a metal-
lic nature in cubic SiC, while Mn- and Fe-doped (8,0) SiCNTs
were reported to show half-metallicity - making them suitable
for spintronic applications.'* Other DFT-based studies have
addressed the electronic and optical properties of various
SiCNT chiralities, confirming their indirect bandgap semicon-
ducting nature.'>"®

Silicon and carbon, sharing similar valence electron config-
urations, have long been theorized to form fullerene-like and
nanotube structures, including the chiral (6,0) SWSiCNTs."”
More recently, extensive first-principles studies, including those
combining DFT with machine learning, have uncovered the
potential of noble-metal-doped SiC nanotubes (e.g., Ag and Au)
to exhibit tunable magnetic characteristics desirable for spin-
tronic device integration.'®° These advanced computational
approaches have also enabled accurate predictions of electronic
density of states and magnetic transitions under various doping
conditions.” In particular, transition-metal dopants such as V
and Co have demonstrated robust ferromagnetic behavior and
elevated Curie temperatures in SiCNTs, further highlighting their
viability for magnetic applications.***>>*

Recent theoretical investigations have explored the effects of
group-1II element doping in SiC nanotubes, such as the study
by Wu et al.,>® who used first-principles calculations to examine
Al and P doping in (6,0) SiC nanotubes and found that Al
substitution significantly modulates electronic properties, sug-
gesting tunable semiconducting behavior. In a related context,
Peyghan et al.’® conducted a DFT study on Al- and Ga-doped
single-walled boron nitride nanotubes, demonstrating
enhanced adsorption energy for CO molecules due to doping,
thereby highlighting the chemical sensitivity induced by group-
III elements. Doust Mohammadi et al?” investigated the
adsorption behavior of H,SiCl, on Al- and Ga-doped boron
nitride nanotubes and found that these dopants significantly
improved surface reactivity, which may be extended to similar
behavior in SiC-based systems. Hamad and Al-Douri*® used
DFT to analyze the interactions of doped carbon nanotubes
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(including Al doping) with sulfur-containing gases, concluding
that Al doping improves adsorption and sensing performance,
thereby confirming the functional impact of p-block dopants
on nanotube surfaces.

The motivation behind this research lies in the need to
discover and design novel spintronic materials with tunable
magnetic properties, where doping SiC nanotubes with group-
III elements like Al and Ga offers a promising route. Under-
standing how such dopants influence the electronic and mag-
netic behavior of SiCNTs can enable the development of next-
generation nanoscale devices with enhanced performance and
stability. Studying Al- and Ga-doped SWSICNT systems is
important because group-III elements introduce distinct elec-
tronic and magnetic modifications compared to transition
metals, potentially leading to stable, lightweight, and non-
toxic spintronic materials. While most prior research has
focused on transition metal dopants, the investigation of p-
block dopants like Al and Ga remains largely unexplored. This
work provides novel insight into how such dopants influence
the spin polarization and magnetic moment distribution in
(6,0) SiCNTs, offering a new avenue for designing non-
magnetic-element-based spintronic nanodevices. The explora-
tion of Al- and Ga-doped SiC nanotubes is crucial due to their
potential to introduce unique electronic and magnetic proper-
ties distinct from those of transition metal-doped systems.
These group-III elements can modify the electronic structure
of SiCNTs, offering new avenues for designing materials
with tailored properties for spintronic and optoelectronic
applications.

Doped nanotubes can stabilize isolated metal atoms, acting
as active sites for single-atom catalysis (SAC), offering high
catalytic efficiency and selectivity. Although direct SAC studies
on Al- or Ga-doped SiC nanotubes are limited, similar behavior
has been observed in doped graphene and other defective two-
dimensional materials, suggesting that such doping strategies
may enable catalytic functionalities in SiCNTs as well.>® Addi-
tionally, Al- and Ga-doped boron nitride nanotubes and related
nanostructures have demonstrated enhanced adsorption cap-
abilities for toxic gases such as H,SiCl,, H,S, and SO,, indicat-
ing the potential of doped SiCNTs for use in gas sensing
technologies.’®?* In the field of nanoelectronics, first-
principles studies have shown that doping SiC nanotubes with
elements like Al and P can modulate their electronic band
structure and defect formation energies, making them suitable
candidates for nanoscale electronic and optoelectronic
devices.*® Furthermore, if doping induces magnetic moments
in these systems, the resulting spin polarization may be har-
nessed in spintronic devices, where control of electron spin is
essential for data storage and logic applications.** Finally, due
to their chemical stability, high surface area, and tunable
surface reactivity, doped SiC-based nanostructures are also
being explored for energy-related applications, including hydro-
gen storage, photocatalysis, and use as electrode materials in
energy conversion and storage devices.**?*

The limited existing studies on Al- and Ga-doped SiCNTs
highlight the novelty of this research, aiming to fill this gap and
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expand the understanding of doping effects in SiC-based nano-
materials. In this study, we present a comprehensive first-
principles investigation of the electronic and magnetic proper-
ties of Al- and Ga-doped single-walled SiCNTs with (6,0) chir-
ality. By analyzing the spin-polarized electronic structures, total
and partial density of states (DOS), and evaluating both total
and local magnetic moments, we aim to elucidate how these
group-1II dopants influence the magnetic characteristics of the
system. Our findings provide new insight into the design of Si-
based nanostructures for use in future spintronic devices.

2. Computational details

In this study, first-principles calculations were performed using
the Atomistix ToolKit (ATK) (ATK V-2023.09, https://quantum
wise.com/) simulation package to investigate the electronic and
magnetic properties of Al- and Ga-doped single-walled
silicon carbide nanotube (SWSIiCNT) systems, each consisting
of 24 atoms in the unit cell. The calculations were conducted
within the framework of density functional theory (DFT),>®
employing the local spin density approximation (LSDA)*” for
the exchange-correlation potential and utilizing FHI-type
pseudopotentials®® to describe the electron-ion interactions.

DFT is a quantum mechanical modeling method used to
analyze the electronic structure of many-body systems, such as
atoms, molecules, and solids. Instead of solving the full many-
body Schrédinger equation, DFT simplifies the problem by
focusing on the electron density p(r) as the central quantity.
The foundational equations in DFT are the Kohn-Sham equa-
tions, which are derived by minimizing the total energy func-
tional with respect to the electron density.

In spin-polarized DFT, LSDA is a foundational yet effective
approach for describing magnetic phenomena. It accounts for
spin-dependent electron density, which is essential for accu-
rately modeling systems with unpaired electrons, local mag-
netic moments, and magnetic ordering. Within the LSDA
formalism, the total electron density is separated into spin-up
(p1) and spin-down (p*) components. The total spin magnetiza-
tion M of the system is then defined as:

M= J [0'() — pH(r)]dr ()

It is well known that standard implementations of DFT often
underestimate the band gap of semiconductors. To address this
limitation, the DFT+U method-specifically the local spin den-
sity approximation with Hubbard U (LSDA+U)*° introduces an
on-site Coulomb interaction term that improves the description
of localized electrons. This correction is particularly important
in systems where LSDA fails due to self-interaction errors. The
selection of a suitable computational approach has largely
mitigated this issue for many materials.

Recent advances in simulation techniques, particularly the
incorporation of semi-empirical Hubbard U corrections,*® have
enabled more accurate theoretical predictions of semiconduc-
tor band gaps. In this work, the Hubbard U parameter is
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implemented using simplified schemes described in ref. 40
and 41.

In our spin-polarized DFT calculations, both the Hamilto-
nian and the density matrices were explicitly extended to
incorporate spin degrees of freedom, thereby enabling inde-
pendent treatment of spin-up and spin-down electron chan-
nels. This formalism allows for a detailed and accurate analysis
of magnetic properties and spin asymmetries in the electronic
structure. Throughout the calculations, we adopted a collinear
spin approximation, wherein all magnetic moments are con-
strained to align either parallel or antiparallel. This assumption
is commonly employed in systems where non-collinear mag-
netic effects are negligible, such as those involving localized 3d
transition-metal dopants in SiC nanotubes.

The LSDA was chosen as the exchange-correlation func-
tional due to its computational efficiency and its proven cap-
ability to capture spin polarization effects in transition-metal-
doped semiconductors, as demonstrated in previous studies.
Additionally, spin-resolved density of states (DOS) and mag-
netic moments were analyzed using Mulliken population
analysis,"> providing deeper insight into the spatial distribu-
tion and origin of magnetization within the system. Further-
more, the spin density distribution was analyzed to evaluate the
contributions of individual atoms to the overall magnetic
behavior. This was accomplished by examining the spatial
distribution of the spin difference density, p'-p!, which pro-
vides a clear depiction of spin localization and magnetic
interactions in the vicinity of the dopant atoms.

Mulliken population analysis** was employed to compute
the magnetic moments of 3d transition metal-doped
SWSICNTs. As a classical method in quantum chemistry, Mul-
liken analysis provides insight into the distribution of electrons
within a molecule by partitioning the total electron density
among atoms and their respective orbitals. This method is
grounded in the results of DFT calculations and utilizes mole-
cular orbitals (MOs) and basis functions to estimate atomic
charges, orbital contributions, and bond populations. Mulliken
population analysis*” is particularly valuable for understanding
the magnetic properties of molecular and extended systems,
especially those containing unpaired electrons. In spin-
polarized DFT calculations, the electron density is separated
into o-spin (spin-up) and B-spin (spin-down) components.
Mulliken analysis facilitates the evaluation of spin-resolved
electron populations on each atom. In the present study, the
spin-resolved Mulliken populations were extracted from spin-
polarized DFT calculations to determine the local magnetic
moments of individual atoms. Specifically, the local spin mag-
netic moment of each atom was computed as the difference
between its Mulliken o-spin and B-spin electron populations.
The local magnetic moment on a given atom A is calculated as
the difference between its Mulliken o- and B-spin populations:

W= N - ) @)

where N, and Nj are the numbers of o-spin and B-spin
electrons, respectively, assigned to atom A. A nonzero value of
u* indicates the presence of a local magnetic moment on that
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atom. The sign and magnitude of this moment provide insights
into the magnetic ordering and coupling behavior of the
system. This allowed us to identify and quantify the magnetic
contributions of the TM dopant atoms as well as their neigh-
boring Si and C atoms in the nanotube structure. The obtained
local spin magnetic moments are presented and discussed in
detail in Sections 3.5-3.8, with numerical results provided in
Tables 5-8.

For TM-doped SWSiCNTs, the partially filled 3d orbitals of
the transition metal atoms introduce localized unpaired elec-
trons, which often result in significant magnetic moments.
Mulliken population analysis helps to identify not only the
magnitude of these moments but also how they are distributed
across the M atom and nearby Si and C atoms in the nanotube
framework. This information is essential for understanding the
magnetic behavior of doped nanostructures and their potential
applications in spintronics or magnetic sensing devices.

Mulliken population analysis was performed to obtain the
occupation number of each atomic orbital. The magnetic
moments were then calculated as the difference between the
spin-up and spin-down electron populations. The partial den-
sity of states (PDOS) for each spin channel was obtained by
expanding the discrete energy levels using the Lorentzian
broadening function,”® where the energy levels correspond to
the one-electron eigenvalues. The integral of the PDOS Dy;,(E)
over an energy interval E; to E, yields the number of one-
electron states within that range. Typically, the d-functions
representing discrete energy levels are broadened using Lor-
entzian functions to make graphical representation possible:

nla Z An/m ) +52 (3)

where ¢, denote the one-electron energies, i is index of the
energy level, and ¢ represents the spin state, and A;;,; refers to
the atomic orbital on atom a.

The total DOS is obtained by summing the PDOS contribu-
tions for atom o at energy E, which includes a summation over
all its orbitals characterized by quantum numbers (n, /) and and
spin states (o), and is typically expressed as eqn (4)

Z Dnla (4)

nlo.

The quantum-confined SWSICNT with a chiral vector of (6,0)
was theoretically designed using DFT calculations. Magnetic
dopants, specifically Al and Ga, were introduced as substitu-
tional atoms in the SiC SWNT to investigate their impact on the
electronic and magnetic properties of the system. The calcula-
tions were carried out using the LSDA along with Hubbard U
corrections® to better describe on-site Coulomb interactions in
localized orbitals. In this study, semi-empirical Hubbard U
parameters were applied to improve the accuracy of the pre-
dicted electronic structure. Specifically, a Uy value of 5 eV was
applied to the d-orbitals of silicon atoms, and a U, value of
4.8 eV was applied to the p-orbitals of carbon atoms, in order to
more accurately reproduce the energy gap of the system. The
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applied Hubbard U values for individual atoms are as follows:
Si1, Si2, Si3,...: Ug =5 eV; C1, C2, C3,...: U, = 4.8 €V.

Special k-point sampling was performed using a Monkhorst-
Pack grid of 1 x 1 x 5 k-points®* to ensure accurate Brillouin
zone integration. This grid provides dense sampling along the
periodic z-axis, which corresponds to the longitudinal direction
of the nanotube. The plane-wave kinetic energy cutoff was set to
100 Ry (equivalent to 50 Hartree), and all structures were
fully relaxed through geometry optimization at an electron
temperature of 300 K. The convergence criteria for atomic
forces and cell stress were set to be less than 0.001 eV A™*
and 0.001 eV A3, respectively. Valence electron configurations
used in the calculations were as follows: silicon (4 valence
electrons: [Ne] 3s”3p®), carbon (4 valence electrons: [He]
2s*2p®), aluminum (3 valence electrons: [Ne] 3s®3p'), and
gallium (3 valence electrons: [Ar] 4s%4p).

