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Strain-dependent half-metallicity of two-bilayer GaN nanosheets (NSs) with fluorinated Ga atoms is
studied using density-functional theory. Our results demonstrate that the band gaps in spin-up states
and half-metallic gaps vary with biaxial strain and uniaxial compressive strain along the zigzag direction,
while the metallic behaviors in spin-down states remain regardless of strain. However, biaxial strain has
a better effect on the half-metallicity. Semifluorinated GaN NSs may undergo a structural phase transition
from wurtzite to graphite-like phase at high biaxial tension. Therefore, biaxial strain tuning half-
metallicity efficiently could provide a viable route to GaN-based spintronic nanodevices.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recently, GaN nanostructures have attracted considerable
attention due to their great potential applications in optoelectron-
ics and spintronics [1,2]. Currently, the impressive progress in gra-
phene due to the unique properties motivates scientists to explore
other two-dimensional materials [3–8]. In spintronics, half-metals
are highly desirable with one metallic spin channel and the other
semiconducting channel [9]. Exploring half-metallic nanostruc-
tures with a wide half-metallic gap is a critical solution for devel-
oping high-performance spintronic devices [10]. It is reported that
a transformation from half-metallicity to metallicity induces asym-
metric deformation by uniaxial strain and this transition could not
happen in the structure with symmetric deformation by biaxial
strain for g-C4N3 [11]. Two-dimensional carbon nitride composing
of C9N7 units connected by nitrogen atoms exhibits metallic behav-
ior and turns into half-metallicity by applying tensile strain [12].
Zigzag graphene nanoribbons can experience transitions from anti-
ferromagnetic (AFM) semiconductors to an AFM half-metal and
then to a ferromagnetic (FM) metal controlled by the combined
effects of both locations of a topological line defect and tensile
biaxial strain [13]. Moreover, since the external strain can be easily
applied by means of a specific substrate in fabrication, the strategy
to apply external strain in engineering of spintronic materials has
promising potential. Herein, we expect that appropriate strains in
GaN nanosheets (NSs) on suitable substrates may be achieved to
‘tune’ the band gaps of GaN NSs, enabling a number of important
technological applications. Therefore, it is vital to gain a basic
physical understanding of the effects of strain on the structural,
electronic and magnetic properties of GaN NSs for the design and
optimization of GaN based spintronics.

It is well known that strain [14–18] and surface modification
[19–21] are promising methods for modulating band structures
of low-dimensional materials. In this contribution, we systemically
investigate the combined effects of applied strain and surface mod-
ification with fluorine on the band gaps in spin-up states for two-
bilayer GaN NSs using density-functional theory calculations. More
interestingly, we find that the band gaps in spin-up states can
increase or decrease in the presence of a biaxial in-plane compres-
sive or tensile strain on two-bilayer GaN NSs and there exists a
phase transition from wurtzite to a graphite-like phase under a
large biaxial tensile strain.
2. Computational details

Based on the spin-polarizeddensity-functional theory [22,23], our
study is performed using DMol3 code [24,25] with generalized gradi-
ent approximation functional (GGA) of Perdew�Burke�Ernzerhof
(PBE) as the exchange-correlation functional [26]. For the structural,
electronic and magnetic properties calculations, the 2� 2 unit cells
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of GaNNSs are adoptedwith a vacuum space of 15 Å above the layers
to avoid interactions between neighboring cells. The DFT semicore
pseudopots is adopted for relativistic effects, which replaces core
electrons by effective potentials for Ga elements [27]; all-electron is
used for the core treatment for N and F elements [28]. The double
numerical plus polarization (DNP) basis sets are accepted in all calcu-
lations [29]. The Brillouin zone is represented by the set of
17� 17 � 1 k-points. Smearing techniques is also used to achieve
the self-consistent field convergence with a smearing value of
0.001 Ha (1 Ha = 27.2114 eV) [30]. The convergence tolerances of
energy of 1.0 � 10�5 Ha, the maximum force of 0.002 Ha/Å, and the
maximum displacement of 0.005 Å are taken, respectively.

In order to take into account the contributions of the van der
Waals interactions among Ga, N and F atoms, we employ the
DFT-D (D stands for dispersion) approach within the Grimme
scheme [31] to study the combined effects of strains and semiflu-
orination on the structural, electronic and magnetic properties of
the two-bilayer GaN NSs. The DFT-D approach has been success-
fully used in theoretical studies of the interaction, such as AlN
NSs [32,33], MoS2/graphene [34], and benzene/metal [35,36].

3. Results and discussions

Since fluorination on Ga atoms is more favorable energetically
for GaN NSs due to weak binding between F and N atoms [37],
we only consider semifluorinated GaN NSs with F atoms attaching
on Ga atoms. Some studies reported that semifluorinated mono-
layer GaN NSs exhibit AFM properties [2,20], and we found that
semifluorinated two-bilayer GaN NSs (2-F–GaN) are FM half-
metals [38]. Herein, we investigate biaxial strains and uniaxial
strains along zigzag direction tuning half-metallicity of 2-F–GaN
NSs, where a bilayer is composed of two closely adjacent layers,
one for Ga layer and the other for N layer, as shown in Fig. 1(a).
The accuracy of our calculations on the bare GaN NSs is first tested
to ensure the reliability of the calculation method and settings. It is
found that the two-bilayer GaN NS transforms into graphene-like
structure and it is a nonmagnetic (NM) semiconductor with a band
gap of 2.99 eV, which is in good agreement with previous calcula-
tions with band gap 2.75 eV [1].

