
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 7
:4

7:
55

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Field-free contro
Department of Optical Engineering, Colleg

Engineering, Zhejiang A&F University, Han

E-mail: weiliu@zafu.edu.cn

Cite this: RSC Adv., 2026, 16, 20015

Received 17th February 2026
Accepted 12th April 2026

DOI: 10.1039/d6ra01402j

rsc.li/rsc-advances

© 2026 The Author(s). Published by
l of magnetism and electronic
states in ZGNR/h-BN heterojunctions via
topological line defects

Guochao Shan, Wenqiang Chen and Wei Liu *

The pursuit of fully spin-polarized currents remains a central challenge in spintronics. Zigzag graphene

nanoribbon/hexagonal boron nitride (ZGNR/h-BN) heterojunctions offer a promising platform due to

their stabilized edge states and tunable electronic properties. However, their inherent antiferromagnetic

(AFM) order and limited means of external-field-free control hinder practical applications. Here, we

demonstrate a deterministic strategy to achieve field-free manipulation of both magnetic order and

electronic phases in ZGNR/h-BN heterojunctions by embedding pentagon-octagon (558) topological

line defects. Density functional theory calculations reveal that this defect engineering spontaneously

drives a transition from the pristine AFM state to a ferrimagnetic (FiM) ground state, originating from spin

polarization reconstruction at the defect sites and asymmetric edge moments. Furthermore, the

electronic properties exhibit programmable phase transitions: the system evolves from a conventional

half-metal to a Dirac half-semimetal with Fermi velocities up to 3 × 105 m s−1, and eventually to a full

metal, as the ZGNR width increases. Remarkably, shifting the defect position enables continuous

modulation of the spin-down bandgap (0–0.18 eV) and can even induce a ferromagnetic state. The FiM

order and half-metallicity are robust under biaxial strain within ±5%, while a transition to ferromagnetism

can be triggered by specific uniaxial strains. This work establishes a versatile pathway, integrating defect

engineering with heterojunction design, for the on-demand, external-field-free control of spin and

charge degrees of freedom in carbon-based nanostructures, paving the way for low-power spintronic

devices.
1. Introduction

Spintronics offers signicant advantages over conventional
charge-based electronics for information storage and process-
ing, yet the critical challenge remains in designing novel
materials exhibiting controllable spin polarization, long spin
relaxation times, and high charge carrier mobility.1–5 Zigzag
graphene nanoribbons (ZGNRs), a graphene derivative, have
emerged as ideal candidates for spintronic devices due to their
tunable bandgaps and magnetically ordered ground state.6–9

Nevertheless, pristine ZGNRs suffer from edge state instability
induced by environmental perturbations, such as adsorbates
and edge reconstruction.10–12 Furthermore, their inherent anti-
ferromagnetic (AFM) conguration results in zero net magnetic
moment, hindering efficient spin injection and detection.13

Embedding ZGNRs within wide-bandgap, atomically at, and
chemically inert two-dimensional (2D) h-BN to form hetero-
junctions provides a robust strategy for stabilizing edge states
and modulating electronic properties. Such heterostructures
e of Optical, Mechanical and Electrical

gzhou, Zhejiang, 311300, P. R. China.

the Royal Society of Chemistry
have been successfully synthesized experimentally13,14 and are
theoretically predicted to simultaneously exhibit robust half-
semimetallic behavior.14–17 It is noteworthy, however, that
these systems intrinsically maintain AFM ordering. Charge
doping within these heterojunctions can induce a phase tran-
sition from AFM to ferrimagnetic (FiM) ordering, thereby
enabling tunable spin-dependent functionalities.14,18