This study investigates the effect of doping concentration on
the electronic and magnetic properties of silicon carbide nano-
tubes (SiCNTs). We consider substitutional doping of alumi-
num (Al) and gallium (Ga) atoms at both silicon (Si) and carbon
(C) sites. Specifically, single doping with Al or Ga at an 8.3%
concentration and double (co-) doping with both Al and Ga at a
16.6% concentration are analyzed. By comparing these doping
strategies, we aim to understand how different dopant types,
substitutional sites, and concentrations influence the funda-
mental properties of SiCNTs. This knowledge is crucial for
optimizing their performance in nanoelectronic and spintronic
applications. To investigate the ferromagnetic (FM) and anti-
ferromagnetic (AFM) behaviors of diluted magnetic SiC nano-
tubes, silicon (Si) and carbon (C) atoms were partially
substituted by magnetic dopants Al/Ga. For the FM configu-
ration, the dopants were aligned with parallel spins Al/Ga’,,,;
Al/Ga',),, while for the AFM configuration, the dopants had
antiparallel spins Al/GaTx/Z; Al/Galx/Z. Here, the arrows 7 and |
denote the orientation of the local magnetic moments of the
metal dopants.

In addition to the electronic and magnetic analyses, the
thermodynamic, kinetic, and mechanical stability of the pris-
tine and doped SWSiCNTs were examined through total energy,
atomic force, and stress tensor evaluations, followed by ab initio
molecular dynamics (AIMD) simulations to confirm thermal
robustness. Furthermore, to verify the dynamical stability
of the Al- and Ga-doped SWSIiCNT systems at Si and C sites,
phonon dispersion relations were calculated using the finite-
displacement method as implemented in the Quantum ATK
package. Geometry-optimized structures obtained within the
spin-polarized DFT-LSDA framework (Perdew-Zunger parame-
trization) and FHI norm-conserving pseudopotentials were
used as the input configurations. For each optimized model,
small atomic displacements of 0.01 A were introduced to
construct the dynamical matrix, with the acoustic sum rule
(ASR) enforced to eliminate spurious imaginary modes.

The phonon band structures were computed along the high-
symmetry path I'-Z with 50-120 k-points per segment. The
absence of imaginary frequencies in all configurations con-
firms the dynamical stability and validates the experimental
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synthesizability of the Al- and Ga-doped SiCNTs. The calcula-
tions were performed using a real-space mesh cutoff of 100
Hartree, a Monkhorst-Pack k-grid of 1 x 1 x 10, and the finite-
difference central scheme for force constant evaluation.

3. Results and discussion
3.1. Electronic structure for AL Si,_,C NT

In this section, we explore the effects of aluminum (Al) doping
at the Si site on the electronic structure of (6,0) SWSiCNTs
through DFT calculations. In addition to electronic structure
analysis, Bader charge analysis was performed to investigate
charge redistribution caused by the Al substitution.

The pristine SiC nanotube has a characteristic bond length
of 1.88 A between silicon and carbon atoms, and a radius of
approximately 3.11 A, defining its structural stability and
nanoscale geometry. The doping of Al atoms into the SiC
nanotube lattice introduces significant modifications to its
electronic properties, especially its spin-dependent behavior.
Using spin-polarized DFT within the LSDA framework, we
calculated the spin-resolved band structures and densities of
states (DOS) for the Al,Si; _,C NT. The electronic band structure
is split into two spin channels due to the presence of unpaired
electrons associated with the magnetic dopant.

For comparison, the undoped bulk SiC material shows an
underestimated band gap within LSDA (3.8 eV direct, 2.1 eV
indirect) relative to the experimental gap (~3.33 eV).*> This
discrepancy is a common shortcoming of standard DFT
approaches due to their approximate treatment of electron-
electron interactions. To improve accuracy, Hubbard U correc-
tions were applied, specifically targeting the localized 3d orbi-
tals of silicon and 2p orbitals of carbon, which are critical for
correctly modeling correlation effects in these states. With
Hubbard U included (DFT-LSDA+U), the band gaps were cor-
rected upward to 5.2 eV (direct) and 3.3 eV (indirect), matching
well with experimental*® and previous theoretical values.*® This
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confirms the system’s semiconducting nature and validates the
computational approach. It should be noted that we obtained a
band gap of 0.98 eV for the undoped single-walled SiC nano-
tube (SWSICNT) from first-principles calculations, and this
result, along with the computational details, was published in
our previous work.>"

When aluminum is introduced as a dopant in the SiC
nanotube (Fig. 1), it replaces silicon atoms and contributes
additional electronic states near the Fermi level. This asym-
metric electronic structure between spins is characteristic of a
half-metal, where one spin channel is metallic (conducting)
and the other is semiconducting. This half-metallic behavior is
highly desirable for spintronic applications, as it allows for
100% spin-polarized currents, enabling devices that exploit
electron spin rather than charge for information processing
and storage.

To explore the influence of doping concentration on the
electronic and magnetic properties of SiCNTs, this study inves-
tigates the effects of two different doping levels 8.3% (for single
doped) and 16.6% (for double doped) using aluminum (Al)
atom at the Si site. Understanding how varying dopant con-
centrations alter the fundamental properties of SiCNTs is of
considerable research interest, as it provides valuable insights
for tuning the material’s behavior for potential applications in
nanoelectronics and spintronics. For the case of 8.3% Al doping
at the Si site in the SiC nanotube, our spin-polarized band
structure results reveal a distinct spin splitting: the majority-
spin channel exhibits a band gap of 1.4 eV, while the minority-
spin channel becomes metallic, with its band gap closing to
zero. Additionally, when two aluminum (Al) atoms are doped at
two silicon (Si) sites in the SWSIiCNT, both the spin-up and
spin-down bands cross the Fermi level, indicating a metallic
nature.

The partial density of states (PDOS) analysis reveals that the
states near the Fermi level predominantly originate from the p
orbitals of carbon atoms and the d orbitals of aluminum
dopants. This hybridization influences the magnetic moment

a

Fig. 1 The top (a) and side (b) views of Al/Ga-doped at Si site in (6,0) SWSICNT structures. The gray, beige, and pink balls represent carbon, silicon, and

impurity (Al/Ga) atom, respectively.
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localization and electronic transport properties. The calculated
band structures, total and partial density of states (DOS) dia-
grams for AlLSi; ,C NT, are presented in Fig. 2 and 3,
respectively.

In the case of the Al-doped SiC nanotube system, the spin-
down band gap is significantly reduced to 0 eV, resulting in
metallic behavior due to the crossing of the Fermi energy level
near the I' point of the Brillouin zone. This closure of the spin-
down gap leads to an increased density of states around the
Fermi level, which in turn enhances the electrical conductivity
of the Al-doped SiC nanotube.

Our calculations reveal that the electronic states at the
Fermi level have a significant contribution from the aluminum
4d orbitals, indicating a moderate orbital overlap between
the carbon 2p orbitals and the aluminum 4d orbitals. This
orbital interaction plays an important role in modifying the
electronic structure and magnetic properties of the system,
facilitating the transition to a half-metallic state with spin-
polarized conduction.

Spin-up band structure of SW(AI,Si)CNT

View Article Online

PCCP

Table 1 summarizes the calculated band gap values and
electronic characteristics of undoped and Al-doped bulk SiC
and SWSICNTs under different doping conditions. The
undoped bulk SiC, with Hubbard U correction, shows a band
gap consistent with experimental®® and theoretical results,*®
confirming the reliability of the computational approach. The
undoped SWSICNT, with a band gap of 0.98 eV, serves as a
reference and is taken from our previous work.>*

When aluminum is introduced as a dopant at 8.3%, the
system exhibits half-metallic behavior due to spin asymmetry in
the band structure. At a higher doping level of 16.6%, the
nanotube becomes fully metallic, with both spin channels
crossing the Fermi level. This progression clearly illustrates
how doping concentration influences the electronic nature of
SiCNTs, which is critical for designing materials with tailored
properties for spintronic and nanoelectronic applications. The
calculated band structures and total density of states (TDOS)
diagram for the double Al-doped SWSiCNT system at the Si site
are provided in SI1.

Spin-down band structure of SW(AI,Si)CNT
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Fig. 2 The calculated spin-up (black) and spin-down (red) band structures and TDOS diagram for Al,Si;_,C NTs.
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Fig. 3 The calculated PDOS from C (a), and Al (b) atoms for ALSi; ,C NTs. Positive and negative DOS values represent majority and minority spin states,

respectively.

Table 1 Comparison of calculated band gap values and electronic nature of undoped and Al-doped bulk SiC and SWSICNTs under different doping

conditions

System Doping level  Band gap (eV) Electronic nature =~ Remarks

Bulk SiC (undoped) — 5.2 (direct), 3.3 (indirect) ~ Semiconductor In agreement: exp.;** theory®

SWSIiCNT (undoped) 0% 0.98 Semiconductor Reported in previous work>"

SWSICNT (Al-doped at Si site) 8.3% 1.4 (1),0(]) Half-metal Spin asymmetry: semiconducting for
majority spin, metallic for minority

SWSICNT (Al-doped at 2 Si sites) 16.6% 0(1),0(!) Metal Both spin channels metallic

To further elucidate the electronic charge redistribution
upon Al doping, we performed Bader charge analysis for the
Al-doped SWSICNT system at the Si site. The Bader results
indicate that the substituted Al atom exhibits a total charge of
approximately 10.76 |e|, suggesting a charge loss of ~2.24 |e|
compared to its neutral valence state (13 valence electrons for
Al). This significant electron donation confirms the donor
behavior of the Al dopant in the nanotube lattice.

In contrast, the nearby carbon atoms, especially those
adjacent to the Al site, display Bader charges in the range of
8.25-8.37 |e|, corresponding to a gain of ~2.25-2.37 |e| relative
to the neutral carbon valence of 6 electrons. This indicates that
the donated electrons from the Al atom are primarily accepted
by the surrounding carbon atoms, enhancing the Al-C orbital
interactions. The silicon atoms in the pristine structure typi-
cally show Bader charges around 11.65-11.72 |e|, reflecting a
charge loss of ~2.3-2.35 |e|, consistent with their +4 oxidation
state in SiC. The Al dopant behaves similarly in terms of net
electron donation, further reinforcing its substitutional com-
patibility at the Si site. A full table of atomic charges for the Al-
doped SWSICNT at Si site is provided in SI2.

In summary, aluminum doping introduces magnetism and
converts the SiC nanotube from a nonmagnetic semiconductor
into a spin-polarized half-metallic system. The Bader charge
analysis further reveals significant charge transfer between
aluminum dopants and the surrounding atoms, confirming
strong electronic interactions that underpin the observed

25986 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010

changes in electronic and magnetic behavior. This tunability
of both charge distribution and spin polarization makes Al-
doped SiC nanotubes highly promising candidates for future
nanoscale spintronic applications.

3.2. Electronic properties of Ga,Si; ,C NT

In this section, we present the calculated majority and minority
spin band structures, total density of states (TDOS), and partial
density of states (PDOS) for gallium (Ga)-doped silicon sites in
SWSICNTs. In addition to the electronic structure analysis,
Bader charge analysis has also been performed to investigate
the charge redistribution upon Ga doping. This section
explores the influence of doping concentration on the electro-
nic and magnetic properties of silicon carbide nanotubes
(SICNTs), focusing specifically on two different Ga doping
levels: 8.3% and 16.6%. By examining single-doped configura-
tions at these concentrations, we aim to provide a comprehen-
sive understanding of how varying Ga doping levels affect the
material’s behavior. Gaining insight into how different doping
concentrations modify the fundamental properties of SiCNTs is
of considerable research interest, as it offers valuable guidance
for tuning these materials for potential applications in nano-
electronics and spintronics.

Using first-principles calculations, we determined the spin-
up and spin-down band gaps of these systems. The resulting
band structures, TDOS and PDOS diagrams are shown in Fig. 4
and 5, respectively. Fig. 4 spin-resolved band structure of
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Fig. 5 Calculated PDOS for the C (a) and Ga (b) atoms in the Ga,Si;_,C NTs.
states, respectively.

Ga-doped SWSICNT system, showing semiconducting behavior

Positive and negative DOS values represent majority and minority spin

structure analysis of the single Ga-doped SWSIiCNT with 8.3%

in both spin-up and spin-down channels. From the band doping concentration, where the Ga atom is substituted at the
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Si site, we estimated the band gap widths to be approximately
1.0 eV for the majority spin states and 0.6 eV (direct) and 0.5 eV
(indirect) for the minority spin states. For the double Ga-doped
SWSICNT, where two Ga atoms are substituted at Si sites
(corresponding to a 16.6% doping level), the spin-up channel
exhibits a band gap of approximately 1.2 eV, while the spin-
down bands cross the Fermi level, resulting in a zero band gap.
This spin asymmetry indicates a half-metallic nature, which is
promising for spintronic applications. The calculated band
structures and TDOS diagram for the double Ga-doped system
at the Si site in SWSIiCNT are provided in SI1.

