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Magnetic properties of Mn-doped GaN with defects:
ab-initio calculations
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According to first-principles density functional calculations, we have investigated the magnetic properties of Mn-
doped GaN with defects, Gai——yVgzMny N1, VN,O¢ with Mn substituted at Ga sites, nitrogen vacancies Vy,
gallium vacancies Vg and oxygen substituted at nitrogen sites. The magnetic interaction in Mn-doped GaN favours the
ferromagnetic coupling via the double exchange mechanism. The ground state is found to be well described by a model
based on a Mn3*-d® in a high spin state coupled via a double exchange to a partially delocalized hole accommodated in
the 2p states of neighbouring nitrogen ions. The effect of defects on ferromagnetic coupling is investigated. It is found
that in the presence of donor defects, such as oxygen substituted at nitrogen sites, nitrogen vacancy antiferromagnetic
interactions appear, while in the case of Ga vacancies, the interactions remain ferromagnetic; in the case of acceptor
defects like Mg and Zn codoping, ferromagnetism is stabilized. The formation energies of these defects are computed.

Furthermore, the half-metallic behaviours appear in some studied compounds.
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1. Introduction

Gallium nitride has attracted significant atten-
tion for various electronic and optoelectronic applica-
tions, such as light-emitting diodes (LEDs), blue laser
diodes, high power and high frequency devices,[!~6
due to its superb electrical properties, high electron
saturation velocity, direct wide band-gap, and high
In addition, GaN doped with

magnetic impurities provides extra flexibility for spin-

breakdown strength.

based electronic (spintronics) applications: magnetic
random access memory and quantum computing.[”)
Mn-doped GaN is a fairly suitable candidate for spin-
tronic applications because of its promising room tem-
perature ferromagnetism. (8]

However, the nonuniform distribution of the Mn
component within (Ga, Mn)N layers has been re-
ported to form micro-precipitates and clusters, having
detrimental effects on the efficiency and quality of the
material.[®1% Many experimental studies have been

[11—20] However, the origin of experi-

carried to date.
mentally observed ferromagnetism has still not been
fully understood. The study of Ga;_,Mn,N as thin
films or nanocrystals exhibits ferromagnetism and a
Curie temperature above room temperature and that

p- or n-type doping of Ga;_,Mn,N can change its
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magnetic state.

It was predicted theoretically that the ferromag-
netic (FM) interaction in (Ga, Mn)N may be retained
up to room temperature.® The initial reports of high
Tc in (Ga, Mn)N were followed by controversial re-
sults where the reported 7. varied between 20 K
and 940 K.21=23] Zajac et all?*l observed that Mn
ions in Ga;_,Mn,N (z < 0.1) crystals are coupled
anti-ferromagnetically (AFM). Electronic structures
and magnetic properties of zinc blende Gaj_,Mn,N
for several values of x with varied spatial distribu-
tion of dopant atoms to understand the magnetic
interaction for an explanation of FM—-AFM compe-
tition was discussed by Uspenskii et al,*®! where
the calculations were done using the tight binding
LMTO (Linear Muffin-Tin Orbital Method) method
in the local spin density approximation. Sanyal and
Mirbt2¢! studied Mn-doped GaAs and GaN DMS us-
ing the ab-initio plane wave code (VASP) within the
frame of density functional theory (DFT). They deter-
mined the interatomic exchange interactions by sub-
stituting Mn in various positions in the unit cell and
attributed the ferromagnetism in (Ga, Mn)N to a
double-exchange mechanism involving the hopping of
Mn-d electrons. Raebiger et al.2”) used the full po-
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tential linearized augmented plane wave (FP-LAPW)
method to investigate the interplay between clustering
and exchange coupling in the magnetic semiconductor
Gaj_,Mn, As. They studied all possible arrangements
of the two Mn atoms on a Ga sublattice for x ~ 5%
and found that clustering of Mn atoms at near neigh-
bour Ga sites is energetically preferred.

The aim of this paper is to consider the role of
defects in promoting ferromagnetism. Here we report
on the results of density functional theory (DFT) cal-
culations of the electronic states induced by defects
(N vacancy, Vi, Ga vacancy, Vga, and O substituted
for N, Op) as well as the electronic structures of bulk
GaN and Gaj_,Mn,N with different values of z.

