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The effect of cobalt doping on the electronic,magneƟc andopƟcal properƟes ofGaN
has been invesƟgated using density funcƟonal theory (DFT) first-principles calcula-
Ɵons within the framework of generalized gradient approximaƟon suggested by
Perdew-Burke Ernzerhof and ultrasoŌ pseudopotenƟal. The electronic band struc-
ture of cobalt (Co) doped GaN turns into half metallic rather than semiconducƟng
in its pure form and reduces significantly too. The values of magneƟc moment at
Co and nitrogen (N) sites are 0.8 µB and 0.12 µB, respecƟvely. The effect of the
increase in Co concentraƟon results in reduced spin-polarizaƟon and the Co mag-
neƟc moment itself. According to phenomenological band structure model, the p-d
repulsion increases with increasing Co concentraƟon, which subsequently lowers
the spin-polarizaƟon and hence the d-d coupling increases due to possible charge
transfer between Co t2d and ed states. The Co d-Dos diagram for various doping
concentraƟons exhibits more broadened t2d levels, thus predicƟng the increase in
stability with increase in dopant concentraƟon. The coupling between Co atoms
is ferromagneƟc, mediated through neighboring Ga and N atoms. The absorpƟon
edge of Co-doped GaN manifests a red shiŌ with the increase in doping concentra-
Ɵon. These findings are in good agreement with the experimental results. We pre-
dict that a lower concentraƟon of cobalt-doped GaN is appropriate for spintronic
applicaƟons.
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INTRODUCTION

M odern information technol-
ogy is predominantly based
on semiconductors, where the

electronic charge plays vital role. Gal-
lium nitride (GaN), a wide band gap
material (~3.39eV), is under extreme
focus due to its higher electron drift
velocity, and the possibility to work
under extreme conditions of pressure and
temperature. These properties are enough
to declare GaN as a suitable material
for high-power, high-frequency devices,
lasers, light-emitting diodes and space
applications.28 Magnetic storage devices

such as hard disks, magneto-optic disks
and magnetic tapes are made up of fer-
romagnetic materials, where the spin of
electrons is a key factor. Therefore, it is
quite logical to think of hybrid systems by
considering both functionalities blended
together to improve the performance of
electronic devices by carrying out the
processing and storing of data simultane-
ously. This task has been accomplished
through the emergence of spintronics. It
is quite fascinating and demanding to turn
existing semiconductors into magnetic
semiconductors via doping with differ ent
transition metals (TM). These semicon-
ductors doped with transition metals are
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known as dilute magnetic semiconduc-
tors (DMS). DMS materials, specifi-
cally those of group III-V nitrides, are
the inevitable part of spintronics. Fur-
dyna et. al29 has explored this impor-
tant fact that the exchange interactions
among d electrons of transition metals
and s and p electrons of host anion are
the main cause of magnetic and opto-
electronic properties of DMS mate-
rial25–27 . GaN being member of this
class of materials has already attained
profound consideration due to its room
temperature (~ 250K) ferromagnetic
characteristics, when doped with Man-
ganese (Mn)24. The synthesis of single-
crystalline chromium (Cr) doped GaN
via sodium fluxmethod23 and Fe doped
GaN22 has spurred much interest in
group III-V nitrides recently. Munawar
et. al19–21 have demonstrated the Ni
and cobalt doped GaN experimentally,
which show ferromagnetic behaviour
even at room temperature. In spite of
immense experimental work, the ori-
gin of ferromagnetic interactions is still
unclear. Therefore, it is imperative to
explore the origin of ferromagnetism
and predict the magnetic properties of
different doped systems.

Density functional theory (DFT)
furnishes important reasoning behind
existing experimental phenomena. It
evaluates the possibility of a certain
type of material, corresponding to spe-
cific application. Doping GaNwith cer-
tain transition metals affects not only
the structural properties but also their
electronic, optic and magnetic proper-
ties. Dietal et. al18 have implemented
DFT theory, by using double exchange
Zener kinetic model17 to explain the
ferromagnetic behavior of manganese-
doped group III-V semiconductors for
the first time. Subsequently indirect
exchange interactions, due to the vir-
tual electron excitations arising from
the magnetic impurity atoms, are rec-
ommended as a possible reason of car-
rier mediated ferromagnetism16. After
that, many first-principles studies have
been performed to explore the carrier-
induced ferromagnetism through den-

sity functional theory14,15 using super-
cell approach and coherent potential
approximation approach, by consider-
ing DMS as randomly disordered sub-
stitutional alloy. It is worth mentioning
here that the physics of exchange inter-
action and subsequently the ferromag-
netism is more complex in nitrides as
compared to well described arsenides.