First-principles simulations reveal that the minority spin
band gap of the Ga-doped (6,0) SWSICNT is significantly
reduced to 0.5 eV, indicating that the system exhibits semicon-
ducting behavior. Analysis of the partial density of states
(PDOS) for the SiC:Ga nanotube shows that the electronic states
near the Fermi level mainly originate from the p-orbitals of
carbon and the d-orbitals of gallium. Specifically, the states at
the Fermi energy have a notable contribution from the Ga 5d
orbitals, indicating moderate orbital interaction between the C
2p and Ga 5d orbitals.

Table 2 presents the calculated spin-resolved band gaps
of Ga-doped SWSICNTs at different doping concentrations,
along with their corresponding electronic characteristics. The
undoped SWSICNT exhibits a semiconducting nature with a
band gap of 0.98 eV, as reported in our previous work.>" At 8.3%
Ga doping (single substitution at a Si site), the system shows a
spin asymmetry, with a 1.0 eV gap for the spin-up channel and
reduced band gaps of 0.6 eV (direct) and 0.5 eV (indirect) for the
spin-down channel, indicating a semiconducting behavior. For
the 16.6% Ga doping case (double substitution), the spin-up
channel retains a semiconducting gap of 1.2 eV, while the spin-
down bands cross the Fermi level, resulting in a zero band gap.
This behavior confirms a robust half-metallic state, making Ga-
doped SWSiICNTs promising candidates for spintronic applica-
tions due to their spin-selective conductivity.

To gain deeper insight into the electronic interactions
within the Ga-doped SWSiCNT, where gallium replaces a silicon
atom, we performed Bader charge analysis. The results indicate
a noticeable difference in charge distribution compared to the
Al-doped case. The Ga atom, doped at the Si site, exhibits a net
Bader charge of approximately —1.05e, which is significantly
less negative than that of the substituted Si atom (—2.33e). This
implies that Ga donates fewer electrons to the surrounding
lattice than Si, a behavior attributed to Ga’s lower electronega-
tivity and larger atomic radius. Nearby carbon atoms, especially
C14 (positioned closest to the Ga site), gain a charge of about
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+1.94e, which is somewhat lower than the typical charge gain
(~+ 2.3e) observed for C atoms near Si. This suggests a weaker
covalent character in the Ga-C interaction compared to the
original Si-C or Al-C bonds, potentially impacting the local
electronic and magnetic properties.

In summary, the Bader charge analysis shows that Ga
doping at the Si site leads to a reduced degree of charge transfer
compared to Al doping. This reduced electron donation
and weaker orbital interaction with neighboring C atoms are
consistent with the relatively diminished spin polari-
zation observed in the electronic structure. A full table of
atomic charges for the Ga-doped SWSiCNT at Si site is provided
in SI2.

3.3. Electronic properties of SiC, ,Al, NT

In this section, we investigate the effects of aluminum (Al)
doping at the carbon (C) site in the (6,0) SWSiCNT using spin-
polarized density functional theory (DFT) calculations. While
previous sections focused on Al substitution at the Si site, here
the substitution is made at the C site to explore how the choice
of doping site influences the electronic and magnetic proper-
ties of the system.

Fig. 6 displays the optimized atomic configurations of the
Al/Ga-doped SWSICNT, with top and side views illustrating the
position of the Al dopant substituting a carbon atom. The
structure remains geometrically stable, indicating the feasibil-
ity of doping at the C site. In these visualizations, gray, beige,
and pink spheres represent C, Si, and dopant (Al/Ga) atoms,
respectively.

The spin-resolved band structures and total density of states
(TDOS) for the Al-doped system (at 8.3% concentration) are
shown in Fig. 7. The spin-up channel exhibits a direct band gap
of approximately 0.66 eV, while the spin-down channel shows a
slightly smaller gap of 0.51 eV, indicating spin asymmetry in
the electronic structure. Despite the reduction in band gaps
compared to the undoped system, both spin channels retain
semiconducting characteristics. To further investigate the
effect of doping concentration, a second Al atom was intro-
duced, replacing another carbon atom, resulting in a 16.6%
doping level. This configuration enhances the interaction
between dopant atoms and their surrounding lattice, signifi-
cantly influencing the band structure. The spin-up channel
retains a semiconducting gap of 0.60 eV, while the spin-down
channel shows a much narrower gap of 0.12 eV. This marked
disparity indicates stronger spin polarization and possible half-
metallic tendencies depending on the Fermi level positioning
and carrier concentration. The reduced spin-down gap suggests

Table 2 Calculated spin-up (1) and spin-down () band gaps of Ga-doped SWSICNTs at different doping concentrations

System Doping level Band gap (eV) Electronic Nature Remarks
SWSICNT (undoped) 0% 0.98 Semiconductor Previous work®"
SWSICNT (Ga at Si site) 8.3% 1.0 (1), 0.6 (direct) Semiconductor Spin asymmetry; majority spin semi-
(1), 0.5 (indirect) () conducting, minority spin nearly
metallic
SWSICNT (2 Ga at Si sites) 16.6% 1.2 (1),0(!) Half-metal Spin-down bands cross Fermi level
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Fig. 6 The top (a) and side (b) views of Al-doped SWSICNT at the C site. Gray: C atoms, beige: Si atoms, and pink: Al/Ga atom.

that the material could exhibit spin-dependent conductivity, a structures and TDOS diagram for the double Al-doped system
desirable trait in spintronic devices. The calculated band at the C site in SWSiCNT are provided in SI1.

Spin-up band structure of SWSi(C,AI)NT Spin-down band structure of SWSi(C,AI)NT
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Fig. 7 Spin-up (black) and spin-down (red) band structures of SiC;_,Al, NT, along with the TDOS. A spin asymmetry in the band gap is evident.
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and negative values, respectively.

The partial density of states (PDOS) for C ans Al atoms in
Si;»Cq1AlL, presented in Fig. 8, reveals the origin of the states
near the Fermi level. Specifically, the spin-polarized PDOS
shows that the carbon p-orbitals and aluminum d-orbitals
contribute significantly to the electronic states close to the
Fermi level. This orbital hybridization induces magnetism
and affects the electronic transport characteristics of the
nanotube.

This site-specific doping modifies the spin-polarized elec-
tronic behavior of the system, leading to an asymmetric band
structure that hints at potential spin-filtering effects. Unlike
substitution at the Si site, Al doping at the C site does not
induce metallicity but preserves semiconducting behavior in
both spin channels. Therefore, such doping configurations may
be suitable for applications in nanoscale devices where con-
trolled band gap and spin-resolved conductance are desirable.

Table 3 summarizes the calculated spin-resolved band gap
values and electronic properties of the SWSiCNT doped with Al
at the C site.

Aluminum substitution at the carbon site in SWSiIiCNT
significantly modifies the electronic and magnetic properties
of the system. While the undoped nanotube is a conventional
semiconductor with a symmetric band structure, doping intro-
duces spin polarization and band gap asymmetry. As the
concentration of dopants increases, the spin-down band gap
narrows, approaching half-metallic behavior, this is a promis-
ing feature for spintronic and magnetic sensing applications.

To investigate the local electronic effects of aluminum
substitution at the carbon site in the SiC nanotube, Bader
charge analysis was performed. The results provide insight into
charge redistribution and bonding characteristics due to the
presence of the Al dopant.

In the SiC,_,Al, system, where Al replaces a carbon atom,
the dopant atom (Al, atom #14) exhibits a net Bader charge of
approximately —1.26e, indicating electron donation to the
surrounding lattice. This charge is significantly lower than that
of typical carbon atoms in pristine SiC nanotubes, which
generally carry positive Bader charges around +2.30e due to

25990 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010
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their electron-accepting behavior. The silicon atoms (atoms #11
and #13) located adjacent to the Al dopant site carry charges of
about —1.17e and —1.14e, respectively. These values are less
negative than those of the remaining silicon atoms in the
structure, which mostly exhibit charges in the range of
—2.31e to —2.36e. This local deviation suggests that the Al
substitution at the C site disrupts the usual charge distribution
and weakens the typical covalent bonding pattern.

The reduced electron transfer from Al to the surrounding Si
atoms, compared to what is observed when C is present at that
site, reflects the relatively weaker bonding interaction between
Al and Si. This modification in local bonding likely influences
both the electronic and magnetic properties of the system,
particularly in terms of density of states near the Fermi level.
The full atomic charge distribution and Bader volumes for the
Al-doped (C site) system are included in SI2.

In summary, Bader charge analysis for the SiC,_,Al, nano-
tube system reveals that when aluminum replaces a carbon
atom, it acts as an electron donor, exhibiting a significantly
lower positive charge compared to typical C atoms in the
pristine structure. The neighboring Si atoms also show reduced
charge transfer, indicating a weakening of local bonding. This
redistribution of charge highlights the impact of Al doping at
the C site on the electronic structure and supports the observed
changes in electronic and magnetic behavior. These findings
further underscore the potential of site-specific doping strate-
gies to tailor the properties of SiC nanotubes for advanced
spintronic applications.

3.4. Electronic properties of SiC, ,Ga, NT

The influence of Ga doping at the carbon site in the (6,0) single-
walled silicon carbide nanotube (SWSiCNT) was examined to
explore spin-dependent electronic behavior. The calculated
band structures and total density of states (TDOS) for spin-up
and spin-down configurations are shown in Fig. 9. In the case
of single Ga substitution at the C site, with a doping concen-
tration of 8.3%, the spin-up and spin-down band gaps were
found to be approximately 0.44 eV and 0.60 eV, respectively.
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Table 3 Calculated spin-up (1) and spin-down (|) band gaps of Al-doped SWSICNTs at different doping concentrations (C site substitution)

System Doping level (%) Band gap (eV) Electronic nature Remarks

SWSICNT (undoped) 0 0.98 Semiconductor Pristine nanotube; reference system>’

SWSICNT (Al at C site) 8.3 0.66 (1), 0.51 (]) Spin-asymmetric Doping introduces magnetic moment
semiconductor and band gap asymmetry

SWSICNT (2 Al at C sites) 16.6 0.60 (1), 0.12 (]) Strongly spin-polarized Spin-down channel nearly metallic;
semiconductor potential for spintronic applications
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Fig. 9 The calculated spin-up (black) and spin-down (red) band structures, and TDOS diagram for SiC;_,Gay NTs.

This asymmetry in the electronic band gaps indicates spin-
polarized semiconducting behavior, suggesting potential appli-
cations in spintronic devices. When the doping concentration
was increased to 16.6% by introducing a second Ga atom at
another carbon site, the band gap was further reduced to
0.26 eV for both spin channels, indicating enhanced interaction
between dopant atoms and a shift toward narrower semicon-
ducting behavior.

The partial density of states (PDOS) from the C and Ga
atoms is illustrated in Fig. 10, showing the contributions of the
Ga s-, p-, and d-orbitals and the C p-states to the overall

This journal is © the Owner Societies 2025

electronic structure. The positive and negative DOS values
represent majority and minority spin states, respectively,
further confirming the spin-resolved characteristics of the
doped systems. The band structures and TDOS of the double
Ga-doped configuration (16.6%) are provided in SI1.

Table 4 presents a summary of the calculated spin-up and
spin-down band gaps for Ga-doped SWSICNTs at different
doping concentrations, along with their corresponding electro-
nic character and remarks.

Table 4 shows that increasing Ga doping from 8.3% to
16.6% at the carbon site in SWSICNTs changes the electronic
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Fig. 10 Calculated PDOS for the C (a) and Ga (b) atoms for SiC;_,Ga, NTs. Positive and negative DOS values represent majority and minority spin states,

respectively.

Table 4 Calculated spin-up (1) and spin-down () band gaps of Ga-doped SWSICNTs at different doping concentrations

System Doping level (%) Band gap (eV) Electronic nature Remarks
SWSIiCNT (undoped) 0 0.98 Semiconductor Previous work>"
SWSICNT (Ga at C site) 8.3 0.44 (1), 0.60 (|)  Spin-polarized semiconductor  Spin asymmetry observed; both channels

SWSICNT (2 Ga at C sites)  16.6 0.26 (1), 0.26 ()

properties noticeably. At 8.3%, the system is spin-asymmetric
with band gaps of 0.44 eV (spin-up) and 0.60 eV (spin-down),
indicating spin polarization. At 16.6%, the band gaps equalize
at 0.26 eV, reflecting restored spin symmetry and reduced gap,
likely due to stronger dopant-dopant interactions and orbital
hybridization. The partial DOS analysis further supports this
conclusion by showing significant contributions from both Ga
and C orbitals near the Fermi level. These findings confirm that
higher Ga doping at C site in the SWSiCNT not only narrows the
band gap but also modifies the spin characteristics of the
system, demonstrating the tunability of the electronic structure
through controlled doping, a key requirement for spintronic
and nanoelectronic applications.