The precise introduction of topological defects serves as
a critical strategy for modulating the electronic structures and
magnetic properties of graphene-based materials.19–23 Such
defects can induce localized states, alter carrier types, and can
even activate magnetic moments.24–28 Among these defects, the
pentagon-pentagon-octagon (558) topological line defect has
been successfully synthesized in ZGNRs.29 This defect can avoid
introducing dangling bonds in the graphene lattice, thereby
preserving lattice integrity. Previous studies have demonstrated
that in ZGNRs containing 558 defects (denoted as ZGNR(558)),
the carbon atoms at the center of the defect exhibit no magnetic
moment.30 Furthermore, the spins of its neighboring carbon
atoms are aligned in an antiparallel conguration. As a result,
ZGNR(558) maintains the intrinsic AFM ground state charac-
teristic of pristine ZGNRs. Through the application of
mechanical strain or elemental doping, a net magnetic moment
RSC Adv., 2026, 16, 20015–20023 | 20015
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can be induced at the defect-center carbon atoms.31,32 This
subsequently aligns the spins of the adjacent carbon atoms in
a parallel manner, thereby leading to an AFM-to-ferromagnetic
(FM) transition and rendering ZGNR(558) ferromagnetic.30,33

In this study, we employ density functional theory (DFT) to
systematically incorporate 558 line defects into ZGNR/h-BN
heterojunctions. This dual-engineering strategy combines
defect engineering with heterojunction design to elucidate the
cooperative modulation of electronic structure and magnetic
order in ZGNRs. Our calculations reveal that the carbon atoms
at the 558 defect center within the heterojunction still carry no
magnetic moment; however, their neighboring carbon atoms
intrinsically exhibit pronounced spin polarization with parallel
alignment. This behavior drives a transition from AFM to FiM
ordering in the ZGNR/h-BN heterojunction, concurrently
endowing the system with half-metallic character. Furthermore,
we systematically investigate the effects of ZGNR width, 558
defect position, and external strain on the electronic and
magnetic properties of the heterojunction. These manipula-
tions facilitate not only a FiM-to-FM transition but also yield
various valuable spintronic features, such as half-
semimetallicity coupled with high Fermi velocity. This work
systematically demonstrates the unique capability of synergistic
defect-heterojunction engineering in controlling magnetic
transitions and enriching electronic properties.

2. Calculation method

First-principles calculations within the framework of density
functional theory34 were performed using the Vienna Ab initio
Simulation Package (VASP).35 The projector-augmented wave
(PAW) method36 was employed to describe ion–electron inter-
actions. The exchange–correlation interactions were treated
using the spin-polarized Perdew–Burke–Ernzerhof (PBE) func-
tional within the generalized gradient approximation (GGA).37 A
plane-wave energy cutoff of 550 eV was used. The convergence
criteria for the total energy were set to 10−5 eV per atom, and the
force on each atom was relaxed to below 0.01 eV Å−1. To avoid
interactions between periodic images along the Z direction,
a vacuum layer of 15–20 Å was applied. For Brillouin zone
sampling, k-point meshes of 1 × 4 × 1, 1 × 8 × 1, and 1 × 16 ×

1 were used for structural relaxation, self-consistent eld (SCF)
calculations, and electronic property calculations,
respectively.38

3. Results and discussion
3.1. ZGNR/hBN heterojunction with 558 defects

Fig. 1(a) illustrates the structure of a heterojunction formed by
embedding a six-carbon-chain-wide ZGNR into a two-
dimensional hexagonal boron nitride (h-BN) lattice, with the
anking h-BN regions consisting of ve B–N chains on each side
of the ZGNR. This structure is referred to as ZGNR/hBN-W,
where “W” represents the width of the ZGNR. Specically,
Fig. 1(a) depicts the structure of ZGNR/hBN-6. Subsequently,
a 558-type topological line defect, consisting of pentagons and
octagons, is introduced into the center of the ZGNR, yielding
20016 | RSC Adv., 2026, 16, 20015–20023
the structure designated as ZGNR(558)/hBN-W. For ZGNR/hBN-
6, this defect incorporation adds an extra carbon chain,
resulting in the ZGNR(558)/hBN-7 conguration shown in
Fig. 1(b). Both structures exhibit PMM2 symmetry and are fully
planar aer structural relaxation. The heterojunction width
increases from 34.69 Å to 36.04 Å upon defect introduction.
Notably, the introduction of the 558 defect causes some C–C
bond lengths to elongate, while others contract, with the bond
length range shiing from 1.43–1.44 Å to 1.40–1.47 Å. In
contrast, B–N bond lengths remain consistent (1.44–1.45 Å)
across both heterojunctions.

