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Abstract
Pristine two-dimensional (2D) GaN is
non-magnetic, which limits its direct use in
semiconductor spintronics. Here, first-principles
calculations were used to screen 3d transition-metal
substitution (TM = Sc-Zn) at 6.25 at.% and
9.375 at.% and to evaluate biaxial strain from
−3% to 3%. Co substitution produced the most
favorable magnetic semiconductor response among
the screened dopants. The two concentrations
yielded magnetic moments of 8.00 and 12.00 µB
per supercell and band gaps of 0.80 and 0.55 eV,
respectively. Biaxial strain preserved the magnetic
order while tuning the band gaps. In the 6.25 at.%
Co-doped system, the gap reached 0.89 eV at 2%
tensile strain and became direct at 3% tensile strain.
These calculations identify Co substitution and
moderate biaxial strain as a promising theoretical
route for tuning the magnetic and electronic
properties of monolayer GaN.
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1 Introduction
Semiconductor spintronics uses the spin degree of
freedom, in addition to charge, for information storage
and processing. Representative device concepts
include magnetoresistive random-access memory [1,
2], spin logic devices [3, 4], spin transistors [5], and
spin computation accelerators and multifunctional
spintronic devices [6, 7]. Realizing these technologies
requires semiconductors that combine controllable
magnetism with suitable electronic and integration
characteristics [8–10].
Two-dimensional (2D) materials provide a promising
materials space for this purpose. Since the
discovery of graphene, many 2D systems have
been investigated, including transition-metal
dichalcogenides [11], MXenes [12, 13], and hexagonal
boron nitride [14]. Their atomic thickness, large
surface-to-volume ratio, quantum-confinement
effects, and mechanical flexibility have enabled
applications in electronics [16, 17], energy conversion
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and storage [15, 18], flexible devices [19], optics [20],
catalysis and environmental technologies [21], and
neuromorphic computing [22]. These characteristics
make 2D materials attractive candidates for
overcoming scaling and functionality limitations in
semiconductor spintronic devices.

GaN is already a key semiconductor for power
electronics and optoelectronics because of its high
power density, high-frequency response, and mature
device ecosystem [24]. In 2016, Al Balushi et
al. [25] realized single-atom-layer 2D GaN on
graphene-encapsulated SiC by migration-enhanced
encapsulated growth. The resulting 2D GaN
can be viewed as an atomically thin analogue of
three-dimensional GaN and has been predicted to
exhibit high carrier mobility, a tunable band gap, and
good thermal and chemical stability [26–28]. It can
also be stabilized with retention of its fundamental
electronic and magnetic properties upon various
chemical modifications [29, 30]. However, pristine
2D GaN is non-magnetic [31], which limits its direct
use in spintronic devices. A practical design strategy
must therefore introduce magnetism while retaining a
useful semiconductor band gap.

Chemical doping and biaxial strain are two
widely used routes for modulating electronic
structure and magnetic properties across a
broad range of functional materials, including
low-dimensional systems [23, 32–35]. For monolayer
GaN, alkali-metal doping has been shown to
produce magnetic semiconducting behavior, whereas
alkaline-earth-metal doping can drive semimetallic
behavior [36]. Related first-principles studies have
also shown that V, Cr, and Mn substitution can induce
magnetism in 2D Ga2O3 [37], and that strain can
tune the band gap of doped 2D oxides. In ZnO,
compositional tuning with nonmetal dopants has
likewise been shown to modify the structural and
optical properties [38]. These studies suggest that
dopant selection and lattice strain can be combined
to design magnetic semiconducting behavior, but the
systematic response of transition-metal-doped 2D
GaN across dopant concentration and strain remains
insufficiently resolved.

Although prior first-principles studies have
examined specific transition-metal dopants in
GaN monolayers [47], a systematic comparison
across the full 3d series at multiple concentrations
combined with strain analysis has not been reported.
To address this gap, this work investigates 3d

transition-metal substitution (TM = Sc-Zn) in 2D
GaN at 6.25 at.% and 9.375 at.% using first-principles
calculations. The analysis focuses on structural
stability, magnetic-moment formation, electronic band
character, and the response of the most suitable doped
systems to biaxial strain from -3% to 3%. The objective
is to identify doped 2D GaN systems that combine
stable magnetic ordering with a semiconductor band
gap larger than 0.50 eV and to determine whether
biaxial strain can tune that gap without destroying the
desired magnetic semiconductor state.

