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SEMI-METAL FERROMAGNETISM
V-DOPED GaN NANOSHEET APPLICATION
IN A SPINTRONIC DEVICE

The density functional theory calculations using general gradient approzimation (GGA) have
been systematically performed to study the electronic structures, the density of states (DOS),
and magnetic properties of V-doped GaN nanosheet for different dopant concentrations (2.08%
and 4.16%). We conducted the entire study using the Atomistiz ToolKit code. The electronic
properties were improved with the Hubbard values U =/ eV. V-doped CaN nanosheet ex-
hibits stable ferromagnetic (FM) states relative to corresponding antiferromagnetic (AFM)
states. The calculated TC with the V-doping is found to be above the room temperature (RT)
one. Calculation results reveal that V-doped nanosheets may be good candidates for spintronics
due to their good half-metal ferromagnetism.
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1. Introduction

Nowadays, semiconductors doped with different tran-
sition metals have been considered the most promis-
ing room temperature-diluted magnetic semiconduc-
tor (DMS) materials [1, 2] which are considered very
interesting topics in the materials science community
due to their high potential applications in spintro-
nics [3, 4].

For example, GaN, which has a wide bandgap of
3.4 eV, has been studied both experimentally and
theoretically. Doping of semiconductor nanocrystals
(NCs) with transition metal ions has attracted sig-

Citation: Ismayilova N.A., Jabarov S.H., Guliyev J.A. Half-
metal ferromagnetism V-doped GaN nanosheet application in
spintronic device. Ukr. J. Phys. 69, No. 10, 754 (2024).
https://doi.org/10.15407 /ujpe69.10.754.

© Publisher PH “Akademperiodyka” of the NAS of Ukraine,
2024. This is an open access article under the CC BY-NC-ND li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/)

754

nificant interest in applications such as blue light-
emitting diodes, room-temperature laser diode, op-
tical coating, solar cells, and especially photovoltaic
devices [5, 6]. Nanosheet, nanoribbon, and monolayer
structures of GaN are well-known as non-magnetic
semiconductor materials [7-10].

Among works devoted to the investigation of TM
doped GaN nanosheet, monolayer, and nanotube
are reported the room temperature ferromagnetism
for (Ga, Mn)N [11], (Ga,Cr)N [12], (Ga,Cu)N [13],
(GaMn)N [14]. Pristine GaN monolayer is a wide-
gap semiconductor, whereas Mn-doped GaN mono-
layer becomes p-type and n-type semiconductors de-
pending on the site of doping. Such properties lead
to its use in opto and nanoelectronics applications
[15]. Substituting a cation Ga atom with TM leads
to a structural distortion around 3d TM impurity in
the GaN nanosheet [16]. For Cr-, Mn-, Ni-doped GaN
nanosheet FM ordering and Fe-doped GaN nanosheet
AFM ordering are more favorable.
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A half-metallic ferromagnet, in which a completely
spin-polarized current is expected, is considered an
optimal candidate for spintronic devices.

Calculation of electronic and optical properties of
12.5% V-doped GaN crystal structure using the first-
principles method based on the density functional
theory, shows that the ferromagnetic state is stable
and curie temperature is found to be above the room
temperature. The analysis of optical properties shows
that V-doped GaN is a promising dielectric material
and has potential applications in optoelectronic de-
vices [16].

In this article, electronic, optical and magnetic
properties of V-doped (2.08% and 4.16%) GaN
nanosheets have been investigated. Inspired by the
above similar discussed materials. We explored the
GaN nanosheet doped with various concentrations of
V atoms, since among the listed works electronic and
magnetic properties of V-doped GaN nanosheet are
absent. The outcomes suggest the use of these com-
pounds for optoelectronic devices.

2. Computational Method

Our calculation was performed using the Atomistix
ToolKit (ATK) program package based on density-
functional theory (DFT). The SG15 functional cou-
pled with the generalized gradient approximation
(GGA) was used for the exchange-correlation poten-
tials. Monkhorst—Packgrid of 1 x 1 x 15 is used for
structure optimization and a 1 x 1 x 20 mesh for the
electronic-structure calculations. The real space grid
for a GaN nanosheet, is calculated with mesh cut
off energy of 150 Ry and a double-zeta polarization
(DZP) basis set for all of the atoms to achieve the
balance between the calculation efficiency and accu-
racy. As mentioned in other DFT studies, GGA does
n’t account for the localization of d or f orbitals of
transition metals. To include the effects of localiza-
tion of the d-state of V, the GGA 4+ U method is em-
ployed. The value U = 4 €V for 3d state is from prior
literature. A vacuum region of about 10 A along the
nonperiodic directions is employed to avoid any inter-
actions between adjacent supercells. In all the calcu-
lations, the atomic coordinates are relaxed until the
Hellman-Feynman forces are below 0.01 eV A~! and
the total energy changes are less than 1072 eV. The
spin polarization scheme has been carried out to in-
vestigate 2.08% and 4.16% V-doped GaN nanosheets
which are consistent from 96 atoms.
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3. Results