2. Calculation methods

The band structures of Wurtzite Gaj;_,Mn,N
(x = 0.05) were investigated using the Korringa—
Kohn—Rostoker method combined with the coher-
ent potential approximation (KKR-CPA), with the
parameterization of Moruzzi, Janak and Williams
(MJW), and Vosko, Wilk, and Nusair (VWN).[28] The
MJW and VWN functionals predict a band gap of
approximately 2.72 eV for bulk GaN, comparable to
the experimental value of 3.507 eV. We supposed that
Ga atoms were replaced by magnetic impurities ran-
domly. The KKR—-CPA is one of the most sophisti-
cated methods of treating such substitutional disor-
dered systems while taking disorder into account in
an ab initio manner. Akai and Dederichs have devel-
oped the KKR~CPA method to treat transition metal
alloys(??) and InAs-based DMS, % and explained their
magnetic properties successfully. Sato and Katayama-
Yoshida proposed a material design for transparent
ferromagnets with ZnO-based DMSs using the KKR—
CPA.[132 For the principles of the KKR-CPA, see
Refs. [29] and [30].

The form of the crystal potential is approximated
by a muffin-tin potential, and the wave functions
in the respective muffin-tin spheres were expanded
in real harmonics up to I = 2, where [ is the an-
gular momentum quantum number defined at each
site. We use higher K-points up to 250 in the ir-
In the
present calculations, we used the KKR-CPA code
MACHIKANEYAMAZ2002v08 package produced by
Akai.l33 In GaN crystal, each atom of gallium is sur-

reducible part of the first Brillouin zone.

rounded by four cations of nitrogen on the corners

of a tetrahedron and wvice versa. This tetrahedral co-
ordination is typical of sp® covalent bonding but do
not forget that these materials also each have a sub-
stantial ionic characteristic. This crystalline structure
is known as wurtzite structure and has a hexagonal
GaN has the
wurtzite crystal structure and its lattice constants are
a = 3.180 A (1 A=0.1 nm), and ¢ = 5.166 A. The
internal coordinate u for the GaN wurzite structure is
u = 0.377.34

unit cell with two lattice parameters.

3. Results and discussion

3.1. Magnetic interaction in Mn-doped
GaN

Total and partial densities of states of
Gaj_Mn,N (z = 0.05) are presented in Fig. 1(a).
The upper curves refer to the majority density of state
(DOS), and the lower inverted ones to the minority
DOS. The band structure of zinc-blende Gaj_,Mn,N
(r = 0.05) in the ferromagnetic state is shown in
Figs. 1(b) and 1(c) for spin up and spin down, re-
spectively. The 3d bands of Mn with spin up are
very narrow and they are situated in the gap. These
bands are not hybridized with the valence band and
the 3d-orbitals are localized near Mn atoms.

Due to the low concentration of Mn, this is
roughly the DOS of the pure semiconductors, con-
sisting of the occupied valence band, dominated by
the anion p-states and the empty conduction band,
Since Mn has 7
valence electrons and substitutes for a Ga atom, 3

formed mostly by the Ga s-states.

of the 7 electrons can replace the 3 Ga electrons in
the valence band. The remaining 4 electrons have to
be located in new localized d-states in the band gap.
Therefore the electronic structure of transition metal
impurity in semiconductor is dominated by d-states in
the gap, which for finite concentrations develop into
an impurity band. Thus the 3d-states of Mn are sit-
uated in the gap of (Ga, Mn)N. The 3d-states of Mn
are split by exchange interaction between 3d-electrons
of Mn: the 3d-states of Mn with spin up each have a
lower energy than the 3d-states with spin down. This
relative position of 3d-states ensures the maximal to-
tal spin moment when the population of the 3d-states
increases, which is consistent with Hund’s rule for
free atoms. The size of the exchange splitting is of
(~ 2 eV), consistent with the previous study by Sato
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and Katayama-Yoshidal*® and with experimental re-
sults (~ 1.8 eV) obtained in Ref. [36]. The crystal field
caused by the four nearest-neighbour N atoms addi-
tionally splits the 3d-states of Mn into a doubly de-
generate e band and a triply degenerate ¢, band. The
t, band consists of d-orbitals that have zy, yz, and
xz symmetries, while the e band is composed of 3d-
orbitals that have z2—y? and 2z%2-x2—y? symmetries.
Geometrically, the d(xy,yz, xz)-orbitals are closer to
the nearest-neighbour N atoms than d(z?—y?, 22%—
x2-y?)-orbitals of Mn. The strong interaction of the
3d(t,) states of Mn with the 2p states of N splits the to
band into bonding (~ 2 eV) and anti-bonding (above
—1 eV) parts and pushes up the anti-bonding part of
the d(t2) band above the d(e) band, consistent with
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Fig. 1. (a) Total d and p state projected densities of state
(DOSs) of Mn, doped GaN, Gaj_zMn;N, with z = 0.05.
The total DOS is denoted by a thick solid line, 3d-states
of Mn by a filled area, 2p-states of N by a thin solid line;
(b) band structure of up spin, doped GaN, Gaj_;Mn;N,
with = 0.05; (c) band structure of down spin, doped
GaN, Gaj_zMn;N, with z = 0.05 (1 Ry=13.605 eV).