The formation energy was calculated to evaluate the effect of
introducing the 558 defects on the thermodynamic stability of
the ZGNR/hBN heterojunction. The formation energy (DE) is
computed using the following formula:

DE = (Etotal − nCEC−nBNEBN)/nC + (2nBN)

where Etotal, EC, and EBN represent the total energy of the
heterojunction structure, the energy of one C atom from gra-
phene, and the energy of a BN atom pair from h-BN sheet,
respectively. nC and nBN represent the total number of C atoms
and BN atom pairs. A lower formation energy indicates
a stronger interface binding and greater structural stability.
Calculation results (listed in Table S1) show that the formation
energy of ZGNR(558)/hBN-7 (0.042 eV) is slightly lower than that
of ZGNR/hBN-6 (0.047 eV), indicating that the heterojunction
retains excellent thermodynamic stability despite the intro-
duction of 558 topological defects.

The spin-polarized band structures and projected density of
states (PDOS) for ZGNR/hBN-6 and ZGNR(558)/hBN-7 are shown
in Fig. 1(c and d). For ZGNR/hBN-6, the spin degeneracy is lif-
ted, yielding a Dirac half-metal: the spin-up channel is metallic
(0 eV gap) while the spin-down channel is semiconducting with
a direct bandgap of 0.03 eV, consistent with previous
reports.39,40 The spin-up dispersion forms a Dirac cone at the
Fermi level with a Fermi velocity of 3.5× 105 m s−1, comparable
to pristine graphene (1 × 106 m s−1).41–43 Upon the introduction
of the 558 defects, ZGNR(558)/hBN-7 becomes a conventional
half-metal: the spin-up channel is metallic, while the spin-down
gap increases to 0.18 eV. As indicated by the insets in Fig. 1(c
and d), carbon atoms of the ZGNRs are categorized as C1 (edge
carbons), C2 (non-edge, non-defect carbons), and C3 (defect
carbons). In ZGNR/hBN-6, the electronic states near the Fermi
level in both spins are dominated by C1, with notable N
contributions in the unoccupied spin-up states; C2 and B
contribute negligibly near the Fermi level. In ZGNR(558)/hBN-7,
the 558 defect introduces additional states around the Fermi
level: for the spin-up channel, both occupied and unoccupied
states are dominated by C1 and C3; for the spin-down channel,
the occupied states are primarily C3-derived, whereas the
unoccupied states are largely contributed by C1 and C3. Thus,
the 558 defects introduce defect-localized states near the Fermi
level, and enhances hybridization between edge (C1) and defect
(C3) carbons, thereby reshaping the electronic structure and
driving a transition from Dirac half-metallicity in ZGNR/hBN-6
to conventional half-metallicity in ZGNR(558)/hBN-7.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) Atomic structures and (c and d) spin-polarized band structures with PDOS for ZGNR/hBN-6 and ZGNR(558)/hBN-7, respectively.
(e–g) spin density distribution for ZGNR(558), ZGNR/hBN-6, and ZGNR(558)/hBN-7. Gray, blue, and magenta spheres denote C, N, and B atoms,
respectively. Dashed rectangles mark the unit cells. In the band structures, blue and red curves correspond to spin-up and spin-down channels,
and the Fermi level is set to 0 eV (dashed lines). Insets classify carbon atoms as C1 (edge, red), C2 (non-edge/non-defect, green), and C3 (defect,
violet). The value of the isosurface level is 1 × 10−3 e Å−3. Red numerical values indicate the calculated local magnetic moments (in mB) at the
edge atoms and defect sites.
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It is well-established that ZGNRs exhibit intrinsic AFM order.
Previous studies conrm that introducing 558 defects at the
central region of ZGNRs preserves the AFM behavior, with spin
density primarily localized on the hydrogen-terminated edge
carbon atoms and antiparallel spin alignment both at the edges
and around the 558 defect center (Fig. 1(e)).30 Specically, the
primary edge carbon atoms exhibit perfectly symmetric local
magnetic moments of 0.13 mB and −0.13 mB. Similarly,
embedding ZGNRs within an h-BN matrix to form the ZGNR/
hBN-6 heterojunction yields an AFM ground state.14 As shown
in Fig. 1(f), the spin density remains concentrated on the edge
carbon atoms interfacing with the h-BN regions. These opposite
sides feature an antiparallel spin alignment with balanced local
magnetic moments of 0.02 mB and −0.02 mB, while the central
region shows negligible spin density. Notably, neither the
individual introduction of 558 defects nor the construction of h-
BN heterojunctions alters the AFM character of ZGNRs.