The Bader charge analysis of the SiC,_,Ga, nanotube
system, where gallium substitutes a carbon atom, reveals sig-
nificant changes in charge distribution. The Ga atom exhibits a
substantially lower positive charge (—0.71|e|) compared to
that of carbon atoms in the pristine structure (~+2.3|el),
indicating its role as a weak electron donor. The neighboring
Si atoms also display reduced charge transfer, suggesting
weakened local bonding interactions. This redistribution of
charge aligns with the observed alterations in the electronic
structure, supporting the emergence of spin polarization and
modified electronic behavior. These results highlight the effec-
tiveness of Ga doping at the C site in tuning the electronic
properties of SiC nanotubes for potential spintronic applica-
tions. A full table of Bader charges for the Ga-doped SWSiCNT
at C site is provided in SI2.

25992 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010

Narrow-gap semiconductor

retain band gaps
Spin symmetry restored; reduced gap
suggests dopant-induced band edge shift

3.5. Magnetic properties of Al Si; ,C NT

In this section, we studied the magnetic properties of the Al-
doped SiCNT system, specifically when Al substitutes a Si site.
To explore the magnetic behavior, we calculated the magnetic
moments of all atoms and estimated the total magnetic
moment of the system. Additionally, we investigated the rela-
tive stability of the ferromagnetic (FM) and antiferromagnetic
(AFM) phases to determine the energetically favorable magnetic
configuration. To gain further insight into the origin of mag-
netism and the nature of charge redistribution, we visualized
the electron difference density. These isosurface plots clearly
show how the electronic charge distribution is altered due to
doping, particularly highlighting the local interactions between
the Al dopant and the surrounding Si and C atoms. The
combination of spin-polarized electronic structure, magnetic
moment analysis, and charge density visualization provides a
comprehensive understanding of the magnetic response
induced by Al doping in the SiCNT system.

The Mulliken population analysis for the sinle Al-doped (6,0)
SiC nanotube at Si site reveals a total spin magnetic moment of
approximately 1.0ug, indicating the presence of net spin polar-
ization induced by the Al substitution at a silicon site. Fig. 11
shows the spin-polarization distribution for the one Al-doped at
Si site in SiC nanotube, where the green arrows indicate the
magnitude and direction of the local magnetic moments. Spin
polarization view for double Al-doped at Si sites in SWSiCNT is
shown in SI3.
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Fig. 11 Spin polarization views in ALSi; ,C NT. The spin-polarization distribution in the Al-doped SiC nanotube is illustrated, where the green arrows

indicate the direction and magnitude of the local magnetic moments.

Table 5 shows the spin magnetic moments for a single Al
atom doped at a silicon site in the (6,0) SiC nanotube. In this
case, the total magnetic moment is approximately 1.0ug.

The Al dopant carries a strong negative spin moment of
about —2.64/5, indicating an antiferromagnetic coupling with
neighboring atoms. Several nearby carbon atoms, such as C8
(2.03ug), C12 (1.92up), and C14 (2.72ug), exhibit large positive
spin moments, partially compensating the Al's negative
moment. Silicon atoms mostly show small negative spin
moments. The Al dopant carries a strong negative spin mag-
netic moment of approximately —2.64up, indicating an anti-
ferromagnetic interaction with its neighboring atoms. This

Table 5 Spin magnetic moments (in Bohr magnetons) of atoms in single
and double Al-doped (6,0) SiC NTs at silicon sites

Spin moment Spin Moment

No. Element (1 Al-doped) (2 Al-doped)

0 Si/Al 0.028 (Si) —0.068 (Al)

1 C —0.058 0.250

2 C 0.002 0.143

3 Si —0.087 0.037

4 C 0.308 0.039

5 Si —0.012 0.007

6 C 0.067 —0.304

7 Si —0.596 —0.022

8 C 2.027 —0.022

9 Si —0.111 0.012

10 C 0.088 0.020

11 Al —2.644 0.055 (Al)

12 C 1.915 0.099

13 Si —1.136 —0.009

14 C 2.724 0.280

15 Si —0.603 —0.028

16 C 0.136 0.144

17 Si —-1.170 —0.038

18 C 0.289 —0.045

19 Si —0.033 —0.021

20 C —0.049 —0.075

21 Si —0.113 —0.055

22 C 0.035 0.135

23 Si —0.003 —0.014
Sum 1.002 0.520

This journal is © the Owner Societies 2025

negative contribution is partially balanced by several silicon
atoms nearby that exhibit significant negative spin moments,
such as Si7 (—0.60ug), Si13 (—1.14pug), Si15 (—0.60uz), and Si17
(—1.17ug). The remaining silicon atoms show smaller spin
moments, mostly negative and close to zero, indicating weaker
spin polarization farther from the dopant.

In contrast, when two Al atoms are doped simultaneously at
silicon sites (double Al doping), the total spin magnetic
moment decreases to around 0.52ug. Here, the Al atoms
themselves have very small spin moments (—0.07up and
0.0645), indicating a weaker direct magnetic contribution.
The surrounding carbon and silicon atoms display relatively
small positive and negative spin moments, reflecting a more
balanced spin distribution and weaker overall magnetization.
This comparison indicates that single Al doping at a silicon site
induces stronger local spin polarization and a higher net
magnetic moment compared to double Al doping at silicon
sites, where magnetic moments are more compensated, result-
ing in a lower total magnetization.

A detailed orbital-specific Mulliken population analysis pro-
vides insight into which atomic orbitals contribute most to the
observed magnetism. Silicon atoms generally show significant
spin populations in their 3p orbitals (labeled y, 2, x), with values
around 0.6 to 0.7 electrons, reflecting a strong involvement of p
orbitals in both bonding and spin polarization. Their 3s
orbitals also contribute with smaller but notable spin densities
around 1.0 electron, while minor contributions arise from
d-like orbitals (e.g., xy, 2y, zz-r7), with population values ranging
from approximately 0.01 to 0.1. Carbon atoms display pro-
nounced spin polarization primarily in their 2p orbitals
», 2, x), typically between 0.5 and 0.9 electrons, with smaller
contributions from the 2s orbitals (~ 0.6 electrons). Additionally,
minor but non-negligible populations appear in d-like orbitals,
indicating slight hybridization with orbitals of higher angular
momentum.

The Al dopant itself shows spin populations in the 3p
orbitals ranging from about 0.1 to over 1.1 electrons,
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Table 8 Spin magnetic moments (in Bohr magnetons) of individual atoms
in single and double Ga-doped (6,0) SiC NTs at carbon sites

Spin moment Spin moment

Spin moment, up Spin moment, ug

No. Element (1 Ga-doped) (2 Ga-doped)  No. Element (1 Ga-doped) (2 Ga-doped)
0 Si —0.002 —0.574 (Ga) 0 Si —0.022 —0.715

1 C —0.001 1.036 1 C 0.017 1.986

2 C 0.010 0.474 2 C/Ga 0.031 (C) 0.041 (Ga)
3 Si —0.028 —0.582 3 Si —0.042 —1.248

4 C 0.095 0.891 4 C 0.101 2.656

5 Si —0.006 —0.376 5 Si —0.029 —0.603

6 C 0.011 0.153 6 C 0.043 0.845

7 Si —0.167 —0.582 7 Si —0.144 —1.189

8 C 0.183 1.036 8 C 0.250 1.914

9 Si —0.137 —0.253 9 Si —0.090 —0.892

10 C 0.408 0.154 10 C 0.219 0.811

11 Ga —0.336 —0.573 11 Si 0.044 —0.801

12 C 0.183 1.035 12 C 0.250 1.914

13 Si —0.500 —0.375 13 Si —0.121 —0.559

14 C 1.612 0.470 14 Ga 0.541 0.039 (Ga)
15 Si —0.167 —0.582 15 Si —0.144 —1.189

16 C 0.095 0.892 16 C 0.101 2.656

17 Si —0.500 —0.375 17 Si —0.121 —0.559

18 C 0.408 0.154 18 C 0.219 0.811

19 Si —0.028 —0.582 19 Si —0.042 —1.248

20 C —0.001 1.036 20 C 0.017 1.986

21 Si —0.137 —0.253 21 Si —0.090 —0.892

22 C 0.011 0.154 22 C 0.043 0.845

23 Si —0.006 —0.376 23 Si —0.029 —0.603

Sum 1.001 2.002 Sum 1.0 6.0

highlighting the important role of these orbitals in the mag-
netic behavior of Al. Smaller spin populations are present in the
3s orbital (~0.05 electrons), as well as in d-like orbitals such as
xy, zy, and zz-17. The dominant spin polarization on the carbon
2p orbitals near the Al site indicates that these orbitals are
primarily responsible for the induced magnetic moment in the

Table 7 Spin magnetic moments (in Bohr magnetons) of atoms in single
and double Al-doped (6,0) SiC NTs at carbon sites

Spin moment Spin moment

No. Element (1Al-doped) (2Al-doped)
0 Si —0.003 —0.787
1 C —0.001 1.978
2 C/Al 0.011 (C) 0.452 (Al)
3 Si —0.024 —-1.317
4 C 0.085 2.992
5 Si —0.009 —0.676
6 C 0.019 1.357
7 Si —0.119 —-1.315
8 C 0.225 1.989
9 Si —0.066 —1.105
10 C 0.173 1.349
11 Si 0.025 —0.782
12 C 0.225 1.989
13 Si —0.102 —0.672
14 Al 0.604 0.446
15 Si —0.119 —-1.315
16 C 0.085 2.992
17 Si —0.102 —0.672
18 C 0.173 1.349
19 Si —0.024 —-1.317
20 C —0.001 1.978
21 Si —0.066 —1.105
22 C 0.019 1.357
23 Si —0.009 —0.676
Sum 1.001 8.488
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system. The Al 3p orbitals contribute significantly to the
negative spin moment on the dopant, suggesting weaker hybri-
dization and spin-dependent charge transfer with neighboring
atoms. Silicon atoms display a mixed behavior, with negative
spin moments mainly localized in the p orbitals, which sup-
ports antiferromagnetic coupling between Si and Al atoms.

The presence of spin populations in d-like orbitals (xy, zy,
zz-r1, 2%, Xx-yy) on all atoms implies some degree of orbital
hybridization beyond simple s and p orbitals, contributing to
the overall magnetic character. For example, the s orbital
typically shows a slight spin polarization (e.g., around
—0.013ug), while the p orbitals contribute small negative
moments, indicating a slightly higher number of spin-down
electrons. The total atomic spin magnetic moment is thus the
sum of all orbital contributions.

Overall, the magnetic moment in the system is mainly
localized on specific carbon atoms surrounding the Al dopant,
while the Al atom and neighboring silicon atoms show negative
spin polarization. This distribution suggests antiferromagnetic
coupling between the Al dopant and the Si atoms, with the
induced magnetism largely centered on the carbon atoms,
resulting in a net magnetic moment close to 1ug.

Fig. 12 shows the spin-polarized DOS for the three carbon
atoms chemically bonded to the Al dopant. The asymmetry
between the spin-up and spin-down states clearly reflects
strong spin polarization, confirming the dominant role of these
carbon atoms in the induced magnetic behavior of the Al-doped
SiC nanotube.

Fig. 13 illustrates the spin density isosurface plot, represent-
ing how the electronic charge distribution changes when an Al
atom substitutes a Si atom in the SWSICNT structure. The
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Fig. 12 Spin-polarization DOS diagrams for 3C atoms chemically bonded (CB) with dopant in ALSi;_,C NT.

beige, gray, and pink spheres represent silicon (Si), carbon (C),
and aluminum (Al) atoms, respectively. The positive values
(purple) indicate areas where electrons accumulate, mainly
around the dopant and neighboring carbon atoms, while
negative values (cyan) show regions of electron depletion,
primarily around the replaced Si sites. This redistribution
reveals the nature of bonding and charge transfer between
Al and the host nanotube lattice, providing insight into
the electronic effects caused by doping at the atomic
level. The strong interaction and partial charge transfer high-
lighted in this visualization help explain the changes observed
in the electronic and magnetic properties of the doped SiC
nanotube.

To investigate the magnetic ground state of the Al,Si; ,C
nanotube, we calculated the total energies of both FM and AFM
configurations. The total energy of the FM state was found
to be —3891.47261 eV, while that of the AFM state was
—3912.51781 eV. The positive energy difference between these
two states indicates that the AFM configuration is energetically
more favorable. Therefore, for the Al-doped (6,0) SWSiCNT
system, the antiferromagnetic phase is more stable than the
ferromagnetic one.

3.6. Magnetic properties of Ga,Si; ,C NT

In this section, we examined the magnetic properties of the Ga-
doped SiCNT system, focusing on the case where a Ga atom
replaces a Si site. To analyze the magnetic behavior introduced
by Ga doping, we computed the magnetic moments of all atoms
and evaluated the total magnetic moment of the system.
Furthermore, we compared the ferromagnetic (FM) and
antiferromagnetic (AFM) configurations to identify the most
energetically stable magnetic phase. To better understand the
origin of the magnetism and the local electronic environment,
we visualized the electron difference density. The resulting

This journal is © the Owner Societies 2025
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Fig. 13 Spin density isosurface plot for Al doped at the Si site in SWSICNT.
The plot highlights the charge redistribution upon doping, where regions
of charge accumulation are shown in purple and charge depletion in cyan,
indicating the local electronic interaction between the Al dopant and
surrounding atoms.

isosurface plots illustrate the charge redistribution caused by
Ga doping, especially emphasizing the interaction between the
Ga dopant and nearby Si and C atoms. This integrated analysis
of spin-polarized electronic structure, magnetic moment dis-
tribution, and local charge transfer offers a detailed under-
standing of how Ga doping affects the magnetic characteristics
of the SiCNT system.