2 Calculation Methods
First-principles calculations were performed using
the Vienna Ab initio Simulation Package [39].
The projector augmented-wave method [40] and
the Perdew-Burke-Ernzerhof generalized-gradient
approximation [41] were used. Spin polarization
was included in all doped-system calculations. The
plane-wave cutoff energy was set to 550 eV, and a
20 Å vacuum layer was introduced perpendicular to
the 2D GaN sheet to minimize spurious interactions
between periodic images. No empirical van der Waals
correction was included because the present systems
are isolated monolayers rather than layered stacks
or adsorption complexes. Brillouin-zone integrations
were performed using a 9 × 9 × 1 Γ-centered k-point
grid. The total-energy and force convergence criteria
were 10−6 eV and 10−2 eV Å−1, respectively.

3 Results and Discussion
Pristine 2D GaN was first optimized to establish a
reference structure. The relaxed monolayer adopts
a planar hexagonal honeycomb structure, as shown
in Figure 1 (a). The primitive unit cell contains one
Ga atom and one N atom, and the optimized lattice
constant is a = b = 3.26 Å. This value agrees well
with previous density-functional-theory results of a =
b = 3.255 Å [42, 43]. The corresponding Ga-N bond
length is 1.88 Å. After relaxation of a 4×4×1 supercell,
the calculated band structure shows semiconducting
behavior with an indirect band gap of 1.94 eV. The
conduction-band minimum lies at Γ, whereas the
valence-band maximum lies at K (Figure 1 (b)).
Transition-metal substitution was then introduced into
the 2D GaN supercell at 6.25 at.% and 9.375 at.%.
The corresponding structural models are shown in
Figures 1 (c) and (d). For each doped structure, the
TM-N bond length, dopant-vacancy binding energy,
total magnetic moment, local magnetic moment on the
dopant atom, and band gapwere calculated to evaluate
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Figure 1. (a) Optimized pristine 2D GaN reference structure represented by a 4 × 4 × 1 supercell; (b) band structure of
pristine 2D GaN, with the Fermi level set to zero; (c) schematic structure of 6.25 at.% TM-doped 2D GaN; and (d)
schematic structure of 9.375 at.% TM-doped 2D GaN. Green, gray, and red spheres denote Ga, N, and TM atoms,

respectively.

the structural, magnetic, and electronic responses.

Tables 1 and 2 summarize the calculated TM-N bond
length L, dopant-vacancy binding energy Eb, total
magnetic moment Mtotal, dopant magnetic moment
MTM , and band gap Eg for the 6.25 at.% and 9.375
at.% TM-doped systems. At 6.25 at.% doping, the
TM-N bond length decreases from 1.98 Å for Sc to
1.86 Å for V, remains at 1.86 Å for V, Cr, Mn, and Fe,
decreases to 1.83 Å for Co and Ni, and then increases
to 1.91 Å for Zn (Table 1). Thus, the Sc-N bond is the
longest, whereas the Co-N and Ni-N bonds are the
shortest. The proximity of these bond lengths to the
sums of the corresponding covalent radii indicates that
substitutional TM atoms form covalent bonds with
neighboring N atoms. A similar trend is observed
at 9.375 at.% doping (Table 2). The TM-N bond

length decreases from 1.98 Å for Sc to 1.86 Å for Cr,
remains at 1.86 Å for Cr, Mn, and Fe, reaches 1.83
Å for Co, and then increases to 1.90 Å for Zn. This
concentration-independent trend indicates that local
TM-N covalent bonding is retained as the dopant
concentration increases from 6.25 at.% to 9.375 at.%.
Two distinct energetic quantities were evaluated. First,
the dopant-vacancy binding energy Eb quantifies the
energy gained when an isolated TM atom binds to a
pre-existing Ga vacancy [44]. Under the definition in
Eq. (1), a larger positive Eb indicates stronger binding.
It was calculated as follows:

Eb = EGaN + Eatom − Etotal (1)

where EGaN is the total energy of the relaxed 2D GaN
supercell containing a Ga vacancy, Eatom is the energy
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Table 1. TM-N bond length L, dopant-vacancy binding energy Eb, total magnetic momentMtotal per supercell, TM
atomic magnetic momentMTM , and band gap Eg for 6.25 at.% TM-doped 2D GaN.