However, the application of a dual-engineering strategy by
introducing 558 defects at the center of a ZGNR/hBN-6 hetero-
junction induces a critical transition. In the resulting
ZGNR(558)/hBN-7 heterojunction, although the carbon atoms
at the center of the 558 defect possess no net magnetic moment,
the synergistic effect of the lattice distortion they induce and the
h-BN interfacial environment reconstructs the electronic states
© 2026 The Author(s). Published by the Royal Society of Chemistry
of their neighboring carbon atoms. This synergy causes the
spins of these neighboring carbon atoms to transition from an
antiparallel (AFM) alignment in the isolated ZGNR(558)
(Fig. 1(e)) to a parallel alignment with a local magnetic moment
of 0.03 mB per atom (Fig. 1(g)). This defect-induced spin polar-
ization reconstruction introduces a localized net magnetic
moment in the central region, thereby breaking the global
antiferromagnetic symmetry.

Simultaneously, the carbon atoms at the le and right edges
of the ZGNR within the heterojunction are bonded to the N and
B atoms of the h-BN lattice, respectively. They reside in distinct
chemical environments due to the inherent difference between
C–N and C–B bonds. This intrinsic edge asymmetry means that
the aforementioned spin reconstruction affects the magnetic
moments of the le and right edges to different extents. As
demonstrated by the quantitative magnetic moment data
(Fig. 1(g)), the carbon atoms at the N-terminated edge possess
a magnetic moment of 0.02 mB per atom, whereas those at the B-
terminated edge exhibit −0.05 mB per atom. This ultimately
results in unequal total magnetic moments at the two bound-
aries. Therefore, the combined effect of the defect-driven spin
reconstruction and the interfacial edge asymmetry unambigu-
ously drive the system from a net-zero magnetic moment AFM
ground state to a FiM ground state with a net magnetic
RSC Adv., 2026, 16, 20015–20023 | 20017
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moment. Specically, this spin-polarized behavior yields a total
macroscopic magnetic moment of 0.0024 mB and an exchange
energy of 1.83 meV. Together, these effects enable efficient
modulation of the spin state in the graphene nanoribbons,
permitting magnetic order switching even in the absence of
external magnetic or electric elds.