In the presence of biaxial and uniaxial in-plane strains for
2-F–GaN NSs in Fig. 1, a certain value of the in-plane strain can be
achieved through changing the lattice parameter a. This in-plane
strain is defined as e = (a � a0)/a0, where a0 and a are the lattice
Fig. 1. For semifluorinated two-bilayer GaN NSs with fluorinated Ga atoms, the
atomic structures (a) in side views, (b) NM, (c) FM and (d) AFM states in top views,
and the energy difference DEFM–AFM and DEFM–NM between FM and AFM or NM
states with different biaxial strain e.
constants of systems without and with strain, respectively. Thus,
the positive value e > 0 of strain refers to tensile strain, while
e < 0 corresponds to compressive strain. Note that the structures
of 2-F–GaN NSs are characterized by an in-plane lattice parameter
a (corresponding to e), an out-of-plane lattice parameter c along
the [0001] direction. The lattice parameter of c is relaxed with
strains.

Because strain engineering is always important for the proper-
ties of nanostructures, we investigate the strain dependence of
spin coupling in 2-F–GaN NSs by varying the biaxial in-plane
strains, where three magnetic configurations: NM coupling, FM
coupling and AFM coupling are shown in insert of Fig. 1(b)–(d).
The spin-polarized calculations demonstrate that 2-F–GaN NSs
indeed exhibit magnetic behaviors under external strain. Fig. 1 pre-
sents the energy difference DEFM–AFM (DEFM–AFM = EFM � EAFM) and
DEFM–NM (DEFM–NM = EFM � ENM) of 2-F–GaN NSs as a function of
biaxial in-plane strain e, where EFM, EAFM and ENM are the energies
of 2-F–GaN NSs in FM, AFM and NM states, respectively. Since the
calculated FM states among N atoms are more favorable energeti-
cally than those in AFM and NM configurations under biaxial com-
pressive and tensile strains, the 2-F–GaN NSs exhibit FM states
under biaxial strains, which are different from semifluorinated
monolayer GaN NSs with a transition from AFM into FM states in
the presence of biaxial strains [2,20].

To investigate the combined effects of the biaxial in-plane strain
and surface modification on the electronic and magnetic properties
of 2-F–GaN NSs, we study the spin-polarized band structures and
partial density of states (PDOS) and find evident spin polarization.
For strain-free 2-F–GaN NS in Fig. 2(a), the spin-up state behaves as
a direct band gap semiconductor (3.78 eV) between valence band
minimum and conduction band maximum at U point, whereas
the spin-down state shows metallic character. We further analyze
that half-metallic gap, defined as the difference between the Fermi
level and the valence maximum band, is 0.20 eV. From the PDOS
for 2-F–GaN NS in FM state shown in Fig. 2(b), we can see that
the emergent spin polarization is mainly contributed by the
unpaired N atoms on the surface and the band gaps are primarily
induced by the Ga 4p and F 2p orbitals.

In Fig. 3, biaxial in-plane strains tuning the band gaps Eg in
spin-up (solid circles) and spin-down (hollow circles) states and
half-metallic gaps (solid squares) for 2-F–GaN NSs in FM states.
Obviously, the band gaps with zero in spin-down states indicate
metallic behaviors. The band gaps Eg in spin-up states decrease
Fig. 2. (a) Band structure and (b) partial density of states of semifluorinated two-
bilayer GaN NS in FM state, respectively. Fermi level is set to be zero.



Fig. 3. For semifluorinated two-bilayer GaN NSs in FM states, band gaps Eg in
spin-up (solid circles) and spin-down (hollow circles) states, and half-metallic gaps
(solid squares) as a function of biaxial in-plane strain e, where the inserts show
band structures at different strains and solid stars give the in-plane strains on GaN
achieved using some commercially available substrate materials.

Fig. 4. Partial density of states of semifluorinated two-bilayer GaN NS in FM state
(a) at e = �6%, (b) at e = �7%, (c) at e = +25%, and (d) at e = +26%, respectively. Fermi
level is set to be zero.