Sc Ti V Cr Mn Fe Co Ni Cu Zn
L(Å) 1.98 1.91 1.86 1.86 1.86 1.86 1.83 1.83 1.86 1.91
Eb(eV) 27.58 28.53 25.27 21.10 20.60 21.68 21.15 19.40 14.84 13.45

Mtotal(µB) 0 1.99 3.78 6.00 8.00 10.00 8.00 6.00 4.00 2.00
MTM (µB) 0 1.47 3.08 5.31 6.68 7.34 5.21 3.19 1.33 0.04
Eg(eV) 2.29 0.20 - 0.28 - 0.48 0.80 - - -

Table 2. TM-N bond length L, dopant-vacancy binding energy Eb, total magnetic momentMtotal per supercell, TM
atomic magnetic momentMTM , and band gap Eg for 9.375 at.% TM-doped 2D GaN.

Sc Ti V Cr Mn Fe Co Ni Cu Zn
L(Å) 1.98 1.91 1.87 1.86 1.86 1.86 1.83 1.84 1.88 1.90
Eb(eV) 40.40 41.49 37.11 30.80 30.33 31.66 30.86 28.40 21.77 19.42

Mtotal(µB) 0 3.00 5.78 9.00 12.00 15.00 12.00 9.00 5.33 2.99
MTM (µB) 0 2.33 4.97 7.97 10.05 11.03 7.84 4.76 1.77 0.11
Eg(eV) 2.39 0.27 - - 0.05 0.23 0.55 - - -

of an isolated TM atom, and Etotal is the total energy
of the relaxed substitutional TM-doped supercell.
The dopant-vacancy binding energies range from
13.45 to 28.53 eV at 6.25 at.% and from 19.42 to
41.49 eV at 9.375 at.% (Tables 1 and 2). Ti has the
largest value at both concentrations, indicating the
strongest calculated association between the dopant
and a pre-existing Ga vacancy among the screened
elements. Zn has the smallest value, although its
positive binding energy still indicates exothermic
trapping at the vacancy under the definition used here.
Thus, Eb characterizes local dopant-vacancy binding
and should not be interpreted as the substitutional
formation energy.
Second, the substitutional defect formation energy Ef

measures the thermodynamic cost of replacing a Ga
atom with a TM atom relative to the selected atomic
reservoirs [45]. Unlike Eb, a lower Ef indicates more
favorable dopant incorporation. It was calculated as
follows:

Ef = Edoped + µGa − Eperfect − µTM (2)

where Edoped is the total energy of the TM-doped
2D GaN supercell, Eperfect is the total energy of the
pristine supercell of the same size, and µGa and µTM
are the chemical potentials of Ga and the TM species,
respectively. The substitutional defect formation
energies of the 6.25 at.% and 9.375 at.% systems are
shown in Figure 2. The differences indicate that dopant
incorporation depends strongly on the TM species.

Sc and Ti have comparatively low formation energies
at both concentrations, indicating more favorable
substitution than for most other TM species under the
same chemical-potential conditions.

Figure 2. Substitutional defect formation energies of
TM-doped 2D GaN: (a) 6.25 at.%; and (b) 9.375 at.%.
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Pristine 2D GaN is non-magnetic, whereas
transition-metal doping has been widely
demonstrated to introduce finite magnetic moments in
two-dimensional materials [46]. At 6.25 at.% doping,
Ti-Zn substitution produces total magnetic moments
of 1.99, 3.78, 6.00, 8.00, 10.00, 8.00, 6.00, 4.00, and 2.00
µB , respectively, whereas Sc substitution remains
non-magnetic (Table 1). At 9.375 at.% doping, Sc
substitution again remains non-magnetic, while Ti-Zn
substitution produces total magnetic moments of 3.00,
5.78, 9.00, 12.00, 15.00, 12.00, 9.00, 5.33, and 2.99 µB ,
respectively (Table 2).

The dopant contribution to the total magnetic moment
follows two regimes. For Ti-Fe substitution, the dopant
atom contributes more than 70% of the total magnetic
moment, with local TM moments of 1.47, 3.08, 5.31,
6.68, and 7.34 µB at 6.25 at.% and 2.33, 4.97, 7.97, 10.05,
and 11.03 µB at 9.375 at.%. For Co-Zn substitution, the
dopant contribution is lower than 70%, indicating a
larger role for neighboring N atoms in the magnetic
response. The local Co-Znmoments are 5.21, 3.19, 1.33,
and 0.04 µB at 6.25 at.% and 7.84, 4.76, 1.77, and 0.11
µB at 9.375 at.%, respectively.