3.2. ZGNR(558)/hBN-W heterojunctions with varying ZGNR
widths

The electronic and magnetic properties of ZGNRs exhibit
a strong and intricate dependence on their width. Therefore, to
systematically investigate the inuence of the ZGNR width on
the structural stability, electronic and magnetic properties of
ZGNR(558)/hBN-W heterojunctions, we constructed a series of
heterostructures with varying ZGNR widths (W = 5, 7, 9, 11, 13).
Their optimized structures are shown in Fig. 2(a) and S1. In
these structures, the width of the h-BN regions on both sides is
xed at ve BN chains, while the width of the central ZGNR
region increases progressively from 5 to 13 carbon-chains. All
optimized structures retain a fully planar conguration. As
shown in Fig. 2(b), the formation energies of these hetero-
junctions range narrowly from 0.035 eV to 0.045 eV and display
a distinct decreasing trend with increasing ZGNR width. Among
them, the structure with the highest formation energy,
ZGNR(558)/hBN-5, was selected for further validation through
ab initio molecular dynamics (AIMD) simulation, which was
performed at 500 K over 50 000 steps (50 ps) using a 1 × 4
supercell. As shown in Fig. S2, the results demonstrate that
ZGNR(558)/hBN-5 retains its topological structure throughout
the simulation, with the total energy oscillating near the equi-
librium state, indicating excellent thermal stability.

The magnetic ground states of ZGNR(558)/hBN-W (W = 5, 7,
9, 11, 13) heterojunctions were determined by calculating their
energies in various spin states. The results indicate that all
structures exhibit ferrimagnetic ordering, except for
ZGNR(558)/hBN-5, which is nonmagnetic. As W increases from
7 to 13, the exchange energy decreases from 1.83 meV to 0.03
meV, while the total magnetic moment increases from 0.0024
mB to 0.077 mB (summarized in Table S2). Their projected band
Fig. 2 (a) Schematic structures of ZGNR(558)/hBN-W (W = 5, 7, 9, 11, 13
width W.

20018 | RSC Adv., 2026, 16, 20015–20023
structures and PDOS are presented in Fig. 3 and S3. It can be
observed that both spin-up and spin-down electronic structures
of ZGNR(558)/hBN-W exhibit a clear evolution with increasing
ribbon width W. When W = 5, the system behaves as
a nonmagnetic semiconductor with an indirect band gap of
0.15 eV. In the spin-up channel, the system exhibits metallic
behavior at widths W = 7 and 9. While at larger widths (W = 11
and 13), Dirac cones emerge near the Fermi level with high
Fermi velocities of 3 × 105 m s−1 and 2.6 × 105 m s−1, respec-
tively, indicating a transition to a semimetallic phase. This
behavior originates primarily from the dominant contribution
of C1 atoms to the electronic bands near the Fermi level.
Fundamentally, the formation conditions of these Dirac cones
are governed by the competition between nite-size quantum
connement and the spatial hybridization of local states. To
elucidate this, we calculated the partial charge density near the
Fermi level for varying widths (Fig. S4). In narrower nano-
ribbons (W = 7 and 9), the small spatial separation causes the
localized wavefunctions of the edge states (C1) to overlap and
hybridize with the central 558 defect states (C3) (Fig. S4(a and
b)). This inter-state hybridization lis the band degeneracy,
thereby destroying the linear dispersion. Conversely, as the
ribbon width increases, the wavefunctions decay exponentially.
At larger widths (W = 11 and 13), the spatial distance becomes
sufficient to effectively decouple the edge states from the defect
states, as evidenced by the spatially separated and localized
charge density distributions (Fig. S4(c and d)). This profound
suppression of hybridization restores the band degeneracy at
the Fermi level, identifying the critical factor that triggers the
emergence of the Dirac cones in the spin-up channel. In the
spin-down channel, the band gap decreases from 0.18 eV atW=

7 to 0.03 eV atW= 11, and eventually closes atW= 13, reecting
a transition from semiconductor to metal. Consequently,
ZGNR(558)/hBN-W exhibits half-metallicity for W = 7 and 9;
half-semimetallicity for W = 11; and metallic behavior for W =

13.
Fig. 4 shows the spin density distributions for ZGNR(558)/

hBN-W (W = 9, 11, 13). The spin density is still primarily
localized on the edge carbon atoms interfacing with the h-BN
). (b) Formation energies of ZGNR(558)/hBN-W as a function of ZGNR

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Projected band structures of (a) ZGNR(558)/hBN-7, (b) ZGNR(558)/hBN-9, (c) ZGNR(558)/hBN-11, and (d) ZGNR(558)/hBN-13.