To investigate the electronic properties at the first
step, the electronic band structures for pure GaN
nanosheet (Fig. 1) are calculated. As can be seen from
Fig. 1, d, the band gap equal to 2.76 eV of pure
GaNNS, is narrow in comparison to bulk GaN [17-
19]. But it is higher than previous theoretical calcu-
lations for GaN nanosheet to be 1.76 eV [§8], 1.95 eV
[20]. It should be noted that we have several works
[22-26], where different methods were used to cor-
rect the band gap for various compounds and, in the
presented work, GGA-SG15-Hubbard U combination
gives the best result. Taking into account that the
main goal of this work is not to compare different
pseudopotential results, we will conduct further cal-
culations with GGA-SG15-Hubbard U combination
without showing other results.

In the presented of spin-polarized DOS calculation
(Fig. 1, ¢) completely symmetrical spin-up and spin-
down indicate that the pure structure of GaNNS is a
nonmagnetic semiconductor. These results are consis-
tent with previous studies [8, 25, 26]. From Fig. 1, ¢,
we can see that a vicinity of the Fermi level is asso-
ciated with the 2p orbitals of N and the 4s orbitals
of Ga atoms. For investigation of electronic and mag-
netic properties of V-doped GaNNS, Ga atoms were
replaced by V atoms at various 2.08%, 4.16%, and
8.3% concentrations. As reported in Refs. [27, 28],
TM atoms prefer to be doped on the Ga site. Thus,
in this work, we directly employed the Ga site for the
V-doping.

Optimized bond lengths between the V atom and
its nearest-neighbor N atoms is 1.84 A. The differ-
ence in bond lengths from the pure Ga-N bond
lengths 1.86 A due to the different ionic radii of V
atom. The total energy and magnetic moment of the
nanosheet for each of three different concentrations
(2.08%, 4.16%, and 8.31%) of V atoms, the relative
energies between FM and AFM states and magnetic
moments are listed in Table. A positive AFE value
means that the FM state is energetically more sta-
ble for a V-doped nanosheet.

From electronic structure analyses Figs 2 and 3,
it is clear that the V atom induces an intermedi-
ate band between the VB and the CB in the spin-
up state, which intersects the intermediate band and
makes makes a partially filled band. Depending on
the V concentration, the width of the impurity band
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Fig. 1. The optimized structure of (a) the nanoribbon GaN with 96 atoms (a), electron localization function (b), the total and
partial density of states (c), the colored lines represent the contribution of different orbitals in the DOS, the Fermi level is set
at zero energy and is indicated by a vertical dashed line, calculated band structure for spin up (black) and spin down (red) (d)
Fermi level is set at zero energy and is indicated by a horizontal dashed line
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Fig. 2. Spin-resolved band structure and total DOS for vanadium doped (concentration 2.08%) GaN
nanosheet. The black and red band structure shows spin-up (a) and spin-down bands respectively (b) and
the right hand shows the total DOS (c). The Fermi level is indicated by a dashed line

and Curie temperature Tc of doped with different concentration V—GalN nanosheet

Concen. Erm EArMm AE Magnetic To (K)
% (eV) (eV) moments (ug)
2.08 —67247.28057 —67247.26547 -0.0151 4.58 302
4.16 —67247.66777 —67247.65482 -0.01297 9.16 214
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Fig. 3. Spin-resolved band structure and total DOS for vanadium-doped (concentration 4.16%) GaN
nanosheet. The black and red band structure shows spin-up (a) and spin-down bands (b) respectively and
the right hand shows the total DOS (c). The Fermi level is indicated by a dashed line

increases gradually the value of spin up and spin down
gap are: for 2.08% spin up-1.13 ¢V and spin down-
2.74; for 4.16% spin up-0, and spin down-2.68.