Spin-density distributions were analyzed to clarify
the origin of the magnetic moments. Figures 3 and 4
show the spin-density distributions of 6.25 at.% and
9.375 at.% Ti-Zn-doped 2DGaN. For Ti-Fe substitution,
the spin density is mainly localized around the
impurity atom, consistent with the dominant dopant
contribution listed in Tables 1 and 2. For Co-Cu
substitution, spin polarization appears on both the
dopant and neighboring N atoms, indicating stronger
dopant-N magnetic coupling. For Zn substitution,
the Zn atom contributes only a small local moment,
but the neighboring N atoms become spin polarized,
giving total magnetic moments of 2.00 µB at 6.25 at.%
and 2.99 µB at 9.375 at.%. These features indicate a
transition from dopant-dominated magnetism in the
Ti-Fe systems to greater ligand involvement in the Co-,
Ni-, Cu-, and Zn-doped systems.

Band-structure calculations were used to distinguish
non-magnetic, magnetic semiconducting, metallic, and
half-metallic behavior [47]. Figures 5 and 6 show the
spin-resolved band structures of TM-doped 2D GaN at
6.25 at.% and 9.375 at.%, respectively. For Sc-doped 2D
GaN, the spin-up and spin-down bands overlap at both
concentrations, confirming the non-magnetic character.
For Ti-Zn substitution, the spin-up and spin-down
bands are split, consistent with the finite magnetic
moments. At 6.25 at.% doping, Sc-, Ti-, Cr-, Fe-, and

Co-doped systems are semiconductors with band gaps
of 2.29, 0.20, 0.28, 0.48, and 0.80 eV, respectively. Sc, Ti,
Cr, and Co have indirect band gaps, whereas Fe has a
direct gap atΓ. TheV-doped system ismetallic because
both spin channels cross the Fermi level. Mn-, Ni-,
Cu-, and Zn-doped systems are half-metallic because
one spin channel is metallic while the other remains
semiconducting, producing complete spin polarization
at the Fermi level.
At 9.375 at.% doping, Sc-, Ti-, Mn-, Fe-, and Co-doped
systems remain semiconducting, with band gaps of
2.39, 0.27, 0.05, 0.23, and 0.55 eV, respectively (Figure 6
and Table 2). Sc, Ti, Mn, and Co exhibit indirect
band gaps, while Fe again shows a direct gap at Γ.
The V- and Cu-doped systems are metallic, whereas
Cr-, Ni-, and Zn-doped systems are half-metallic.
Increasing the dopant concentration therefore changes
the electronic classification of selected dopants, but
Co substitution remains a magnetic semiconductor at
both concentrations.
For semiconductor spintronic operation, the magnetic
semiconductor should retain a band gap larger than
0.50 eV to suppress thermally generated intrinsic
carriers. Under this criterion, 6.25 at.% and 9.375 at.%
Co-doped 2D GaN are the only screened systems that
simultaneously exhibit structural stability, magnetic
behavior, and suitable semiconductor band gaps.
These two Co-doped systems were therefore selected
for the subsequent strain analysis.
Analyses of the total and projected densities of states
(TDOS and PDOS) further support the magnetic and
bonding interpretations. Figures 7 and 8 show the
TDOS andPDOS of 6.25 at.% and 9.375 at.%TM-doped
2D GaN, respectively. For Ti-Zn substitution, the
spin-up and spin-down density-of-states profiles are
asymmetric, confirming the magnetic character of
these doped systems. The PDOS reveals strong
hybridization between N 2p and TM 3d orbitals
near the Fermi level, consistent with covalent TM-N
interactions. For example, in 6.25 at.% Co-doped
2D GaN, the Co 3d states overlap strongly with
the neighboring N 2p states near the Fermi level,
particularly in the spin-polarized channels. This
hybridization contributes to spin-polarized electronic
states while maintaining a finite semiconductor band
gap and is consistent with the relatively high Co
dopant-vacancy binding energy.
The screening results identify 6.25 at.% and 9.375
at.% Co-doped 2D GaN as the most suitable magnetic
semiconductor candidates because they combine
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Figure 3. Spin-density distributions of 6.25 at.% TM-doped 2D GaN. The isosurface value is 0.02 e Å−3. Yellow and cyan
indicate net spin-up and spin-down polarization, respectively.

Figure 4. Spin-density distributions of 9.375 at.% TM-doped 2D GaN. The isosurface value is 0.02 e Å−3. Yellow and cyan
indicate net spin-up and spin-down polarization, respectively.
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Figure 5. Band structures of 6.25 at.% TM-doped 2D GaN: (a) Sc; (b) Ti; (c) V; (d) Cr; (e) Mn; (f) Fe; (g) Co; (h) Ni; (i)
Cu; and (j) Zn. Red and blue lines denote spin-up and spin-down channels, respectively. The Fermi level is set to zero.