Fig. 4 Spin density distributions for (a) ZGNR(558)/hBN-9, (b)
ZGNR(558)/hBN-11, and (c) ZGNR(558)/hBN-13. The value of the
isosurface level is 1 × 10−3e Å−3.
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regions and carbon atoms bonded to the central atoms of the
558 defects. As the ZGNR width W increases, the spin density
distribution on edge carbon atoms remains relatively stable
with minimal variation, maintaining antiparallel spin align-
ment on opposite sides. In contrast, the spin density in the
defect region exhibits signicant width dependence: at W = 7,
the spin polarization direction of carbon atoms bonded to the
central atoms of 558 defect is parallel alignment; at W = 9, the
magnitude of this spin density markedly decreases; with further
increase in width to W = 11 and 13, the spin polarization
direction in the defect region undergoes a complete reversal.
This phenomenon arises from the weakened quantum
connement effect at larger widths. In broader nanoribbons,
© 2026 The Author(s). Published by the Royal Society of Chemistry
the coupling between edge states diminishes, reducing their
inuence on the defect states. Consequently, the spin states in
the defect region dominate the reconstruction of the local
magnetic order. Simultaneously, the induced spin density on
non-edge, non-defect carbon atoms (C2) systematically
diminish with increasing W and becomes essentially negligible
at W = 13.
3.3. ZGNR(558)/hBN-W heterojunctions with 558 defects at
different positions

Prior studies have indicated that the properties of ZGNRs con-
taining 558 defects are highly sensitive to the precise location of
the defect. To elucidate the role of 558 defect positioning in
ZGNR(558)/hBN heterojunctions, we systematically translated
the defects along the armchair direction of ZGNR(558)/hBN-7.
Defect positions were characterized by dening L and R as the
number of carbon chains anking the defect on the le and
right sides, respectively, under the constraint L + R = 4. The
resulting congurations are labeled as ZGNR(558)/hBN-7(LR).
Fig. 5(a) shows the congurations for the lemost (L = 0, R =

4) and rightmost (L = 4, R = 0) defect positions, while the other
congurations are provided in Fig. S5. As summarized in Table
S1, the calculated formation energy DE of these systems varies
within a narrow range of only 0.039–0.043 eV as the defect shis
from the le to the right edge, indicating that the defect posi-
tion has negligible impact on the energetic stability of the
heterojunctions.

Energy calculations under different spin states reveal that
ZGNR(558)/hBN-7(04) adopts an FM ground state, which is 4.42
meV more stable than the AFM state, and exhibits a magnetic
moment of 0.50 mB. In contrast, all other structures exhibit
RSC Adv., 2026, 16, 20015–20023 | 20019
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Fig. 5 (a) Schematic structures of ZGNR(558)/hBN-7(LR) with 558 defects at different positions. Band structures and PDOS for (b) ZGNR(558)/
hBN-7(04), (c) ZGNR(558)/hBN-7(13), (d) ZGNR(558)/hBN-7(31), and (e) ZGNR(558)/hBN-7(40).