The Mulliken spin magnetic moment results indicate that
the Ga-doped (6,0) SiC nanotube exhibits a total magnetic
moment of approximately 1.0ug, confirming the emergence of
spin polarization upon single Ga substitution at Si site (Fig. 14).
Spin polarization view for double Ga-doped at Si sites in
SWSICNT is shown in SI3.
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Fig. 14 Spin-polarization views of SiC,_,Gax NT. The green arrows represent the magnetic moments.

In the case of a single Ga-doped SiCNT, the overall magnetic
moment sums to approximately 1.0ug, indicating a net ferro-
magnetic moment induced by the presence of one Ga dopant.
The Ga atom itself carries a negative spin magnetic moment of
—0.3364p, acting as a localized magnetic impurity that influ-
ences the spin environment of its neighboring atoms. The
largest positive contributions to the total magnetization come
from nearby carbon atoms, particularly C14, which exhibits a
significant magnetic moment of about 1.64z, suggesting strong
local spin polarization. Additionally, carbon atoms C10 and
C18 each contribute over 0.4up, underscoring the important
role of carbon atoms in hosting induced magnetic moments.
Neighboring silicon atoms also show substantial negative spin
moments, with Si13 and Si17 each having around —0.5usg,
indicating antiferromagnetic-like coupling with the positively
polarized carbon atoms. These results imply that the induced
magnetism is primarily localized on specific carbon atoms
surrounding the Ga dopant, while the negative moments on
Si and Ga sites partially compensate the overall magnetization.
This distribution reflects a complex interplay of spin polariza-
tion and hybridization effects, whereby Ga doping enhances
magnetic polarization on carbon atoms and simultaneously
induces antiparallel spin alignment in adjacent silicon atoms.

When two Ga atoms are introduced into the SiCNT, the total
spin magnetic moment increases to approximately 2.002usg,
nearly doubling the magnetic moment observed in the single-
doped case. This suggests largely additive magnetic contribu-
tions from each dopant. Both Ga atoms exhibit larger negative
spin moments of about —0.57ug, indicating stronger magnetic
impurity effects than in the single-doped system. Several car-
bon atoms adjacent to the Ga dopants, including sites 1, 4, 8,
12, and 20, show enhanced positive spin moments close to or
exceeding 1.0ug, pointing to increased spin polarization in the
carbon sublattice. Silicon atoms maintain negative magnetic
moments, though some show reduced magnitudes compared
to the 1 Ga-doped scenario, possibly due to overlapping
spin polarization fields created by multiple dopants, leading
to more complex magnetic interactions. The spatial extension

25996 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010

of induced spin moments around each Ga dopant likely over-
laps, resulting in stronger net magnetization but also subtle
compensatory effects that modulate local moments. These
findings highlight that magnetism in Ga-doped SiCNTs arises
from a delicate balance between localized magnetic moments
on Ga impurities and induced spin polarization in the sur-
rounding carbon network, with silicon atoms playing an essen-
tial role in mediating these interactions.

The orbital analysis highlights a notable redistribution of
electronic charge and spin polarization, particularly around the
Ga dopant and its neighboring atoms. Among the three carbon
atoms bonded to Ga, there is a significant occupation of p
orbitals, especially the p, and p, components which aligns with
their substantial positive spin magnetic moments observed
earlier. Ga itself shows dominant occupation in s and p
orbitals, but with comparatively smaller spin contributions,
reflecting its role as an electron acceptor and weakly magnetic
center. Surrounding silicon atoms generally exhibit negative
spin polarization, mainly from their p orbitals, which compen-
sates for the spin accumulation on adjacent carbon atoms and
contributes to the overall magnetic behavior of the system.

Table 6 presents the calculated spin magnetic moments (in
Bohr magneton, ug) of individual atoms in SiCNTs doped with
one and two gallium (Ga) atoms substituting silicon (Si) sites.
The doping-induced changes in the magnetic moments reveal
how the presence of Ga affects the magnetic properties of the
SiCNT system.

Overall, the data clearly demonstrate that carbon atoms are
critical in sustaining and amplifying the magnetization
induced by Ga doping, with specific carbon sites exhibiting
notably high spin magnetic moments. The negative spin
moments observed on Ga and Si atoms indicate antiferromag-
netic coupling that partially offsets the positive moments on
carbon, resulting in a net magnetic moment that is less than
the simple sum of absolute values. The approximately linear
increase in total magnetization when moving from one to two
Ga dopants suggests that magnetic contributions from indivi-
dual Ga atoms and their surrounding carbon environment

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp03523f

Published on 20 November 2025. Downloaded on 4/10/2026 10:53:00 PM.

Paper

1.0

V)

N

Density of States
o
o

spin-down

View Article Online

PCCP

&gl
il —— DOS of 3C-CB with Ga |

R N e e T

O = = = - -

Energy (eV)
Fig. 15 Spin-polarization DOS diagrams for 3C atoms chemically bonded (CB) with dopant in Ga,Si;_,C NT.

largely add constructively without significant magnetic quench-
ing. This behavior is promising for potential spintronic appli-
cations, where controlled doping could be used to tune the
magnetic properties of SiCNTs to achieve desired spin config-
urations. Furthermore, the results emphasize the importance
of local atomic environments and dopant concentration in
tailoring magnetism within low-dimensional semiconductor
nanostructures.

Fig. 15 presents the spin-polarized DOS diagrams for the
three carbon atoms chemically bonded to the Ga dopant. The
noticeable asymmetry between the spin-up and spin-down
states indicates strong spin polarization, highlighting the key
role of these carbon atoms in the magnetic behavior induced by
Ga doping in the SiC nanotube.

Fig. 16 illustrates how the electronic charge density is
redistributed when a gallium (Ga) atom substitutes a silicon
(Si) atom in the SWSiCNT. The purple regions denote electron
accumulation, mainly concentrated around the Ga dopant and
adjacent carbon atoms, reflecting areas of increased electron
density. Conversely, the cyan regions indicate electron deple-
tion, mostly observed near the replaced Si site. This pattern of
charge transfer and redistribution reveals the nature of bond-
ing between the Ga dopant and the host nanotube lattice,
providing important insight into how doping alters the local
electronic environment and influences the overall electronic
properties of the system.

The total energy difference between the FM and AFM states
is found to be positive, with energies of —4108.82776 eV for the
FM state and —4108.92690 eV for the AFM state. This indicates
that the AFM configuration is energetically more favorable,
suggesting that the Ga-doped (6,0) SWSiCNT prefers an anti-
ferromagnetic ground state. The presence of such magnetic
ordering in Ga-doped SWSiICNTs highlights their potential as

This journal is © the Owner Societies 2025

0.021

Fig. 16 Spin density isosurface plot for Ga doped at the Si site in
SWSICNT. The plot highlights the charge redistribution upon doping,
where regions of charge accumulation are shown in purple and charge
depletion in cyan, indicating the local electronic interaction between the
Ga dopant and surrounding atoms. Beige, gray, and pink spheres represent
silicon (Si), carbon (C), and gallium (Ga) atoms, respectively.

nanoscale magnetic materials, making them promising candi-
dates for spintronic and nanomagnetic device applications.

3.7. Magnetic properties of SiC; ,ALNT

In this section, we investigate the magnetic properties of the
SiCNT system when Al atoms are doped at carbon sites. Spin-
polarized DFT calculations were performed to determine the
magnetic moments on each atom and the total magnetic
moment of the system. Additionally, the relative stability
between the ferromagnetic (FM) and antiferromagnetic (AFM)
configurations was evaluated. To gain insight into the magnetic
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Fig. 17 Spin polarization in SiC;_,Al, NT. The spin-polarization distribution in the Al-doped SiC nanotube is illustrated, where the green arrows indicate

the direction and magnitude of the local magnetic moments.

origin and electronic redistribution, electron difference density
plots were generated. These visualizations highlight how Al
substitution at C sites affects local charge accumulation and
depletion, revealing the nature of bonding and magnetic inter-
action in the doped system.

The introduction of Al dopants into the SiC nanotube lattice
significantly alters its magnetic behavior. The spin-polarized
charge density and DOS analyses reveal localized magnetic
moments and spin asymmetry, indicative of induced magnet-
ism due to the presence of the Al impurity. Fig. 17 illustrates
the spin-polarization distribution in the single Al-doped
SiC;_,Al, NT. Spin polarization view for double Al-doped at
carbon sites in SWSIiCNT is shown in SI3.The green arrows
represent the direction and magnitude of local magnetic
moments. It is evident that the magnetization is localized
primarily on the carbon atoms neighboring the aluminum

dopant and the nearby silicon atoms. This magnetic moment
arises due to the unpaired electrons resulting from the sub-
stitution of a trivalent Al atom in place of a tetravalent Si atom,
introducing holes into the system and breaking the spin
symmetry.

Table 7 shows the spin magnetic moments (in Bohr magne-
tons) of individual atoms in single and double Al-doped (6,0)
SiC nanotubes with Al substituting by carbon atom. The single
Al-doped case exhibits a total magnetic moment of approxi-
mately 1.0up, indicating moderate spin polarization localized
near the Al dopant and adjacent atoms. In contrast, the
double Al-doped case shows a significantly higher total mag-
netic moment of about 8.488up, reflecting a stronger spin
polarization and enhanced magnetic interactions due to the
presence of two Al atoms. In both doping configurations, the Al
atoms carry positive spin moments (~0.45-0.60ug), directly
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Fig. 18 Spin-polarization DOS diagrams for 3Si atoms chemically bonded (CB) with dopant in SiC;_,Al, NT.
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contributing to the overall magnetization. The neighboring
carbon atoms display large positive spin moments, especially
in the double-doped case where atoms such as C4, C8, C12, and
C16 have moments approaching 3.0ug, indicating strong loca-
lization of magnetic moments on carbon sites. Silicon atoms
exhibit mostly negative spin moments, consistent with anti-
ferromagnetic coupling to the Al dopants. The comparison
reveals that increasing the number of Al dopants significantly
amplifies the total spin magnetic moment and the degree of
spin polarization within the nanotube structure.

The spatial distribution of spin density indicates a ferro-
magnetic alignment in the vicinity of the Al dopant. The local
magnetic moments are predominantly aligned in one direction
(spin-up), showing a net magnetic moment, which confirms
that the Al dopant induces a significant magnetic response in
the SiC nanotube structure.

Fig. 18 presents the spin-polarized DOS for the system
containing three Si atoms chemically bonded with the Al
dopant in SiC; _,Al, NT. The spin-up and spin-down DOS curves
show a clear asymmetry near the Fermi level, indicated by the
vertical dashed line at 0 eV, confirming the presence of spin
polarization in the system.

Notably, there is a finite density of states at the Fermi level
for the spin-up channel, while the spin-down channels shows a
reduced or nearly zero DOS at the Fermi level. This spin
asymmetry implies that the system may exhibit half-metallic
behavior, which is a desirable property for spintronic applica-
tions. In such systems, electrons of only one spin orientation
contribute to conduction, allowing for 100% spin-polarized
current. The magnetism in this Al-doped SiC nanotube system
arises from the electronic imbalance introduced by the Al
dopant, and the interaction with surrounding Si and C atoms.
The presence of spin polarization without requiring external
magnetic fields or magnetic atoms indicates that Al-doped SiC
NTs are promising candidates for intrinsic spintronic
materials.

Fig. 19 displays the spin-polarized charge density distribu-
tion map for the system where an Al atom substitutes a carbon
atom in the SWSICNT lattice. The plot highlights how charge
distribution is altered due to the presence of the Al dopant. The
purple (positive) regions show where electrons accumulate,
primarily around the aluminum atom and its neighboring
silicon atoms, indicating areas of stronger bonding or electron
localization. Conversely, the cyan (negative) regions show
where electrons have been depleted relative to the undoped
structure. This redistribution reflects significant charge trans-
fer from the Al dopant toward adjacent Si atoms, suggesting
modified bonding characteristics and altered electronic struc-
ture in the vicinity of the dopant site. Such insights are crucial
for understanding the effect of doping on the material’s elec-
tronic and magnetic behavior.

The total energy of the FM and AFM configurations for the
Al-doped (6,0) SWSICNT system, where Al substitutes a carbon
site, are calculated to be —3956.66549 eV and —3956.67554 €V,
respectively. The energy difference between the two magnetic
states is positive, indicating that the AFM configuration is
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Fig. 19 Spin density isosurface plot for Al doped at the C site in SWSICNT.
The purple regions represent charge accumulation, while cyan regions
indicate charge depletion. Beige, gray, and pink spheres denote silicon (Si),
carbon (C), and aluminum (Al) atoms, respectively.

energetically more favorable than the FM state. This suggests
that the Al(C)-doped SWSICNT prefers an antiferromagnetic
ground state. Such behavior points to the presence of magnetic
interactions induced by Al doping, which may be beneficial for
the development of nanoscale spintronic devices.