The present study is devoted to
cobalt (Co) doping in GaN using DFT
approach. We have evaluated the effect
of Cobalt doping concentration on the
structural electronic magnetic and opti-
cal properties of GaN.We have initially
substituted a single Co atom in 64 atom
supercell at gallium (Ga) site to observe
its coupling effect with neighbouring
nitrogen (N) atoms by analyzing the
energy band structure, density of states,
magnetic moments and optical proper-
ties with respect to pure GaN. Then the
effect of doping concentrations of two
and three Co atoms on Ga sites is dis-
cussed in detail. In addition, we eval-
uate the effect of doping concentration
on the exchange interactions between
the dopant and host atoms. The mini-
mum distance between two doped Co
atoms is maintained as 3.14 Å, which is
sufficient for ferromagnetic coupling13
. The half-metallic behaviour of cobalt-
doped GaN manifests its potential as a
suitable spintronic material. The total
spin polarization in GaN declines with
respect to increasing cobalt concentra-
tion and thus the magnetic moment is
observed to be decreased. Phenomeno-
logical coupling band structure model
has been used to get fruitful informa-
tion about the ordering and the effect of
doping concentration in Co-GaN. The
absorption edges have been found to
be red shifted as the concentration of
cobalt increases in (Ga, Co) N, in accor-
dance with the experiments.

EXPERIMENTAL SETUP
In a GaN supercell of 64 atoms, we
have constructed different doping sys-
tems by replacing single, double and
triple cobalt atoms at Ga sites respec-

tively. The critical distance maintained
for doubly or triply doped Co atoms
is 3.14 Å. This distance is greater than
the minimum distance of 2.7 Å needed
for ferromagnetic coupling13. In our
calculations, we have implemented the
experimental lattice parameters (a =
3.190 Å, c = 5.189 Å, c/a = 1.6266)12.
The unit cell comprises two Ga atoms
occupying (0, 0, 0) and (2/3, 1/3, 1/2),
and two N atoms at (0, 0, 3/8) and
(2/3, 1/3, 7/8). Plane wave pseudopen-
tial method with Generalized gradient
approximation suggested by Perdew-
Burke Ernzerhof (GGA-PBE)11 has
been used for electron-ion interac-
tions while the ultrasoft pseudopoten-
tial method10 is accounted for electron-
electron exchange interactions within
the context of spin-polarized density
functional theory as implemented in
CASTEP code. To explore the elec-
tronic, magnetic, and optical proper-
ties of Co-doped GaN at the cation
site, the expansion of electronic wave
functions in plane-wave basis sets is
accomplished with cut-off energy of
390eV whereas the Monkhorst-Pack
grid of 3*3*5 k points is observed to
be sufficient for Brillouin zone inte-
gration. During geometry optimization,
the lattice parameters and atomic posi-
tions are refined iteratively in a mixed
space of cell internal parameters and
cell degrees of freedom. This iterative
process is continued until the forces
per atom are less than 0.03eV/ Ao

and the energy convergence threshold
is 1.0* 10−5eV/atom. The optimized
structure has been further used to cal-
culate the structural, electronic, mag-
netic and optical properties of Co doped
GaN.

RESULTS AND DISCUSSION
The geometry optimization of (Ga,
Co) N results in equilibrium lattice
parameters, a=3.22Å and c=5.25 Å for
cobalt doped GaN, close to experi-
mental lattice parameters (a=3.190Å,
c=5.189Å) [18] confirming least distor-
tion occurred upon doping. This over-
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estimation is expected as the ionic
radius of Co (0.67Å) is slightly greater
than the Ga (0.55Å)8,9 . The axial ratio
c/a in our case is 1.63 with respect to
experimental value of 1.6266 [18] for
pure wurtzite GaN. The Co-N and Ga-
N bond lengths are 1.974Å and 1.975Å
respectively, which showsminute over-
estimation when compared with Co-
N bond length (1.946 Å) calculated
through Bath and Hedin proposed local
density approximation20 and experi-
mental value of Ga-N bond length
1.95 Å7 . This overestimation in lat-
tice parameters and bond lengths is the
typical nature of generalized gradient
approximation6 .

Figure 1 shows the comparison of
pure and (Ga, Co) N doped bang gap
structures. The minority spins (Figure
1b) show a significant reduction of
band gap as compared to the pure GaN
(1.70 eV), underestimated as compared
to the experimental value of 3.4eV.
This band gap is half metallic as the
majority spins are semi conducting in
nature, while minority spins are metal-
lic, having sufficient Co-3d states lying
below the Fermi level.