Fig. 6 Spin density distributions for (a) ZGNR(558)/hBN-7(04), (b)
ZGNR(558)/hBN-7(13), (c) ZGNR(558)/hBN-7(31), and (d) ZGNR(558)/
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a ferrimagnetic ground state, with exchange energies ranging
from 0.60 to 2.90 meV and total magnetic moments between
0.0024 and 0.012 mB. To investigate the microscopic origin of
the FM state uniquely formed at the lemost position
(ZGNR(558)/hBN-7(04)), we have calculated both the charge
density difference distributions and the interfacial C-to-N elec-
tron transfer using the Bader charge method for the hetero-
junctions with the defect at various positions. As conrmed by
the charge density difference plots shown in Fig. S6, the direct
defect-N connection in ZGNR(558)/hBN-7(04) induces
a stronger interfacial charge redistribution. Quantitative Bader
analysis corroborates this, revealing that the electron transfer
from the carbon edge to the nitrogen atoms peaks at 0.52e for
ZGNR(558)/hBN-7(04), which is substantially higher than the
baseline of 0.40–0.45e observed in the other heterojunctions.
This intensied electron depletion on the N-proximal carbon
edge perfectly corroborates the diminished local spin density
observed in Fig. 6(a). The elimination of these antiparallel spins
breaks the global FiM balance of the nanoribbon, forcing the
20020 | RSC Adv., 2026, 16, 20015–20023
remaining spins at the central defect and the B-terminated edge
to align parallelly, thereby driving the entire system into
a macroscopic FM ground state.

As shown in Fig. 5(b–e), band structure calculations indicate
that the position of the 558 defects signicantly modulates the
spin-polarized electronic properties of ZGNR(558)/hBN-7(LR).
hBN-7(40).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic illustration of the application of uniaxial and biaxial strains on ZGNR(558)/hBN-7. Variation of (b) formation energy and (c)
exchange energy under strain. Variation of the band gap for spin-up and spin-down channels under (d) uniaxial strain along the x-direction, (e)
uniaxial strain along the y-direction, and (f) biaxial strain.
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When the defect is located at the le edge (L = 0, R = 4), both
spin-up and spin-down channels exhibit metallic behavior. As
the defect shis toward the right, the spin-up channel remains
metallic, while the spin-down channel becomes semi-
conducting. The calculated spin-down gaps for congurations
© 2026 The Author(s). Published by the Royal Society of Chemistry
ZGNR(558)/hBN-7(13), (22) (31), and (40) are 0.10 eV, 0.18 eV,
0.15 eV, and 0.14 eV, respectively. The bandgap maximizes
when the defect is centrally positioned and diminishes as it
approaches either edge. To uncover the intrinsic mechanism
driving the variation of the spin-down band gap with defect
RSC Adv., 2026, 16, 20015–20023 | 20021
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position, we explicitly analyzed the defect-edge state energy
level matching and wave function overlap (shown in Fig. S7 and
S8). In the spin-down channel, the valence bands and conduc-
tion bands near the Fermi level are predominantly composed of
the edge carbon states (C1) and the defect-center states (C3).
When the defect is centrally located in ZGNR(558)/hBN-7(22),
the large spatial separation effectively prevents the spatial
overlap of wavefunctions between the defect and the edges
(Fig. S8(d and e)). This spatial decoupling suppresses inter-state
hybridization, allowing the system to maintain a maximum
band gap of 0.18 eV. Conversely, shiing the defects toward
either edge signicantly enhances their structural proximity.
Visually, the partial charge densities form a continuous distri-
bution bridging the C3 and nearest C1 atoms (Fig. S8(b, c) and
(h, i)), indicating strong wave function overlap. Simultaneously,
the asymmetric interfacial potential shis the C3 energy levels
to resonate with the localized C1 states. This optimal energy
matching, combined with the strong spatial overlap, triggers
intense orbital hybridization. Consequently, the interacting
bands disperse and shi toward the Fermi level, thereby
systematically narrowing the spin-down band gap. These results
demonstrate a viable route for tuning spin-resolved electronic
properties in ZGNR-based heterostructures.