3.8. Magnetic properties of SiC;_,Ga, NT

In this section, we examine the magnetic properties of the Ga-
doped SiCNT system, specifically when Ga replaces a carbon
atom. Using spin-polarized DFT calculations, we analyzed the
atomic magnetic moments and computed the total magnetic
moment of the system. We also compared the energetic stabi-
lity of ferromagnetic (FM) and antiferromagnetic (AFM) phases
to identify the preferred magnetic ground state. To further
understand the origin of magnetism and charge redistribution,
we visualized the electron difference density. These isosurface
plots reveal how Ga doping at the C site modifies the local
electronic environment and contributes to the overall magnetic
behavior of the nanotube system.

Fig. 20 illustrates the spin polarization distribution in the
SiC,_,Ga, nanotube, where a one Ga atom substitutes for a C
atom in the lattice. Spin polarization view for double Ga-doped
at carbon sites in SWSIiCNT is shown in SI3. Similar to the Al-
doped system, the green arrows indicate the direction and
magnitude of local magnetic moments. The presence of Ga
induces localized magnetic moments in the neighboring car-
bon atoms, especially those directly bonded to the Ga dopant.
This is attributed to the electronic configuration of gallium,
which, like aluminum, is trivalent and introduces a hole when
replacing a tetravalent Si atom. The charge imbalance from this
substitution leads to unpaired electrons in the system, generat-
ing spin polarization.

Compared to the Al-doped system, the distribution of mag-
netic moments in the Ga-doped structure may be somewhat
broader or more delocalized, depending on the size and elec-
tronegativity differences between Ga and Al. The magnetic
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Fig. 20 Spin polarization in SiC;_,Ga, NT. The spin-polarization distribution in the Ga-doped SiC nanotube is illustrated, where the green arrows

indicate the direction and magnitude of the local magnetic moments.

moments are again concentrated around the dopant site,
involving both C and nearby Si atoms. The system demon-
strates ferromagnetic ordering in the localized region, which
suggests that Ga doping, like Al doping, induces intrinsic
magnetism in the SiC nanotube without requiring magnetic
atoms. This highlights the tunability of magnetic properties in
SiC nanotubes via group III element doping.

Table 8 shows the spin magnetic moments of individual
atoms in single and double Ga-doped (6,0) SiC nanotubes,
where Ga atoms substitute carbon sites. For the single Ga-
doped system, one Ga atom replaces a carbon atom, resulting
in a total magnetic moment of approximately 1.0up. In this
configuration, the spin polarization is primarily localized
around the Ga dopant and its neighboring atoms. As shown
in Table 8, carbon atom C18 exhibits a positive spin magnetic
moment of approximately 0.219ug, contributing notably to the
system’s magnetization. Other nearby carbon atoms also dis-
play significant positive spin moments, including C8 (0.250usz)
and C12 (0.250u), which reinforce the local magnetic ordering
induced by the Ga dopant. The Ga atom itself carries a
substantial spin moment of 0.541ug, which is a major contri-
butor to the net magnetic moment. In contrast, the surround-
ing silicon atoms generally show small negative spin moments,
such as Si7 (—0.144ug) and Si13 (—0.121ug). These negative
contributions partially offset the positive spin moments of
carbon and Ga atoms but are not sufficient to cancel the overall
spin polarization. As a result, the system maintains a net
magnetic moment close to 1.0ug, indicating localized magnetic
behavior.

In the double Ga-doped system, two Ga atoms replace two
carbon atoms, significantly altering the magnetic landscape.
Contrary to expectations of spin compensation, the total mag-
netic moment increases substantially to 6.0uz, suggesting
strong spin polarization across the nanotube. Interestingly, in
this configuration, the spin moments of the Ga atoms them-
selves are relatively small, with values of 0.041up and 0.039usg,
indicating that their direct magnetic contribution is minimal.
However, several carbon atoms now exhibit large positive spin

26000 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010

moments. For instance, C4 and C16 each show a moment of
2.656up, and C1 and C20 have moments of 1.986ug, highlight-
ing an enhanced spin polarization effect propagated through
the lattice by the presence of the two Ga atoms.

At the same time, many silicon atoms exhibit more pro-
nounced negative spin moments than in the single-doped case,
such as Si0 (—0.715u3), Si3 (—1.248ug), and Si7 (—1.189up). This
reflects a more extensive antiferromagnetic interaction across
the structure. Nonetheless, the significant positive contribu-
tions from carbon atoms dominate, leading to a net increase in
the total magnetic moment.

In summary, single Ga doping leads to localized magnetic
moments, primarily around the dopant site, resulting in a
modest net magnetization of 1.0ug. On the other hand, double
Ga doping does not lead to a compensated or neutral magnetic
state; instead, it enhances spin polarization throughout the
system, resulting in a much larger total magnetic moment of
6.0up. This indicates that double Ga substitution at carbon sites
in (6,0) SiC nanotubes promotes long-range magnetic interac-
tions and overall ferromagnetic behavior.

Fig. 21 presents the spin-polarized DOS for a SiC;_,Ga,
nanotube system, where three silicon atoms are chemically
bonded with a gallium (Ga) dopant. The DOS is split into
spin-up and spin-down components, allowing analysis of the
spin polarization induced by Ga doping. The Fermi level,
marked by the vertical dashed blue line at 0 eV, serves as the
reference point for electronic state occupation.

The asymmetry between the spin-up and spin-down DOS
clearly indicates spin polarization in the system, suggesting a
magnetic character induced by the substitutional Ga dopant.
Near the Fermi level, there is a significant difference in the
density of states for spin-up and spin-down electrons. This
imbalance is a signature of spin splitting, commonly associated
with localized magnetic moments and the breaking of spin
degeneracy due to dopant-induced perturbations. Furthermore,
the presence of states at or near the Fermi level in at least one of
the spin channels suggests the system may exhibit metallic or
half-metallic behavior. This is particularly relevant for potential
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Fig. 21 Spin-polarization DOS diagrams for 3Si atoms chemically bonded (CB) with dopant in SiC;_,Ga, NT.

applications in spintronic devices, where spin-polarized cur-
rents are desired.

Overall, the DOS analysis highlights the influence of Ga
doping and specific Si-Ga chemical bonding on the electronic
and magnetic properties of the SiC nanotube, potentially
enabling tunable spintronic functionalities through controlled
doping.

Fig. 22 demonstrates the spin-polarized charge density dis-
tribution when a Ga atom substitutes a carbon atom in the
SWSICNT. The isosurface plot shows the regions of electronic
charge redistribution upon doping. The purple lobes around
the Ga dopant and neighboring Si atoms indicate areas of
electron accumulation, which arise due to charge transfer
and reorganization of the electronic cloud. The cyan regions
mark electron depletion, suggesting a local reduction in elec-
tron density compared to the pristine system. This redistribu-
tion reflects the interaction between the Ga dopant and the SiC
lattice, indicating a modified bonding environment. The figure
reveals that Ga at the C site significantly perturbs the local
electronic structure, which can influence both the electronic
and magnetic properties of the nanotube.

For the Ga-doped (6,0) SWSIiCNT system with substitution at
the carbon site, the total energies of the FM and AFM states are
found to be —4156.04843 eV and —4156.02891 eV, respectively.
In this case, the energy difference is negative, showing that the
FM configuration is energetically more stable than the AFM
one. This result indicates a ferromagnetic ground state for the
Ga(C)-doped SWSiCNT. The emergence of ferromagnetism due
to Ga doping highlights its potential in magnetic and spintro-
nic applications at the nanoscale.

Table 9 summarizes the total energy calculations for FM and
AFM spin configurations in (6,0) SWSiCNTs doped with Al and
Ga atoms at both Si and C lattice sites. For Al and Ga doping at
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Fig. 22 Spin density isosurface plot for Ga doped at the C site in SWSICNT.
Purple regions represent charge accumulation, and cyan regions represent
charge depletion. Beige, gray, and pink spheres correspond to Si, C, and Ga
atoms, respectively.

the Si site, the AFM configuration is energetically more favor-
able, as indicated by positive AE values. In contrast, when Ga is
substituted at the C site, the FM state becomes more stable
(negative AE), suggesting that the magnetic ground state
depends not only on the dopant type but also on its substitu-
tional site. These results highlight the tunability of magnetic
ordering in doped SWSiCNTs, which is of potential interest for
nanoscale spintronic device applications.

Fig. 23 represents the comparative bar chart illustrating the
magnetic ground states of doped (6,0) SWSiCNTs. The y-axis
distinguishes ferromagnetic (FM) stable states (bars extending
upward, blue) from antiferromagnetic (AFM) stable states (bars
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Table 9 Total energies of FM and AFM configurations for Al- and Ga-doped (6,0) SWSICNTs, with substitution at both Si and C sites

System Doping site Epm (V) Earm (€V) AE = Epy; — Eapw, (€V) Preferred magnetic state
SWSIC:AINT Si —3891.47261 —3912.51781 21.04520 AFM

SWSiC:GaNT Si —4108.82776 —4108.92690 0.09914 AFM

SWSIC:AINT C —3956.66549 —3956.67554 0.01005 AFM

SWSIiC:GaNT C —4156.04843 —4156.02891 —0.01952 FM

Magnetic Ground State: FM vs. AFM

I AFM more stable
FM Il FM more stable
AFM
Al(Si) Ga(Si)

Ga(C)

AI(C)

Doping Configuration

Fig. 23 Comparative bar chart illustrating the magnetic ground states of doped (6,0) SWSICNTs.

extending downward, red). The doping configurations are
labeled on the x-axis. The plot clearly shows that Al- and
Ga-doping at the Si and C sites prefer AFM configurations,
while Ga doping at the C site stabilizes the FM configuration.

As shown from Fig. 23, doping with Al and Ga atoms at the Si
and C sites stabilizes the AFM ground state of the nanotube. In
contrast, Ga doping at the C site favors the FM configuration.
These results indicate that both the dopant element and its
substitution site significantly influence the magnetic properties
of the nanotube, providing valuable insights for the design of
spintronic devices.

3.9. Stability of Al- and Ga-doped SWSiICNT systems at Si sites

To investigate the thermodynamic, mechanical, and kinetic
stability of the Al- and Ga-doped SWSICNT systems, we per-
formed simulations using geometry-optimized structures
within the framework of first-principles DFT. The total energy,
atomic forces, and stress tensor were calculated to assess the
stability and structural integrity of the doped nanotubes. These
parameters are essential from a theoretical standpoint, as they
offer a fundamental understanding of the energetic and struc-
tural behavior of the doped systems under equilibrium condi-
tions and in response to external perturbations. The use of
optimized geometries ensures that all evaluated properties
correspond to the most stable atomic configurations, thus
providing reliable insights into the intrinsic properties of these
materials.

The total energy of a system is a central quantity in solid-
state physics and quantum chemistry, reflecting the overall

26002 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010

stability of a given atomic configuration. By comparing the total
energy of doped and pristine systems, one can determine the
thermodynamic stability, such as through formation energy
calculations. A lower total energy indicates a more stable
configuration, and negative formation energy typically suggests
a thermodynamically favorable doping process.

The atomic forces, derived as the gradient of the total energy
with respect to atomic positions, are essential for evaluating
kinetic stability. In a fully relaxed and kinetically stable struc-
ture, the residual forces on each atom should approach zero,
implying the system resides in a local minimum on the
potential energy surface. Large residual forces would indicate
that the structure is either not yet optimized or unstable and
prone to structural rearrangement or distortion.

The stress tensor provides information on the internal
mechanical state of the system. For a mechanically stable
system under equilibrium conditions, the stress components
(especially the diagonal terms representing pressure in the x, y,
and z directions) should be close to zero. Significant residual
stress suggests internal strain, which could compromise struc-
tural integrity or signal the need for further relaxation. This is
particularly important for one-dimensional systems like nano-
tubes, where curvature, doping-induced strain, or axial defor-
mation can strongly influence mechanical behavior.

Together, these parameters offer a comprehensive frame-
work for assessing whether the doped SiC NT systems are stable
enough for experimental synthesis and functional use. Systems
that are thermodynamically favorable, kinetically relaxed, and
mechanically balanced are more likely to retain their structure
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under practical conditions and may serve as promising candi-
dates for spintronic or nanomagnetic applications.

To comprehensively assess the stability of the Al- and Ga-
doped SWSIiCNTs at both Si and C sites, we analyzed key
parameters including total energy, atomic forces, and the stress
tensor. These parameters provide insight into the thermody-
namic, kinetic, and mechanical stability of the doped systems,
which are critical for their potential applications in nanoelec-
tronics and spintronics.

Both Al- and Ga-doped SWSICNTs at Si sites exhibit strongly
negative total free energies, with the Al-doped system at
approximately —3948.02 eV and the Ga-doped system even
lower at —4045.52 eV. Such negative total energies indicate that
doping with either Al or Ga is thermodynamically favorable,
promoting stable formation of these substitutional defects in
the nanotube lattice. This energy minimization confirms the
feasibility of doping from a thermodynamic standpoint.

The atomic forces serve as a direct measure of kinetic
stability. For the Al-doped system at Si site, residual forces on
atoms are relatively low (generally below 0.05 eV A~ "), with a net
force near zero, indicating that the system is close to a local
minimum on the potential energy surface and thus kinetically
stable. Conversely, the Ga-doped system at Si site shows signifi-
cantly higher atomic forces, particularly on the Ga dopant and
neighboring Si atoms, with forces reaching up to ~1.42 eVA™".
The net force magnitude is also larger in the Ga system. These
high forces suggest that the Ga-doped nanotube has not fully
relaxed and requires further structural optimization to reach
kinetic equilibrium. Without minimizing these forces, the
system remains dynamically unstable, this may affect device
performance.

