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10.1 INTRODUCTION

The current information revolution puts increasing demand for faster,
smaller, low power and high storage capacity devices for processing of
information. Spin-based electronics, commonly referred to as spintron-
ics, is an emergent technology that innovatively manipulates the spin
and charge states of electrons to carry and store information. Since the
spintronic devices are smaller, more versatile and robust than the tradi-
tional electronic devices, they have the potential to fundamentally alter
the electronics industry.

In order to make a spintronics device, the primary requirement is to
have a system that can generate a current of spin polarized electrons,
and a system that is sensitive to the spin polarization of the electrons.
The simplest method of generating a spin polarized current is to inject the
current through a giant magnetoresistance (GMR) device. A typical GMR
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device consists of at least two layers of FM materials separated by a spacer
layer. When the two magnetization vectors of the FM layers are aligned,
an electrical current will flow freely, whereas if the magnetization vectors
are antiparrallel then the resistance of the system is higher. So, spintronic
materials have the basic requirements – high spin polarization and long
spin relaxation time. Realization of functional spintronic devices requires
the materials to be FM at operational temperature.

Dilute magnetic semiconductors (DMSs) are good candidates for spin-
tronic devices. DMS materials are based on nonmagnetic wide band gap
semiconductors such as GaN and ZnO where several atomic % of Ga
or Zn atoms are substituted by transition metal atoms, such as Mn,
Cr, and Fe. At low dopant concentration, crystal structure of the host
semiconductor material is unchanged and the DMS materials possess the
properties of not only a FM material, but also that of the semiconductor
host. Among the various DMSs, transition metal doped GaN materials
are particularly interesting and are regarded as prime candidates for spin-
tronics applications since GaN is a direct wide band gap semiconductor
with high thermal, chemical, and mechanical stability. Moreover, Mn
and Cr atoms have high magnetic moments.

Since the discovery of ferromagnetism in (Ga,Mn)As [1] and the sub-
sequent theoretical prediction [2] that Mn-doped GaN can be FM at or
above room temperature, numerous experimental attempts have been
made to synthesize this promising DMS material [3–19]. However, the
results have been rather confusing. Not only the reported Curie temper-
atures [3–14] vary over a wide range (10–945 K), but also it is uncer-
tain whether the ground state of (Ga, Mn)N is FM or antiferromagnetic
(AFM) [15–21]. The nature and origin of the magnetic coupling in this
material continue to be a hotly debated issue. The mechanism for the ob-
served magnetic behavior is complex and appears to depend on a number
of factors, including the sample preparation conditions, presence of de-
fects, Mn–Mn separation, and carrier density and type. An understanding
of the controversy between FM and AFM is both important and challeng-
ing [20, 21]. However, several groups have recently reported above room
temperature ferromagnetism for (Ga, Cr)N [22–25] in both bulk and thin
film forms. A fundamental understanding of the magnetic coupling be-
tween Mn atoms and Cr atoms in GaN is crucial for the development of
spintronics devices from these DMSs.

To understand the origin of magnetism in Mn- and Cr-doped GaN,
we have performed extensive theoretical calculations on (Ga,Mn)N and
(Ga,Cr)N systems from zero-dimensional clusters to one-dimensional
nanowires, nanotubes, and nanoholes; two-dimensional surfaces and
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thin films; and three-dimensional crystals. These extensive studies en-
able us to unravel how the inter-atomic distance, local coordination, and
dimensionality of a material control not only the magnetic moments of
atoms but also the coupling between them. This understanding is also
helpful in designing new DMSs such as Mn-doped nanoporous GaN.
Note that a nanopore is characterized by large surface area whose orien-
tation can differ from those of bulk surfaces. In the following we discuss
these results by concentrating on GaN host.

10.2 Mn-DOPED GaN CRYSTAL

We begin with the study of the electronic structure, energetics and mag-
netism of Mn-doped GaN crystal. Pure GaN normally crystallizes into
the hexagonal wurtzite structure, which consists of Ga and N planes
stacked alternatively along the c-axis with the Ga and N ions tetrahe-
drally coordinated. The lattice constants are a = b = 3.189 Å, and c =
5.185 Å, with a space group P63mc (no. 186). We first generated a (2 ×
2 × 2) supercell to explore the electronic structure and magnetic prop-
erties of bulk Ga1−xMnxN, which consists of 16 formula units of GaN.
To study the magnetic coupling between the Mn atoms, it is necessary to
replace at least two Ga atoms with Mn in the supercell. The Mn–Mn dis-
tance and Mn-N-Mn bond angles were varied by replacing the Ga atoms
at different sites, until the total energy reached a minimum. To study the
influence of the surpercell size and the Mn doping concentration on the
magnetic coupling, the calculations were repeated by constructing a (3 ×
3 × 2) supercell. Theoretical calculations were carried out by using the
density functional formalism [26]. Exchange and correlation effects were
incorporated using the PW91 functional [27] for the generalized gradient
approximation (GGA). The electronic structure, total energies and mag-
netic properties were calculated using a plane-wave basis set with the
projector augmented wave (PAW) method [28] as implemented in the
Vienna Ab initio Simulation Package (VASP) [29]. The cutoff energy was
set at 330 eV for the plane-wave basis (the default of maximum cut-off
energy is 269.89 eV). In all calculations, self-consistency was achieved
with a tolerance in the total energy of at least 1 meV. Hellman–Feynman
force components on each ion in the supercells converged to 1 meV Å−1.