Fig. 6 depicts the spin density distributions of the
ZGNR(558)/hBN-7(LR) heterostructures at varying defect posi-
tions. Overall, edge carbon atoms bonded to N and B retain
antiparallel spin alignment. When the defects reside at the le
edge, spin polarization on N-proximal edge carbon atoms is
signicantly suppressed. In contrast, discernible spin density
emerges in this region only when the defect shis toward the
center or right edge. The spin density on B-proximal carbon
atoms, however, remains largely unaffected by defect reposi-
tioning. Furthermore, displacing the defect rightward
substantially reduces spin polarization on defect-associated
carbon atoms.
3.4. ZGNR(558)/hBN-W heterojunctions under variable
strains

Finally, the inuence of strain on the properties of the
ZGNR(558)/hBN-7 heterostructure was systematically investi-
gated. As illustrated in Fig. 7(a), uniaxial strains ranging from
∼5% to 5% were applied independently along the x- and y-
directions, alongside biaxial strains within the same range.
Fig. 7(b) shows that the formation energy of ZGNR(558)/hBN-7
increases slightly under both compression and tension, sug-
gesting a mild decrease in energetic stability. The most signif-
icant change occurs under 5% biaxial tensile strain, where the
formation energy increases from 0.042 eV to 0.18 eV. The vari-
ation of the exchange energy with strain is presented in Fig. 7(c).
A transition from FiM to FM ordering is observed under 5%
tensile strain or under compressive strain exceeding 3% along
the x-direction, accompanied by a magnetic moment of 0.12–
0.38 mB. Notably, at 3% compressive strain, the exchange energy
reaches 13.83 meV, a value sufficient to stabilize magnetic order
at room temperature. Under all other strain conditions, the
system remains ferrimagnetic.
20022 | RSC Adv., 2026, 16, 20015–20023
Fig. 7(d–f) depict the evolution of the bandgap for both spin
channels in the ZGNR(558)/hBN-7 heterojunction under various
strain conditions, with corresponding band structures provided
in Fig. S9–S11. Overall, the half-metallic character is largely
preserved across a wide range of strain regimes. A transition to
metallic behavior occurs only under signicant uniaxial tensile
strain. Specically, as illustrated in Fig. 7(d), uniaxial strain
along the x-direction preserves metallicity in the spin-up
channel, while the spin-down channel becomes metallic at
5% tensile strain. Under y-directional uniaxial strain (Fig. 7(e)),
the spin-up channel remains metallic, whereas the spin-down
band gap narrows under expansion and closes at 4% strain,
resulting in full metallicity. Conversely, the heterojunction
maintains half-metallicity across all examined biaxial strains
(Fig. 7(f)).

4. Conclusion

In conclusion, we demonstrate a defect-engineering strategy
utilizing rst-principles calculations to achieve eld-free
control of magnetic and electronic states in ZGNR/h-BN
heterojunctions. By introducing 558 topological line defects,
we observe a spontaneous transition from the pristine AFM
order to a FiM ground state, originating from reconstructed
spin polarization at defect sites and asymmetric edge moments.
Width-dependent studies reveal programmable electronic
phase transitions. At W = 7, the system acts as a conventional
half-metal, featuring a metallic spin-up channel and a spin-
down band gap of 0.18 eV. With increasing ribbon width, the
system evolves into a half-semimetallic phase at W = 9 and 11,
characterized by Dirac cones with high Fermi velocities in the
spin-up channel and progressively reduced spin-down band
gaps. Finally, atW= 13, the system transitions to a fully metallic
state. The positioning of defects along the nanoribbon axis can
serve as a dual-functional switch for regulating both magnetic
and electronic properties: by shiing the 558 topological defect,
continuous modulation of the band gap in the spin-down
channel within the range of 0 to 0.18 eV is achieved (the band
gap reaches its maximum when the defect is centered), while
a ferromagnetic ordered state with a magnetic moment of 0.50
mB is induced when the defect approaches the N-terminated
edge. Additionally, the FiM state exhibits exceptional robust-
ness under ±5% biaxial strain, maintaining half-metallicity,
although uniaxial strain triggers transitions to ferromagnetic
ordering under specic conditions (5% tensile strain or
compressive strains exceeding 3% along the x-direction). This
multi-eld tunability, combining defect engineering with
heterojunction design, establishes a platform for low-power
spintronic devices, enabling efficient magnetic and electronic
property manipulation without external elds.
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