Analysis of the stress tensors reveals that the Al-doped
system at Si site has very small residual stresses on the order
of 10* ev A%, indicating near mechanical equilibrium. In
contrast, the Ga-doped system at Si site shows higher residual
stresses, including larger off-diagonal shear components and
normal stresses along the axial direction. These stresses imply
lattice distortions due to the larger atomic radius and electronic

Thermodynamic Stability
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structure of Ga compared to Al. Mechanical relaxation beyond
the current level is necessary to relieve this strain and stabilize
the system mechanically.

Fig. 24 represents thermodynamic, kinetic, and mechanical
stability comparison of Al- and Ga-doped SiC nanotube systems
at Si sites: (a) thermodynamic stability is represented by the
total energy, where a lower value indicates a more stable
configuration; (b) kinetic stability is evaluated using both the
maximum atomic force and the net force acting on the system;
lower forces suggest better relaxation and structural stability;
(c) mechanical stability is assessed via the norm of the stress
tensor; smaller stress values indicate minimal internal pressure
and better mechanical equilibrium. Overall, the Al-doped sys-
tem, with Al atoms doped at Si sites, shows lower forces and
stress, indicating superior structural and mechanical stability
compared to the Ga-doped configuration, where Ga is also
doped at Si sites. The optimized geometry results for atomic
forces and stress tensors in SiC nanotubes with Al and Ga
doped at Si sites are provided in SI4. These data further support
the evaluation of kinetic and mechanical stability for the doped
configurations.

In addition to geometry optimization, ab initio molecular
dynamics (AIMD) simulations were conducted to assess the
thermal stability of Al- and Ga-doped single-walled SiC nano-
tubes at Si sites. Monitoring total energy fluctuations over time
provides insights into the system’s response to thermal pertur-
bations, confirming its structural robustness. This approach
aligns with methodologies discussed in the literature, such as
those by Lau et al.,”” who reviewed the mechanical properties of
carbon nanotube composites. Before conducting AIMD simula-
tions, it was anticipated that both Al- and Ga-doped SiC
nanotubes would exhibit thermal resilience, maintaining their
structural framework without significant bond breakage or
deformation under thermal agitation. Given the high covalent
bonding nature of the SiC lattice and the chemical similarity of
Al and Ga to Si, it was expected that substitution at Si
sites would induce only localized distortions rather than
global instability. Additionally, small oscillations in total
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AIMD Simulation: Total Energy vs Time for Al- and Ga-doped SWSICNT (at Si site)
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Fig. 25 Time evolution of total energy during the AIMD simulation of Al- and Ga-doped SWSICNTs at Si sites.

energy around a mean value were anticipated, indicating the
system had reached thermal equilibrium and was dynamically
stable throughout the simulation period.

Fig. 25 demonstrates the total energy results over 0 to 250 fs
(femtoseconds) from AIMD simulations of SWSiCNTs doped
with Al and Ga at Si sites. The system exhibits minimal total
energy fluctuations (less than or around 0.1 eV), indicating
thermodynamic equilibrium and confirming the thermal sta-
bility of the doped structures.

Key observations from the AIMD data for Al-doped SWSiCNT
at Si site include that the potential energy remains relatively
stable throughout the simulation, fluctuating slightly around
—3947.4 eV, which indicates that the aluminum-doped single-
walled silicon carbide nanotube maintains structural stability
during the AIMD simulation. The kinetic energy varies between
approximately 0.34 eV and 0.81 eV, reflecting the atomic
motion and corresponding thermal activity within the system.
The total energy is consistently negative and stable, showing
only minor fluctuations that correspond to the combined
changes in potential and kinetic energies, demonstrating good
energy conservation throughout the simulation. The instanta-
neous temperature fluctuates between roughly 116 K and 273 K,
indicating normal thermal variations expected in molecular
dynamics simulations under these conditions. From the AIMD
simulations dates for Ga doping at the Si site reveal that the
potential energy remains consistently stable around —4045 eV,
indicating the structural integrity of the Ga-doped SWSiCNT
throughout the simulation. The kinetic energy fluctuates
between approximately 0.55 eV and 1.01 eV, which corresponds
to the vibrational and thermal motion of atoms within the
system. The total energy is consistently around —4044 eV,
showing only slight variations, which confirms good energy
conservation during the molecular dynamics run. The instan-
taneous temperature varies between about 199 K and 341 K,
reflecting expected thermal fluctuations for the system under
study. These results suggest that Ga doping at the Si site

26004 | Phys. Chem. Chem. Phys., 2025, 27, 25980-26010

maintains the energetic and thermal stability of the nanotube
and does not induce significant destabilization over the simu-
lation timeframe. The total energy remains quite stable with
small fluctuations (~0.1-0.2 eV), which is a good sign of
system stability and no major structural disruptions due to
Ga doping at the Si site. The temperature fluctuations are
typical in MD simulations, but the downward trend towards
the end might mean the system is losing some kinetic energy or
cooling.

Overall, both Al and Ga doping at the silicon site preserve
the energetic stability of the SWSICNT over the simulation
period. The Al-doped nanotube exhibits consistent energetic
and thermal stability, indicating strong kinetic and mechanical
robustness and suggesting it is well-relaxed for practical appli-
cations. In contrast, while the Ga-doped system is thermo-
dynamically stable, it shows greater atomic fluctuations and
requires further optimization to fully minimize atomic forces
and stresses, ensuring comparable kinetic and mechanical
stability. This comparison highlights that although both
dopants are viable for SiC nanotubes from a thermodynamic
perspective, a comprehensive assessment of kinetic and
mechanical stability is essential for confirming their suitability
in functional nanomaterial design.

The AIMD calculation results for forces, stress, and total
energy versus time for SiC NTs with Al- and Ga-doping at Si sites
are provided in SI5.

3.10. Stability of Al- and Ga-doped SWSiICNT systems at C
sites

To assess the stability of Al- and Ga-doped single-walled SiC
nanotube (SWSiCNT) systems at carbon substitution sites, we
conducted comprehensive geometry optimizations using den-
sity functional theory (DFT). The calculations provided total
energies, atomic forces, and stress tensors, enabling evaluation
of both the thermodynamic and mechanical stability of the
doped structures. The results demonstrate that substitution of
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carbon atoms with Al or Ga yields locally stable configurations,
confirming that such doping is energetically favorable and
structurally feasible under equilibrium conditions.

In addition to static geometry optimizations, ab initio mole-
cular dynamics (AIMD) simulations were carried out to probe
the thermal stability of these doped nanotubes. By monitoring
the time evolution of total energy and atomic positions at finite
temperatures, AIMD simulations provide insights into the
system’s response to thermal fluctuations. The relatively small
energy fluctuations and preserved structural integrity through-
out the simulation period corroborate the robustness of Al- and
Ga-doped SWSICNTs under thermal stress, underscoring their
potential applicability in high-temperature environments. This
methodology is consistent with approaches found in the
literature, for instance, the study by Lau et al.,*” which exam-
ined the mechanical characteristics of carbon nanotube/poly-
mer composites.

The optimized geometry calculations yield total energies of
-3970.03093 eV for the Al-doped SWSICNT system and
-4069.52124 eV for the Ga-doped system at carbon substitution
sites. The lower total energy observed for the Ga-doped struc-
ture suggests a slightly more energetically favorable configu-
ration compared to the Al-doped counterpart. Both systems
exhibit significantly negative total energies, indicating stable,
bound states following doping. These results reinforce the
conclusion that substitution of carbon atoms by either Al or
Ga leads to thermodynamically stable configurations within the
nanotube framework.

The forces acting on the atoms in the optimized structures
of Al- and Ga-doped SWSIiCNTs are generally low, indicating
that the geometries are close to equilibrium configurations. For
the Al-doped system, the maximum atomic force magnitude
observed is approximately 0.0493 eV A%, with a net force on the
system of about 0.13 eV A~" along the z-axis. Similarly, the Ga-
doped structure exhibits slightly higher maximum atomic
forces, reaching up to 0.0446 eV A~ on the Ga atom itself,
and a net force magnitude around 0.15 eV A~*. These small
residual forces suggest that the geometry optimizations
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converged satisfactorily, and the structures are mechanically
stable.

The computed stress tensors for both doped systems show
minimal anisotropy and low magnitudes on the order of
10~* ev A~3, with slight compressive and tensile components
balanced across different directions. For the Al-doped
nanotube, the diagonal components range from approximately
-5.3 x 10 * to 5.4 x 10 * eV A3, while the Ga-doped system
shows similar values in the range of —6.2 x 10~ * to 3.8 x
10~ * eV A~*. These small stress values confirm that the doped
nanotube lattices are mechanically relaxed and free of signifi-
cant residual strain.

Fig. 26 shows a comparison of stability parameters for Al-
and Ga-doped SiC nanotubes at carbon substitution sites. Panel
(a) illustrates the thermodynamic stability in terms of total
energy, where the Ga-doped system exhibits a slightly lower
total energy (—4069.52 eV) than the Al-doped counterpart
(—3970.03 eV), suggesting that Ga doping is marginally more
energetically favorable. Panel (b) presents the kinetic stability
by showing the maximum and net atomic forces. The max-
imum force is slightly higher in the Al-doped system
(0.049 eV A™") compared to the Ga-doped system (0.045 eV A™%),
whereas the Ga-doped system has a slightly higher net force
(0.15 eV A™%) than the Al-doped case (0.13 eV A™Y), indicating
that both configurations are kinetically stable with minor varia-
tions. Panel (c) displays the mechanical stability using the stress
tensor norm, where both systems demonstrate low stress values
0.00080 eV A for Al and 0.00078 eV A~ for Ga confirming that
both doped structures are mechanically stable. Collectively, the
results indicate that Al and Ga substitutions at carbon sites in SiC
nanotubes yield structurally and thermodynamically stable sys-
tems, with Ga doping providing a slight energetic advantage.

The optimized geometry results for atomic forces and stress
tensors in SWSIiCNTs with Al and Ga doped at C sites are
provided in SI4.

The first-principles results from AIMD simulations of the
total energy evolution over time for a SWSiCNT doped with Al
atoms substituting C sites track key thermodynamic quantities

Mechanical Stability

0.150 U.I5 0.0008 | 0.000804 0.000778
0.13

0.125 o

< —1000 A

2 - S 0.0006 |

g °§ 0.100 J

2 _2000 @ Max Force | g

Q - s

c o 0.075 BB Net Force | S 0.0004

i} o =

T S 0.049 v

g —3000 @ 0.050 0.045 @

= 5 0.0002 1
0.025 L

—4000
0.000 0.0000-
e e e e
ao® 3o ao® 30®
» ot N4 ot
a b (¢
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including potential energy, kinetic energy, total energy, and
instantaneous temperature during the simulation time steps
ranging from 0 to 250 fs. At the initial time step (0 fs), the
system starts in equilibrium at room temperature (300 K),
reflected by low kinetic energy and a corresponding potential
energy value. As the simulation precedes, the kinetic energy
and thus the instantaneous temperature increases, indicating
increased atomic vibrations and thermal excitation within the
nanotube structure.

From 0 to approximately 50 fs, the temperature rises sharply
from 300 K to over 1300 K, showing the system’s initial heating
phase. During this period, the potential energy decreases
slightly, suggesting structural relaxation and stabilization
as the aluminum dopant interacts with the carbon lattice.
Between 50 and 160 fs, the system reaches a thermal peak with
instantaneous temperatures exceeding 1700 K. The potential
energy remains fairly stable and negative, indicating that the
overall structural integrity is maintained despite the elevated
thermal conditions. The total energy shows minimal fluctua-
tions throughout, demonstrating good energy conservation and
numerical stability of the AIMD simulations. Following this
peak, the temperature and kinetic energy fluctuate within a
narrower range, between approximately 1400 K and 1800 K,
signifying that the system achieves a dynamic thermal equili-
brium. This balance implies stable atomic vibrations without
any significant structural degradation.

Our AIMD results for Ga doping at the C site in SWSiCNTs
demonstrate how the system’s energy and temperature evolve
over the simulation time. The data include the simulation step,
time (in femtoseconds), potential energy, kinetic energy, total
energy, and instantaneous temperature derived from the
kinetic energy. The energies reflect the dynamic behavior of
the system, showing variations in atomic interactions and
movement. The total energy remains relatively stable, indicat-
ing a well-conserved simulation, while the temperature changes
correspond to the thermal fluctuations within the nanotube
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structure during the AIMD run. The system starts at a tempera-
ture of 300 K (room temperature). As the simulation progresses,
both kinetic energy and instantaneous temperature generally
increase, indicating heating of the system. This rise corre-
sponds to energy fluctuations as the atoms move and the
system reaches thermal equilibrium.