As can be seen from the Figs. 2 and 3, conduc-
tion band spin polarization is more obvious, where
the spin-up band occupies the Fermi level, while the
spin-down band does not occupy the Fermi surface
(2.08%). At the bottom of the conduction band, in
the spin-up band 3d state of V and 2p state of N are
strong hybridization. In the 4.16% concentration of
V atom valence and conduction bands overlap with
each other for the spin-up states, while, for spin-down
states, there is still a wide band gap. As explained in
Ref. [16], the observed half-metallic ferromagnetism
properties can be explained within the framework of
crystal field theory. Observed ferromagnetism for V-
doped GaNNS is in a good agreement with results ob-
tained for GaN bulk [7, 29] and nanostructures [30].

Mulliken analysis shows that the introduction of
the V impurity (2.08%) induces a total magnetic mo-
ment of 4.58 pp. The magnetic moments on per V
and adjacent N and Ga atoms were 2.21 ug, 0.07 up
and 0.002 ugp, respectively. Contribution to the mag-
netic moment is mainly from highly spin-polarized V
atom. The slightly high value of magnetic moment on
the neighboring N atom compared to Ga atom is re-
lated to strong hybridization between N-p and V-d
orbitals. For 4.16% concentration of V, magnetic mo-
ments per V and N and Ga atoms were 0.002 ug, re-
spectively. The Curie temperature (Tc) was evaluated
by using the mean-field approximation for various
concentrations of V atoms. Taking into account that
the energy difference Epy—Earpym = —0.0151 (2.08%)
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and —0.02297 (4.16%), Tc is determined as 302 K and
214 K, respectively. Thus, doped with a low concen-
tration of V, the GaN nanosheet can be considered a
promising material for practical applications.

4. Conclusions

In conclusion, a V-doped GaN nanosheet with V
concentrations 2.08% and 4.16% was investigated
within GGA-SG15-Hubbard U method. We have
shown that substituting V atoms at cation (Ga) sites
can significantly modulate the magnetic properties of
nanosheets, transforming it into a half-metallic ferro-
magnet. Obtained from Mulliken analyses total mag-
netic moments are 4,58 and 9.16 for 2.08% and 4.16%
concentration of V atoms. The main contribution to
the magnetization is from the d-states of V atoms.
The Curie temperature, above room temperature, is
an interesting discovery for special applications in
spintronics devices.

The data that support the findings of this study
are available from the corresponding authors upon
reasonable request.
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OEPOMATHETH3M HAIIIBMETAJIEBUX
HAHOJIMCTIB GaN, JIETOBAHIX BAHAIEM,
TA IOT'O 3ACTOCYBAHHS

Y CIHIHTPOHHUX ITPUCTPOSX

IIpoBeneno pospaxyHKH B paMKax Teopil dyHKIiOHaA I'yCTH-

HU Ta 3 BUKOPDHUCTAHHAM y3araJbHEHOI'O Fpa,ﬂieHTHOFO Habn-

JKEeHHsI JIJIs] BUBYEHHS €JIEKTPOHHUX CTPYKTYP, 'YyCTUHH CTaHIB

i marniTHux BjacruBocreii GaN HaHOIUCTIB, JIEFOBAHUX ATO-
mamu Banajio (V-GaN-HJI), 3 pisHUMH KOHLIEHTPALIsIME Jie-
ryounx gomimok (2,08% i 4,16%). Bci pospaxyHKu mpoBoau-
JIMCA 3a JOMOMOro mporpamuoro nakery Atomistix ToolKit.
Bussiieno moxparreHHsl eeKTpoHHHX BiacruBocreil V-GalN-
HJI upu 3nagenni napamerpa Xab6bapma U = 4 eB. V-GaN-
HJI nemoHCTPYIOTH HasiBHICTH CTabiIbHUX (DEepOMATrHITHUX CTa-
HIB BiJTHOCHO BignoBigHUX aHTU(dEPOMATrHITHUX cTaHiB. Buss-
JIEHO, 1[0 po3paxoBaHe 3Ha4YeHHs TeMieparypu Kropi gas V-
GaN-HJI nepeBumye xkimHaTHy Temueparypy. Pe3ynbraru pos-

paxyHKiB mokasyiors, mo V-GaN-HJI moxyTs 6yTu rapanumu
KaH/UaTaMy JJIsl CHIHTPOHIKY 3aBASKU TXHIM mposiBaM depo-
MarHeTU3My.

Katwwoei caoea: Teopisa OyHKIIOHATA I'YCTHHH, AIIPOKCH-
MaIllisl, MarHiTHUH MOMEHT, HAHOCTPiUKa.
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