the results obtained by Sato et al.l3132] As a result,
the 3d (e, spin up) band is filled by electrons, while
the 3d(t,, spin up) is partially empty. The ferromag-
netic state is stabilized if there are carriers in itiner-
ant t, state. These itinerant electrons in t, state par-
ticipate in the double exchange mechanism to lower
the kinetic energy of the ferromagnetic state. On the
other hand, electrons in e state are rather localized
and do not take part in the double exchange mecha-
nism. Moreover, the ferromagnetic coupling appears
with a small width of the anti-banding ¢, state, which
is not filled up completely (Fig. 1(a)). Increasing the
concentration, the t, width becomes larger, which in-
dicates that the coupling is a ferromagnetic double
exchange. Figures 1(a)-1(c) each also show a half-
metallic behaviour, which is reinforced by increasing
the impurity concentration of Mn. Indeed, the cal-
culated total magnetic moment for Ga;_,Mn,N in-
creases from 0.167 ppg to 0.405 ug with the impurity
concentration (z) increasing from 0.02 to 0.05, respec-
tively. It is obvious that the greatest contribution of
this magnetization comes from Mn for which the par-
tial magnetic moments are 3.132 ug and 3.073 ug for
x = 0.02 and x = 0.05, respectively. In addition,
the weak partial magnetic moments appearing for ni-
trogen are 0.004 pup for x = 0.02 and 0.008 ug for
x = 0.05.

3.2. Influence of defects

Early experimental work reported by several
groups did not give any clear conclusion about the
magnetic properties of (Ga, Mn)N: paramagnetic[?!]
and ferromagnetic properties at low temperature
(Te ~ 10 K and 8 K),*") as well as room tempera-
ture ferromagnetism in (Ga, Mn)N. The highest Curie
temperature (Tc ~ 940 K) was deduced from magne-
tization measurements of (Ga, Mn)N layers.*8! Such
a variety of contradictory results can be explained by
different types of distribution of Mn impurity and ad-
ditional defects in different (Ga, Mn)N samples. The
Curie temperature may change upon co-doping with a
donor or an acceptor. Therefore, the presence of unex-
pected impurities in (Ga, Mn)N samples may change
the magnetic ground state.

3.2.1. Co-doping with a donor

In (Ga, Mn)N, the exchange interactions between
Mn impurities appear via the double exchange mecha-
nism proposed by Zener for the manganese compounds

086601-3



Chin. Phys. B Vol. 20, No. 8 (2011) 086601

with perovskite structure. This exchange mecha-
nism leads to ferromagnetic order in compounds where
equivalent Mn atoms have different valence states. In
(Ga, Mn)N, this situation could be achieved by co-
doping with a donor: one part of the Mn ions cap-
tures additional electrons and becomes Mn2t, while
the other part rests in the 3™ valence state. Accord-
ing to the Zener’s double-exchange mechanism, the
additional electrons can move from Mn?* to Mn3*
ions and these electron jumps reduce the total energy
of the crystal. It is assumed that the oscillations are
possible only when the spins of the Mn ions are par-
allel. If spin moments of neighbouring Mn atoms are
antiparallel, then such oscillations of electrons are for-
bidden because the spin moment should not change
direction. Therefore the (Ga, Mn)N crystals should
be ferromagnetic if a mixture of Mn3* and Mn?" ions
is present in the crystals. However, the calculations we
performed using the KKR-CPA method show that the
co-doping with donors does not always stabilize the
ferromagnetism. In fact, spin glass ground states are
predicted for co-doping (Ga, Mn)N by a donor such
as oxygen substituted at nitrogen sites and nitrogen
vacancies, Ga;_,Mn,N;_,_;O;Vxn., because t, state
is full and (Ga, Mn)N remains of n type, as shown in
Fig. 2. In this case, the exchange coupling between Mn

impurities is an antiferromagnetic super-exchange.
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Fig. 2. Total d and p state projected densities of state
of Gag.o9sMng.02Ng.9700.01Vco.02. The total DOS is de-
noted by a thick solid line, 3d-states of Mn by a filled area,
and 2p-states of O and N by a thin solid line.