Throughout the simulation, the potential energy fluctuates
slightly but stays around a consistent negative value, reflecting
the stable bonding environment within the Ga-doped nano-
tube. The kinetic energy increases over time in the early steps,
indicating growing atomic motion and energy distribution
among the atoms. The total energy remains relatively stable
around —4063 eV, showing good energy conservation in the
simulation and indicating numerical stability. Minor fluctua-
tions in potential and kinetic energies are typical in AIMD
simulations due to atomic vibrations and thermal motion. The
instantaneous temperature rises initially, reaching above
1500 K at certain points, which suggests increased atomic
vibrations due to thermal excitation. After peaking, the tem-
perature shows some fluctuations but generally remains ele-
vated, illustrating how doping affects the thermal behavior of
the silicon carbon nanotube. These temperature and energy
trends provide insights into the structural dynamics and ther-
mal stability of the Ga-doped system during the simulation
time frame.

Fig. 27 presents the variation of total energy as a function of
simulation time for SWSiCNTs doped with Al and Ga at the C
site, based on AIMD simulations. The time evolution of total
energy provides insights into the thermodynamic stability of
the doped systems under thermal excitation. As shown in the
plot: both systems exhibit fluctuations in total energy, char-
acteristic of thermal vibrations during the simulation. The Al-
doped SWSICNT (blue line) maintains a relatively stable total
energy around —3961.8 eV, with minor fluctuations throughout
the 250 fs simulation. The Ga-doped SWSIiCNT (red line) also
shows energy oscillations, but it consistently maintains a more

AIMD Simulation: Total Energy vs Time for Al- and Ga-doped SWSICNT (at C site)
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Fig. 27 Time evolution of total energy during the AIMD simulation of Al- and Ga-doped SWSICNTSs at C sites.
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negative total energy near —4063.0 eV, indicating a more
energetically favorable or thermodynamically stable configu-
ration under the same conditions. These results suggest that Ga
substitution at the C site may provide a slightly more stable
structural configuration compared to Al substitution, at least in
terms of total energy. However, other factors such as structural
distortions, electronic properties, and temperature effects
should also be considered for a complete assessment.

Overall, these results confirm that Al doping at the carbon
site in SWSICNT maintains structural stability under high-
temperature conditions, which is promising for applications
requiring thermal resilience in nanoscale devices. The low
forces and negligible stresses in both Al- and Ga-doped
SWSICNTs indicate that substitutional doping at carbon sites
yields mechanically relaxed configurations, consistent with the
total energy results.

The AIMD calculation results for forces, stress, and total
energy versus time from 0 to 250 fs for SWSiCNTs with Al- and
Ga-doping at C sites are provided in SI5.

3.11. Formation energy of single and double Al/Ga doped (6,0)
SWSICNTs at Si/C sites

In nanoscale materials, the formation of defects and dopants
plays a critical role in determining their physical and chemical
properties. Understanding the formation energy of these defect
structures is essential, as it quantifies the energetic cost asso-
ciated with incorporating dopants into the host lattice. This
parameter not only reflects the thermodynamic stability of the
doped system but also directly influences the feasibility of
synthesis and fabrication processes.

In practical terms, formation energy affects how easily
dopants can be introduced and maintained within the nano-
tube structure during material growth or device manufacturing.
Lower formation energies typically indicate more stable and
experimentally achievable doping configurations, which is vital
for designing reliable nanoscale devices, including spintronic
and magnetic applications. Conversely, high formation ener-
gies suggest that the doped structure may be difficult to realize
or maintain, limiting its practical applicability.

In this study, we calculated the formation energies of both
single and double Al- and Ga-doped (6,0) SWSiCNTs at sub-
stitutional Si and C sites to evaluate their relative stability and
potential for experimental realization.

The formation energy Er was calculated using the following
expression:

E¢ = Edoped - Epristine — N-layGa T N-lsi/c (5)

where Eqopeq and Epigine are the total energies of the doped and
pristine nanotubes, respectively; uayca and psic represent the
chemical potentials of the dopant and substituted atoms; and n
is the number of dopants (1 for single doping and 2 for double
doping).

In the presented work, the chemical potential values for Al,
Ga, Si, and C atoms were taken as —2.269118 eV (Al), —2.228112
eV (Ga), —3.686924 eV (Si), and —5.114380 eV (C), respectively,
and using these values, the defect formation energy was
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Table 10 Calculated total energies (Egopeq) and formation energies (E¢) for
single and double doping of Al and Ga atoms at Si and C sites in SiC
nanotubes. The dopant concentration xxx is given in percentage (%)

System x, % Eqoped, €V E¢, €V
Si;;ALCy, 8.3 —3948.01546 33.92414
Si; oAl Cqy 16.6 —3891.47261 89.04919
Si;1Ga;Cqp 8.3 —4046.11780 —64.21920
Si;0Ga,Cqy 16.6 —4108.82776 —128.3887
Si;»,Cq1AL 8.3 —3970.03093 10.48122
Si;,CqoAl, 16.6 —3960.21974 17.44715
Si;,C11Gay 8.3 —4069.52124 —89.05010
Si;,Ci0Gay 16.6 —4156.04843 —178.46356

calculated. The value of Epgine = —3983.35741 eV, obtained
from our calculations, was used in the formation energy
calculations and is reported in Table 10. Table 10 summarizes
the calculated formation energies for all single and double
doping configurations at both Si and C sites.

The results indicate that Ga doping at both Si and C sites
consistently yields negative formation energies, suggesting that
Ga incorporation is energetically favorable and likely to pro-
duce stable defect structures within the SiC nanotubes. Al
doping, on the other hand, shows positive formation energies
for both Si and C sites, suggesting that Al substitution is less
energetically favorable and the formation of such defects may
require additional energy input. Formation energies increase
with higher dopant concentrations (double doping) for Al,
meaning it becomes even less favorable as the doping level
rises. Conversely, Ga shows a trend of increasingly negative
formation energies with double doping, suggesting that higher
Ga doping concentrations are thermodynamically preferred.

These findings complement our magnetic ground state
analysis and offer comprehensive insights into the energetic
favorability and synthesis feasibility of various doped
SWSICNTs. Understanding these formation energies is crucial
for guiding experimental efforts and optimizing the design of
nanotube-based devices for spintronics and other advanced
nanotechnological applications. The calculations reveal that
Ga is a more suitable dopant for SiC nanotubes compared to
Al, both in terms of energetic favorability and doping site
preference. Ga doping stabilizes the nanotube structure more
effectively at both Si and C substitutional sites. This aligns with
previous observations of Ga’s ability to integrate well within
semiconductor lattices due to its chemical and electronic
properties. This analysis provides valuable insight into the
design and optimization of doped SiC nanotubes for applica-
tions requiring specific electronic or mechanical characteris-
tics. Future experimental and theoretical studies can build
upon these results to explore the practical implications of Ga
doping in nanodevices.

3.12. Phonon band structure analysis for Al- and Ga-doped
SWSICNT

Phonon band structure analysis provides a fundamental under-
standing of the dynamical stability and lattice vibrational
properties of doped SiCNT systems. The phonon spectra of
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the Al- and Ga-doped single-walled SiCNTs were computed for
both silicon and carbon substitutional sites using the finite-
displacement method within the LSDA framework. The result-
ing dispersion curves, presented in Fig. 28, confirm that all four
doped configurations are dynamically stable, as evidenced by
the absence of imaginary (negative) frequencies throughout the
Brillouin zone. This demonstrates that both Al and Ga dopants
can be successfully incorporated into the SiCNT lattice without
inducing lattice instabilities or phonon softening that could
compromise structural integrity.

The phonon dispersion of the Al-doped SiCNT at the silicon
site shows no imaginary frequencies and a well-defined dis-
tribution of acoustic and optical branches. The three acoustic
modes near the I' point smoothly approach zero, confirming
translational invariance and mechanical stability. The optical
branches extend up to approximately 125 meV, indicating
strong Si-C and Al-C bond stiffness in the local environment.
A slight upward shift of high-frequency optical modes com-
pared with the pristine nanotube suggests phonon hardening
due to local charge redistribution and stronger bonding near
the Al dopant. This behavior reflects enhanced rigidity of the
lattice in the vicinity of the substitutional Al atom.

For the configuration where Al substitutes a carbon atom,
the overall phonon profile remains stable without any negative

Phonon Bandstructure of SiC:Al at Si site
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frequencies. However, the low-frequency acoustic modes below
20 meV exhibit minor flattening compared with the Si-site case,
indicating softening associated with mass and bond-length
mismatch between Al and the neighboring Si atoms. This local
softening corresponds to weak lattice relaxation but does not
induce any instability, as all branches remain positive across
the I'-Z path. The high-frequency optical region (100-120 meV)
remains nearly unchanged, demonstrating that Al doping
at the C site preserves the vibrational integrity of the SiC
nanotube framework.

In the Ga-doped SiCNT where substitution occurs at the Si
site, the phonon spectrum also exhibits complete stability with
no imaginary modes. Compared with Al doping, the Ga-doped
system presents slightly lower optical frequencies (~ 115 meV),
which can be attributed to the heavier atomic mass of Ga and
its relatively weaker Ga-C bond strength compared with Al-C.
The acoustic branches show a steeper dispersion near the I’
point, implying stronger lattice coupling along the nanotube
axis. The overall behavior indicates that Ga incorporation at the
Si site induces phonon softening in high-energy optical modes,
yet maintains complete dynamical stability.

For Ga doping at the carbon site, the phonon spectrum
remains free of imaginary frequencies, confirming the stability
of this configuration as well. The low-frequency acoustic region

Phonon Bandstructure of SiC:Al at C site
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Fig. 28 Phonon band structures of Al- and Ga-doped (6,0) SWSICNTs at Si and C sites.
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exhibits slightly more pronounced flattening than in the Al-
doped C-site case, consistent with local strain relaxation
around the heavier Ga atom. Despite this, the optical modes
extend up to ~120 meV, and the separation between acoustic
and optical branches remains distinct. This behavior signifies
that Ga substitution at the C site introduces localized mass-
induced softening but does not compromise the lattice dyna-
mical integrity. The maintained positive curvature of the
acoustic branches indicates good mechanical resilience and
phonon transport continuity along the nanotube axis.

4. Conclusion

We carried out a comprehensive first-principles study of the
electronic, magnetic, and structural properties of Al- and Ga-
doped single-walled (6,0) SiC nanotubes (SWSiCNTs) using
density functional theory. Our findings demonstrate that dop-
ing with Al or Ga at Si or C sites enables precise control over the
nanotubes’ behavior. When Al is substituted at a Si site, the
system becomes half-metallic at 8.3% doping (spin-up gap
~1.40 eV; spin-down channel metallic), and at 16.6% both
spin channels become metallic. Ga doping at Si sites shows
semiconducting gaps at lower concentration (~ 1.0 eV for spin-
up, ~0.6 eV for spin-down), turning half-metallic at higher
concentration. Doping at carbon sites preserves semiconduct-
ing behavior in both spins but introduces strong spin asym-
metry: for example, Al-at-C yields gaps of ~0.66 eV (spin-up)/
~0.51 eV (spin-down) at 8.3%, narrowing to ~0.60 eV/~0.12 eV
at 16.6%; Ga-at-C gives ~0.44 eV/~0.60 eV at lower doping,
with both gaps reducing to ~0.26 eV at higher concentration.

Magnetic moment calculations reveal that single dopants
produce ~1.0ug each, largely localized on the carbon atoms
bonded to the dopant. For double doping at C sites, Al yields a
much larger total moment (~8.49ug), and Ga gives ~6.00/z.
Dopant atoms (Al/Ga) and neighboring Si atoms often carry
negative spin moments, indicating AFM coupling with adjacent
carbon atoms. Analysis of magnetic ground states shows
dopants at Si sites favor antiferromagnetic ordering, while Ga
substitution at the C site leads to a FM ground state.

On structural stability, formation energies show that Ga
doping (both at Si and C sites) is energetically more favorable
(negative formation energies), whereas Al substitution has
positive formation energies that grow larger with increasing
doping level. Kinetic and mechanical stability assessments
show that Al-doped nanotubes, especially for substitution at
Si sites, have lowers residual atomic forces and stress tensor
norms. Although Ga-doped structures are thermodynamically
stable, they exhibit higher residual forces and stresses, indicat-
ing that further structural relaxation may be required. Ab initio
molecular dynamics over ~250 fs confirms that both doped
systems maintain integrity under thermal fluctuation: total
energy fluctuations are small (~0.1-0.2 eV), with no bond
breakage or major deformation. On the other hand, the
absence of imaginary phonon modes in the calculated phonon
band structures demonstrate that both Al- and Ga-doped
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SiCNTs at Si and C sites are dynamically stable, ensuring the
reliability of their predicted electronic and magnetic properties
for practical applications.

Altogether, our study confirms that by selecting dopant type
(Al vs. Ga), doping site (Si vs. C), and dopant concentration, one
can finely tune the electronic structure (from semiconducting
to half-metallic to metallic), the magnitude and distribution of
magnetic moments, and the mechanical robustness of SiC
nanotubes. Ga-doping at C sites emerges as particularly favor-
able in terms of energetics, while Al-doping tends to deliver
better mechanical stability. These insights position Al- and
Ga-doped (6,0) SWSiCNTs as highly promising for spintronic
applications and nanoelectronic devices, where engineered
spin-dependent conduction and thermal/mechanical reliability
are crucial.
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