Figure 6. Band structures of 9.375 at.% TM-doped 2D GaN: (a) Sc; (b) Ti; (c) V; (d) Cr; (e) Mn; (f) Fe; (g) Co; (h) Ni; (i)
Cu; and (j) Zn. Red and blue lines denote spin-up and spin-down channels, respectively. The Fermi level is set to zero.
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Figure 7. TDOS and PDOS of 6.25 at.% TM-doped 2D GaN. The Fermi level is set to zero.
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Figure 8. TDOS and PDOS of 9.375 at.% TM-doped 2D GaN. The Fermi level is set to zero.
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stable structures, finite magnetism, and band gaps
above 0.50 eV. The next question is whether their
band gaps can be tuned without losing these favorable
properties. To address this question, biaxial strains
from −3% to 3% were applied to both Co-doped
systems.
Biaxial strain was introduced by changing the in-plane
lattice parameters along the x and y directions. The
strain δ was defined as follows:

δ =
a− a0
a0

× 100% (3)

Figure 9 shows the schematic structure of Co-doped
2D GaN under biaxial strain.

Figure 9. Schematic structure of Co-doped 2D GaN under
biaxial strain.

Tables 3 and 4 summarize the TM-N bond length
L, strain energy ∆Es, total magnetic momentMtotal,
dopant magnetic momentMTM , and band gap Eg of
6.25 at.% and 9.375 at.% Co-doped 2DGaN under−3%
to 3% biaxial strain.
The Co-N bond length increases monotonically with
increasing strain. For 6.25 at.% Co-doped 2D GaN, L
increases from 1.77 Å under−3% compressive strain to
1.89Åunder 3% tensile strain. For 9.375 at.%Co-doped
2D GaN, L increases from 1.78 to 1.89 Å over the
same strain range. This trend directly reflects in-plane
lattice contraction under compressive strain and lattice
expansion under tensile strain.
The strain energy ∆Es = Estrained − Erelaxed, where
Estrained and Erelaxed are the total energies of the
strained and fully relaxed supercells respectively, was
calculated to evaluate the stability of the strained
structures. Figures 10 (a) and (b) show the

Table 3. TM-N bond length L, strain energy ∆Es, total
magnetic momentMtotal per supercell, TM atomic

magnetic momentMTM , and band gap Eg for 6.25 at.%
Co-doped 2D GaN under −3% to 3% biaxial strain.

Strain(%) -3 -2 -1 0 1 2 3
L(Å) 1.77 1.79 1.81 1.83 1.85 1.87 1.89

∆Es(eV) 1.51 0.59 0.10 0.00 0.26 0.84 1.70
Mtotal(µB) 8.00 8.00 8.00 8.00 8.00 8.00 8.00
MTM (µB) 5.20 5.20 5.21 5.21 5.21 5.20 5.20
Eg(eV) 0.57 0.65 0.73 0.80 0.86 0.89 0.86

Table 4. TM-N bond length L, strain energy ∆Es, total
magnetic momentMtotal per supercell, TM atomic

magnetic momentMTM , and band gap Eg for 9.375 at.%
Co-doped 2D GaN under −3% to 3% biaxial strain.

Strain(%) -3 -2 -1 0 1 2 3
L(Å) 1.78 1.79 1.81 1.83 1.85 1.87 1.89

∆Es(eV) 1.39 0.51 0.06 0.00 0.28 0.88 1.76
Mtotal(µB) 12.00 12.00 12.00 12.00 12.00 12.00 12.00
MTM (µB) 7.43 7.84 7.85 7.84 7.85 7.84 7.84
Eg(eV) 0.22 0.39 0.47 0.55 0.62 0.64 0.65

strain-energy curves for 6.25 at.% and 9.375 at.%
Co-doped 2D GaN, respectively. In both systems, the
strain energy increases as the magnitude of either
compressive or tensile strain increases away from
the relaxed state. This nearly symmetric increase
indicates that the structures remain within the elastic
deformation regime over the −3% to 3% strain range.
At −3% compressive strain, the strain energies are 1.51
eV and 1.39 eV for the 6.25 at.% and 9.375 at.% systems,
respectively. At 3% tensile strain, they increase to 1.70
eV and 1.76 eV, respectively, indicating that tensile
strain imposes a slightly higher energetic cost at the
largest strain magnitude considered here.