Fig. 5. Under uniaxial strain of �6% along zigzag direction for semifluorinated two-
bilayer GaN NS in FM state, (a) band structure and atomic structure, (b) partial
density of states. Fermi level is set to be zero.
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monotonously and half-metallic gaps increase with linear approx-
imation with biaxial strains e (�6% 6 e 6 +25%). Under biaxial
compressive strains, the spin-up state can remain insulating where
a direct band gap Eg increases up to 4.47 eV while the spin-down
state keeps metallic, and half-metallic gap reduces to 0.01 eV. If
further increasing the biaxial compressive strain to �7%, the band
gap of spin-up state and half-metallic gap of 2-F–GaN NS disap-
pear, thus the 2-F–GaN NS from half-metallic behavior turns into
full-metallicity, which are mostly contributed by the splitting of
F 2p orbitals in spin-up states as shown in Fig. 4(a) and (b). On
the other hand, the band gap in spin-up state decreases monoton-
ically with tensile biaxial strains, and drops dramatically to 1.11 eV
at e = +25%. However, half-metallic gap can rise consistently to
0.39 eV. When further increasing the tensile biaxial strain, the
wurtzite structure of the 2-F–GaN NS transforms to graphite-like
structure. As shown in Fig. 4(c) and (d), the spin-up states with
lower splitting energies of F 2p, Ga 4p and N 2p orbitals are fully
occupied while the spin-down bands are partially filled, resulting
into a direct-to-indirect band gap transition in spin-up states
and keeping metallic in spin-down states. Therefore, the biaxial
in-plane strain is key to design the half-metallic behaviors for
2-F–GaN NSs. Note that biaxial compressive and tensile strains
can be possibly achieved through choosing suitable substrate for
GaN sheet due to the lattice mismatch at the GaN/substrate inter-
face. Some commercially available substrate materials for GaN
sheets [15,39] are marked in Fig. 3 as well. Therefore, it is feasible
that the electronic and magnetic properties of ultrathin GaN films
can be tuned through depositing on proper substrates, inducing the
strength of biaxial strains.

We then investigate the electronic and magnetic properties of
2-F–GaN NSs under uniaxial strain along the zigzag direction in
the insert of Fig. 5. The uniaxial strain limit for of 2-F–GaN NSs
with half-metallic behaviors is �6% under uniaxial strain, accord-
ingly, half-metallic gap reduces to 0.02 eV and the band gap in
spin-up state rises to 4.08 eV while the metallic behavior is in
spin-down state, which are induced by the variation of F 2p,
Ga 4p and N 2p orbitals, as shown in Fig. 5. However, if the higher
uniaxial compression or tension are applied, the full-metallicity
can occur. Thus, the uniaxial strain along zigzag direction has a
restricted effect on the half-metallic behaviors of 2-F–GaN NSs
compared with that of biaxial strain.
To evaluate the structural stability of 2-F–GaN NSs under
biaxial strains, the formation energies Ef is calculated using
Ef = (E2-F–GaN � E2-GaN � nFEF/2)/nF, where E2-F–GaN and E2-GaN are
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the total energies of semifluorinated and bare two-bilayer GaN
NSs, EF is the energy of a F2 molecule, and nF is the number of
adsorbed fluorine atoms in the systems. As shown in Fig. 6, the
formation energy Ef is sensitive to biaxial in-plane strain e for
2-F–GaN NSs and in the range of �1.66 � �2.50 eV per F atom.
The more negative values of Ef suggest the higher stability of
fluorination on one-side Ga atoms of two-bilayer 2-F–GaN NSs.

For two-bilayer F–GaN NSs, the bond lengths vary with biaxial
in-plane strain as demonstrated by the atomic structures under
different biaxial strain shown in Fig. 7. The bond lengths of
Ga1–N1 and Ga2–N2 bonds elongate (shrink) obviously with the
increasing biaxial tensile (compressive) strain e, but those of
Ga2–N1 bonds shrink with higher compression and tension. The
distance between Ga2 and N2 planes continuously decreases until
the structural phase transition occurs, where Ga2 and N2 are almost
on the same plane. In addition, the bond length (dGa1–F) of Ga1–F
bonds decreases under biaxial compressive strain but dGa1–F is
almost the same under the biaxial tensile strain. The changes of
atomic structures in 2-F–GaN NSs with different biaxial strains
may modulate the electronic structures, which further explains
that 2-F–GaN NSs rapidly have a transition from half-metals into
full-metals under a higher biaxial compressive strain (e < �6%)
and maintain half-metallic behaviors under tensile biaxial strain.
Fig. 6. Formation energy Ef (in eV/atom) dependent on biaxial strain e for
semifluorinated two-bilayer GaN NSs in FM states.

Fig. 7. Bond lengths (Å) of semifluorinated two-bilayer GaN NSs in FM states with
variable biaxial strain e.
Thus, controlling the applied biaxial strain can precisely modulate
the electronic and magnetic properties of the GaN NSs with one-
side fluorination on Ga atoms, which endues the GaN NSs with
great potential applications in novel spintronic nanodevices.
4. Conclusions

In summary, we have systematically studied the half-
metallicity of semifluorinated two-bilayer GaN NSs controlled by
in-plane strains. Unlike semifluorinated monolayer GaN NS with
a transition from AFM to FM states at biaxial strain, the semifluo-
rinated two-bilayer GaN NSs can maintain FM half-metallicity.
Compared with the restricted effect of uniaxial strain along zigzag
direction, half-metal gaps and band gaps in spin-up states vary
with biaxial stains while the metallic behaviors are independent
of strains. Consequently, biaxial strain engineering can precisely
modulate the diverse properties of semifluorinated GaN NSs, from
full-metallic to half-metallic with tunable band gaps in spin-up
states, which endues GaN NSs for great potential applications in
novel spintronics.
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