Further elucidation of cobalt doped
GaN band gap structure is carried out
with the help of density of states (DOS)
as shown in Figure 2. The total spin
DOS diagram (2a) further confirms the
half metallic behavior, where the spin
up electrons are zero and spin down
electrons are finite at the Fermi level as
shown in single Co doped GaN case.
This half metallicity arises because
of strong hybridization between Co-
3d states and N-2p states. Since the
partial densities of states are intro-
duced within the band gap, therefore,
significant hybridization between host
p states and TM d-states is expected
there. As a result, the ferromagnetic
state is more likely to happen4,5 .
This polarization further causes neigh-
boring anions to posses a reasonable
magnetic moment. The total magnetic
moment per Co atom is 0.8µB, while
that on three equidistance N atoms is
0.12µB and fourth N atom possesses

0.11µB. The magnetic moment of Co
in our case is nearly 50% underesti-
mated as compared to the experimental
value of 1.63 µB. The existing theoret-
ical study performed with local density
approximation shows extremely over-
estimated value of magnetic moment
in case of single cobalt doped GaN,
which may happen due to the inaccu-
rate occupancy of 3d transition met-
als and wrong location of conduction
bands when LDA approximation is
used. Recently, it is strongly encour-
aged to perform first-principle calcu-
lations with non-local LDA+U poten-
tial, which account for many correc-
tions like band gap corrections due to
on-site columbic term. These correc-
tions improve the quality of results and
hence the magnetic moment but the
delocalization of magnetic impurities
and the coupling among vacancies are
not affected2,3 . Therefore, we have
preferred to adopt GGA-PBE method,
which provides a sufficiently accurate
picture of these issues.

This magnetic moment on the sur-
rounding atom is the measure of delo-
calization of magnetic moment belong-
ing to TM which is subsequently
dependent on p-d hybridization. In
order to understand the nature of ferro-
magnetism, the spin DOS play a vital
role. When Ga is substituted by Co,
the spin-up DOS are occupied, while
the spin down DOS are either empty
or partially occupied, therefore, there
is strong possibility that the induced
moment at anion’s site will be paral-
lel to the Cobalt ion. Similarly, the Ga
interacts with the N and carries mag-
netic moment parallel to N and hence
the coupling is ferromagnetic too. It is
apparent from Figure 2 (a & b), that
when GaN is doped with two Co atoms,
the DOS around the Fermi level are
increased and shift towards lower ener-
gies. The increase in impurity concen-
tration (2.56%) in turn reduces the net
spin-polarization at the Fermi level, due
to which the magnetic moment of Co is
decreased as given in table 1.

This trend is in accordance with the
experiment and first-principle studies
[11], and the overall results with GGA-
PBE method are fairly consistent with
the experiment as compared to those of
LDA-LMTO method, which are over-
estimated a lot. As expected, the mag-
netic moments endorsed to neighbor-
ing N atoms have been reduced due
to the decrease in polarization field.
These two Co atoms are coupling fer-
romagnetically with the equal magnetic
moments and the interactions between
Co atoms are long-range in nature
and are interceded due to the mag-
netic moment of its host sites in GaN.
On adding three cobalt atoms at Ga
sites, the impurity concentration has
increased up to 4%, and the magnetic
moment carried by an individual Co
atom is 0.206 µB, in excellent agree-
ment with the experimental value of
0.14 µB

20 while the previous first-
principles study has predicted a much
higher value of 1.48 µB. The DOS dia-
gram (Figure 2), clearly shows that the
density of states around Fermi level
are increasing, where the small mag-
netic moment is attributed to the pres-
ence of 3d Co states within the band
gap region as confirmed by Co d DOS
(Figure 2(b)). The order of ferromag-
netism in (Ga, Co) N can be discussed
in context of phenomenological band
coupling model proposed by S. Wei et
al1 ; the energy gained by the system
is attributed to the p-d coupling and d-
d coupling5 , which is responsible for
the shifting of holes at high energies as
compared to electrons. The holes play
an important role in stabilization of FM
state. The greater the number of holes,
more stable would be the ferromag-
netic state. As we know that a transi-
tionmetal (TM) in its isolated state con-
tains five degenerate orbitals (dxy, dxz,
dyz, dz2 and dx2−y2 ), oriented in differ-
ent directions in space. When cobalt is
substituted at the Ga site, the degener-
acy of d-states breaks down because of
columbic repulsion between transition
metals and ligand (nitrogen) electrons.
This further split Co-d levels into two
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Figure 1. (a) Band gap for pureGaN, (b) shows the band structure in high symmetry directions for single Co doped GaN.