Biaxial strain changes the band gaps of both Co-doped
systems while preserving magnetic order. Figures 11
(a) and (b) show the band-gap evolution of 6.25 at.%
and 9.375 at.%Co-doped 2DGaN, respectively, and the
corresponding values are listed in Tables 3 and 4. For
6.25 at.% Co-doped 2D GaN, the band gap increases
from 0.57 eV at −3% strain to a maximum of 0.89 eV
at 2% tensile strain, and then slightly decreases to 0.86
eV at 3% tensile strain. For 9.375 at.% Co-doped 2D
GaN, the band gap increases monotonically from 0.22
eV at −3% strain to 0.65 eV at 3% tensile strain. These
trends show that strain can tune the electronic gap
over a practically relevant range without eliminating
magnetism.

Spin-resolved band structures under biaxial strain are
shown in Figures 12 and 13. For 6.25 at.%Co-doped 2D
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Figure 10. Strain-energy curves of Co-doped 2D GaN under
-3% to 3% biaxial strain: (a) 6.25 at.%; and (b) 9.375 at.%.

GaN, all strained structures from −3% to 3% remain
magnetic semiconductors, with band gaps of 0.57,
0.65, 0.73, 0.80, 0.86, 0.89, and 0.86 eV, respectively.
The systems retain indirect band gaps from −3%
to 2% strain, whereas the 3% tensile case changes
to a direct band gap. For 9.375 at.% Co-doped 2D
GaN, all strained structures also remain magnetic
semiconductors, with band gaps of 0.22, 0.39, 0.47,
0.55, 0.62, 0.64, and 0.65 eV from −3% to 3% strain.
However, only the 0% to 3% strain cases satisfy the
> 0.50 eV band-gap criterion used here. The 9.375 at.%
system therefore requires neutral or tensile strain to
retain a gap large enough for the targeted spintronic
condition.

Taken together, the strain calculations show that 6.25
at.% Co-doped 2D GaN retains structural stability,
magnetism, and a band gap above 0.50 eV throughout
the −3% to 3% strain range. The 9.375 at.% Co-doped
system meets the same criterion from 0% to 3% strain.
In both systems, the band gap changes systematically

Figure 11. Band-gap evolution of Co-doped 2D GaN under
-3% to 3% biaxial strain: (a) 6.25 at.%; and (b) 9.375 at.%.

with strain, and 3% tensile strain changes the 6.25 at.%
system from an indirect- to a direct-gap semiconductor.
These results indicate that moderate biaxial strain
can tune the electronic structure of Co-doped 2D
GaN while preserving its magnetic-semiconductor
character.

4 Conclusion
This study used first-principles calculations to examine
how 3d transition-metal substitution (TM = Sc-Zn)
and biaxial strain modulate the structural, magnetic,
and electronic properties of 2D GaN. Among the
dopants considered, Co substitution provides the
most suitable balance of structural stability, magnetic
order, and semiconductor band gap. The 6.25 at.%
and 9.375 at.% Co-doped systems have magnetic
moments of 8.00 and 12.00 µB per supercell and
band gaps of 0.80 and 0.55 eV, respectively. Under
biaxial strain, 6.25 at.% Co-doped 2D GaN retains a
magnetic-semiconductor state with a band gap larger
than 0.50 eV from −3% to 3%, whereas the 9.375
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Figure 12. Band structures of 6.25 at.% Co-doped 2D GaN
under -3% to 3% biaxial strain: (a) -3%; (b) -2%; (c) -1%;
(d) 1%; (e) 2%; and (f) 3%. Red and blue lines denote

spin-up and spin-down channels, respectively. The Fermi
level is set to zero.

Figure 13. Band structures of 9.375 at.% Co-doped 2D GaN
under -3% to 3% biaxial strain: (a) -3%; (b) -2%; (c) -1%;
(d) 1%; (e) 2%; and (f) 3%. Red and blue lines denote

spin-up and spin-down channels, respectively. The Fermi
level is set to zero.

at.% system satisfies this criterion from 0% to 3%.
The 6.25 at.% system reaches a maximum band gap
of 0.89 eV at 2% tensile strain and changes from an
indirect to a direct band gap at 3% tensile strain. These
first-principles results suggest that Co substitution
combined with moderate biaxial strain may provide
a useful theoretical design principle for tuning the
properties of monolayer GaN. Experimental validation
and higher-level electronic-structure calculations are
needed before its feasibility for spintronic devices can
be established.
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