However, weak magnetism is obtained for the
co-doping with a donor such as Ga vacancies,
(GagVg(1—2))yMn_ )N, which is shown in Fig. 3,
where the total moment is ~ 0.084 pp and a hybridiza-
tion between Mn-3d and N-2p is observed at Fermi
energy, with the partial magnetic moments 2 pug and
—0.008 ug, respectively. One observes a decrease in
the Mn moment in comparison with the Ga;_,Mn,N

case. We note also that the half metallicity disap-

pears with donor co-doping. These results are in
accordance with experimental investigations, which
show that the electronic state of Mn changes under
donor co-doping: Mn ions capture the extra electrons
and become Mn2+.39 As shown previously, the 3d
states of Mn3™ are localized near Mn ions and do not
contribute to electrical conductivity. An experimen-
tal demonstration of this statement can be found in
Ref. [40], where the 3% valence state of Mn was found

in Gaj_;—,Mn,Mg,N samples and the samples were

insulating.
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Fig. 3. Total d and p states projected of Mn, doped
GaN, Gag.94Mng.02Zng.04N. The total DOS is denoted by
a thick solid line, 3d-states of Mn and Zn by a filled area,
and 2p-states of N by a thin solid line.

3.2.2. Co-doping with an acceptor

Co-doping with an acceptor, like free holes,
can mediate exchange interactions between impurity
atoms. However, there is no efficient acceptor today
to create a very high concentration of holes, especially
if double co-doping must be performed (with Mn and
Mg). Shon et al. [41] have observed experimentally that
the transition point related to the GaMnN DMS phase
for p-type Mg-codoped GaMnN was higher than that
of undoped GaMnN. This is due to the increase in
ferromagnetic interaction rates governed by the co-
doping of Mg acceptors.

In this section, we study the effect of acceptor
co-doping considering (Ga;Mg(1—z—u)Zny),Mn_y)
N;_.0. and (Ga,Mg_z—y)Zny,)yMng_, Ny Ve..
The use of both undoped and p-type GaN at the
same time was based on the motivation that we in-
tend to estimate the origin and the variation in mag-
netic properties due to the effect of holes after Mn-
doping. In the absence of oxygen and vacancy sites
(Gag.94Zng 0aMng 02N), the half metallic behaviour is
observed (Fig. 4(a)); the majority-spin t, states are

086601-4



Chin. Phys. B Vol. 20, No. 8 (2011) 086601

located at the Fermi level, while the majority-spin e
states are on the valence band edge.
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Fig. 4. Total d and p state projected densities of state
of Gag.94Mng.02Mgp.04N. The total DOS is denoted by
a thick solid line, 3d-states of Mn by a filled area, and
2p-states of N and Mg by a thin solid line.

Furthermore, the ferromagnetism is stabilized due
to double exchange coupling. The stability of the fer-
romagnetic phases has been computed by comparing
the total energies of ferromagnetic and antiferromag-
netic configurations, as given in Table 1. However,
the total magnetic moment is weak around 0.1, while
the partial moments of Mn, Zn, and N are 2.353 ug,
Indeed,
experimental studies of the electronic states of (Ga,
Mn)N co-doped with Mg showed that the Mg addi-

tion stabilizes the Mn4™ charge state by reducing the

—0.005 pp, and —0.004 ugp, respectively.

Fermi level.[42]

Table 1. Differences in total energy between ferromag-
netic and antiferromagnetic configurations for different

compounds.