Figure 2. (a) Total DOS (solid lines) and N p-DOS (dotted lines), and (b) Co d-DOS for 1.56%, 3% and 4% Co doping of
GaN.
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Table 1. Table1: The comparison of magnetic moments for(Ga, Co)N
Magnetic moments (µB)
1% impurity 3% impurity 4% impurity

Present study 0.8 0.43 0.206
Experiment20 1.63 0.21 0.14
LDA-LMTO method20 2.56 2.56 1.48

Figure 3. The absorption spectra of Co doped GaN for different doping concentrations.

levels according to tetrahedral crystal
field theory. In this case, t2g states (the
dxy, dxz, and dyz) are pushed up to higher
energies, while egstates (dx2−y2 , dz2)

stay at the bottom with lower ener-
gies, due to less anionic coulomb repul-
sion. So, it means that cobalt offers
three electrons in group III-V nitride
semiconductors and always exists in a
high spin state. Thus, when a single Co
atom is doped, the ferromagnetic inter-
actions are highest due to greater mag-
neticmoment and the t2d levels are half-
filled. When the impurity concentra-
tion is increased, the magnetic moment

and hence the exchange interactions
decrease. This decrease in exchange
interaction means an increase in d-d
splitting, whose main reason might be
the shifting of charge from t2d to ed
state and thus the t2d states are pushed
up showing increased p-d repulsion due
to the increase in impurity concentra-
tion, according to band couplingmodel.
A careful examination of Co d-DOS
shows that the increase in Co concen-
tration actually broadens the t2d levels
and hence the system is becoming more
stable.

The Co doped in GaN improves
the optical properties, such as absorp-
tion, reflection, energy loss function
by reducing the band gap significantly.
These optical properties in general and
absorption spectrum in particular are
subjected to the electron-photon inter-
actions, where the electron hole exci-
tation effects are neglected. That’s
why; the absorption spectrum obtained
through CASTEP is rough estimation
of actual absorption spectrum. The Fig-
ure 3 shows absorption spectrum of
pure GaNwith respect to the absorption
spectra calculated for different impu-
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rity concentrations. Figure 3 confirms
that the Co doping effectively shifts
the absorption edges towards low ener-
gies and these shifting increases with
the increase in impurity concentration.
This fact is in accordance with the
experimental results [10] where red
shift in absorption edges has been pro-
posed with the introduction of cobalt as
an impurity within GaN.

CONCLUSIONS
In this paper, we have investigated
the effect of Co doping on the elec-
tronic, magnetic and optical proper-
ties of GaN. Further, we have explored
the effect of impurity concentration on
aforementioned properties. The band
structure for Co doped GaN is half
metallic and significantly reduces as
compared to the pure GaN. The PDOS
reveal that this half metallic behavior
is due to the finite Co d-DOS in spin
down channel. The spin polarization for
single Co doping at Ga site is 100%
and the Co magnetic moment is calcu-
lated to be 0.8 µB which is in reasonable
agreement with the experiment. When
the doping concentration is increased
from 1.56% to 3% and 4%, then spin-
polarization and hence the Co magnetic
moment per cell decreases as observed
experimentally and the magnitudes of
magnetic moments for above men-
tioned Co concentrations in GaN agree
well with the experiment. Themagnetic
moment induced at N neighboring sites
is slightly underestimated as compared
to LDA results, as the LDA method
predicts higher 3d TM state. Since
the magnetic moment of Co decreases,
therefore a decrease in N magnetic
moment is also evident due to decrease
in spin-polarization at Fermi level. We
have implemented phenomenological
band structure model to explore the
magnetic ordering. The energy gained
by the system is attributed to the p-d
coupling and d-d coupling responsible
for the shifting of holes at high ener-
gies as compared to electrons. When
a single Co atom is doped, the ferro-

magnetic interactions are highest due
to greater magnetic moment and the
t2d levels are half-filled. When the
impurity concentrations are increased,
the magnetic moments and hence the
exchange interactions decrease subse-
quently, showing an increase in d-d
splitting due to the possible charge
transfer between from t2d to ed states
and thus the t2d states are pushed up
resulting in an increased p-d repulsion
due to the increase in impurity con-
centration. A careful examination of
Co d-DOS shows that the increase in
Co concentration actually broadening
the t2d levels and hence the system is
becoming more stable. It is observed
that the stability of ferromagnetic state
is strongly related to the hole’s concen-
tration and p-d repulsion. The hole’s
concentration and the valence band-
width are found to be increasing with
increasing doping concentration and
hence the stability of Co doped GaN
also increases. The absorption edge of
the doped system is red shifted with
the increase in doping concentration,
which is also observed experimentally.
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