Compound (Aarm — Apm)/Ry
Gag.98Mng.02N 0.1257
Gag.95Mng.o5N 0.2290

Gag.96Mng.02Vco.02N 0.0169
Gag.9aMng.02Zno.04aN 0.4848
Gag.94Mng.02Zn0.04No.98 Vco.02 0.1745
Gap.94Mng.02Zn0.04N0.9800.02 0.1173
Gag.94Mng.02Mgo.04N 0.3521
Gag.94Mng.02Mgo.02Zn0.02N 0.3919
Gag.94Mng.02Mgo.02Zn0.02N0.9900.01 0.3914

In the case of Mg co-doping (Gag.gaMgn 0aMng g2
N) (Fig. 4(b)), the ferromagnetism is also stabilized,
with a less strong half metallic behaviour. However,
there are no significant changes in magnetic moments;
2.249 pp and —0.005 ug, for Mn and N, respectively.
For low oxygen concentration Gag.g4Zng.g4Mng g2

No.9800.02 and Gap.9aMgo.04Mng.02Ng.9800.02

(Figs. 5(a) and 5(b)) or vacancy  sites
Gag.94Zng.0aMng g2 Noogg Vcgoz (Fig. 6) the half
metallic behaviour is enhanced, and the ferromag-
netism is still stabilized by double exchange cou-
pling, with total magnetic moments being 0.132 ug,
0.167 up, and 0.132 ug, respectively.

Gag.94Mng.02Zn0.04No.9800.02

DOS/mRy~!-unit cell

—04 —0.2 0 0.2 0.4
Energy relative to the Fermi energy /Ry

Fig. 5. Total d and p states projected densities of state
of Gag.94Mng.02Zng.04Ng.90800.02. The total DOS is de-
noted by a thick solid line, 3d-states of Mn and Zn by a
filled area, and 2p-states of N by a thin solid line.

3.3. Heats of formation

In order to study the stabilities of these com-
pounds, we calculate the heat of formation Agpgr,
which is defined in the first step as a differ-
ence in total energy between doped compound
Gaj;_;Mn,N and GaN, and in the second step as
a difference in total energy between the co-doped
compound (Ga;Mg(1_z—vu)Zny,),Mng_)N; O, or
(GazMg(—y—uyZny)yMn(_ )Ny Ve, and the doped
compound Gaj_,Mn;N. The heats of formation of
It is
worthwhile noting that Ga;_,Mn,N is less stable
than GaN (Agpr = 49.490899 Ry, 1 Ry=13.605 eV),
and GazMg(1—z—u)Zny)yMng_,)N;_. O, and

the studied compounds are listed in Table 2.

(GagMg(—g—uyZny)yMn_)N;_. Ve, are found
to be less stable than Gaj_,Mn,N, except
for GaO.ggMn0.02N0,9500,05, which is more sta-

ble (AEHF = —4.113294 Ry)

substitution of N with oxygen and vacancy,

However, the

Gao‘ggMH0~02N0.9700‘01VC0.02, has a weak formation
energy (Agpr = 3.5451989 Ry).
with Zn needs relatively higher energy, Agpgr =
23.2569545 Ry, for Gag.g4Mng. g2Zng g4N. While, co-
doping with Mg is high, Aggr = 275.6469894 Ry, for
Gag.94Mng.02Mgp.04N.

The co-doping
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Table 2. Heat of formation of the compounds under study.

Aggr = [E(compound)—

Compound
E(Gag.98Mng.02N)] /Ry
GaN —49.490899
Gag.96Mng.02Veo.02N 153.9164154
Gag.9sMng.02N0.9500.05 —4.113294
Gag.98Mng.02No.9800.01 Vco.02 3.5451989
Gag.94Mng.02Zng.04N 23.2569545
Gap.94Mng.02Zn0.04N0.9800.02 21.6251126
Gag.94Mng.027Zn0.04No.98Vco.02 27.6346286

Gag.94Mng.02Mgo.04N
Gag.94Mng.02Mgo.04N0.9600.04

Gag.94Mng.02Mgo.02Zng.02N

Gag.94Mng.02Mgo.02Zng.02No.9800.02

275.6469894

272.3778483

149.4526694
147.81969

4. Summary

In this paper, the magnetism of Mn-doped GaN
and co-doping (Ga, Mn)N is investigated in detail by
ab initio electronic structure calculations by using the
KKR-CPA method. According to the present calcu-
lations, ferromagnetic DMSs are readily achievable in
Mn-doped GaN-based DMSs and spin glass ground
states are predicted for co-doping (Ga, Mn)N by a
donor such as oxygen. The effect of defects on fer-
romagnetic coupling is investigated. It is found that
in the presence of donor defects, such as oxygen sub-
stituted at nitrogen sites, nitrogen vacancy antifer-
romagnetic interactions appear while in the case of
Ga vacancies, the interactions remain ferromagnetic,
whereas in the case of acceptor defects like Mg and Zn
codoping, ferromagnetism is stabilized.
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