We first discuss the results based on a GaN (2 × 2 × 2) supercell having
wurtzite structure. Two Ga atoms in this supercell were replaced with
Mn atoms, corresponding to a Ga14Mn2N16 supercell and a 12.5 % Mn
doping concentration. Note that in recent experiments Mn concentration
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from 3 to 15% have been investigated. Since it is a priori not clear which
of the two Ga sites Mn atoms would prefer to substitute, we carried out
an extensive search for all possible geometrical configurations. In each
case, the geometry (ionic coordinates and c/a ratio) was fully optimized
without any symmetry constraint. The total energies, electronic structure
and magnetic moments located at each Mn atom were calculated self-
consistently for different spin alignments (FM and AFM) for each of these
configurations. The k-point convergence was achieved with (6 × 6 × 6)
Monkhorst–Pack grid [30].

We found that without structure optimization the coupling between
these two Mn atoms is FM as predicted by previous studies [31–35]. The
FM state lies 0.053 eV in energy lower than the AFM state. When the
geometry is fully optimized (including ionic coordinates and c/a ratio),
the FM state is still lower in energy than the AFM state by 0.077 eV.
The relaxed Mn–N bond length is found to be 1.99 Å, which is in good
agreement with the experimental value of 2.01 ± 0.03 Å [36]. Thus the
geometry optimization in the bulk does not alter the preferred magnetic
coupling.

The calculations were repeated using a (3 × 3 × 2) supercell that cor-
responds to 72 atoms (Ga36N36). With two Ga atoms in this supercell
replaced with Mn at different sites, the resulting Mn doping concentra-
tion corresponds to 5.6 %. The (5 × 5 × 5) Monkhorst–Pack k-point
mesh was used. The calculated results were found to be nearly the same
as that given for the smaller supercell, namely, the ground state in Mn-
doped GaN bulk is FM and lies 0.10 eV lower in energy than the AFM
state. The Mn–N bond length is 1.98 Å. Thus, it is clear that the FM
coupling between Mn atoms in bulk GaN is independent of the Mn con-
centration or supercell size.

10.3 Mn-DOPED GaN THIN FILMS

The above discussion does not explain why in certain experiments the
coupling between Mn atoms exhibits antiferromagnetism or spin glass
behavior. We note that most of these experiments involve thin films. It
is, therefore, important to understand if the magnetic behavior of Mn
on surfaces and in thin films is fundamentally different from that in the
bulk. For example, do Mn atoms prefer to reside on the surface, do
they prefer to cluster, and does the Mn–Mn distance depend upon the
crystallographic orientation of the surface? In the following we discuss
these aspects.
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10.3.1 Mn-doped GaN (1120) Surface

We have modeled a thin film having the (1120) surface orientation by a
nine-layer slab with the supercell [37] containing 72 atoms (Ga36N36) as
shown in Figure 10.1. To preserve symmetry, the top and bottom layers
of the slab were taken to be identical, and each slab was separated from
the other by a vacuum region of 10 Å. The central three layers were held
fixed at their bulk configuration while the three surface layers on either
side of the slab were allowed to relax without any symmetry constraint.
K-point convergence was achieved with (6 × 4 × 1) grid, and tests with
up to (8 × 6 × 2) mesh were made.

To study the site preference of a Mn atom, we have first replaced one
Ga atom with Mn on the surface layer, the second layer and the third
layer on either side of the slab. It was found that Mn atom prefers to
reside on the surface site which lies 1.37 and 1.54 eV lower than that
of the second and third layer, respectively. This is consistent with the

Figure 10.1 Schematic representation of a nine-layer slab model for wurtzite GaN
(1120) surface. The numbered spheres are Ga
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Table 10.1 Relative energies (EFM and EAFM) with respect to
the ground state for the Ga32Mn4N36 supercell. �E is the energy
difference between AFM and FM states (�E = EAFM − EFM)

Configuration EEF (eV) EAFM (eV) �E (eV)

I (1,3/35,33) 0.403 0.000 −0.403
II (2,3/36,33) 1.722 1.694 −0.028
III (3,4/33,34) 1.773 1.708 −0.065
IV (3,6/33,29) 2.550 2.465 −0.085
V (5,6/30,29) 3.438 3.226 −0.212

experimental finding where Mn atoms doped in GaN were found to
migrate to the surface site upon annealing.

The magnetic coupling between Mn atoms was studied by replacing
two Ga atoms with Mn on either side of the slab. This amounts to a su-
percell consisting of Ga32Mn4N36. There are many ways to reach this re-
placement. We have considered five different configurations, which have
been specified in Table 10.1. Geometry optimization and total energy
calculation were carried out. We found that configuration I with AFM
coupling between Mn atoms is the lowest energy configuration and the
FM state is 0.40 eV higher in energy than the AFM state. Other con-
figurations are also AFM and are much higher in energy relative to the
ground state. This indicates that Mn atoms couple antiferromagnetically
in GaN (1120) thin film.

The total densities of states (DOS) and partial DOS of Mn atom for
Ga32Mn4N36 slab with and without geometry optimization are shown in
Figure 10.2. For the unrelaxed surface, the coupling is FM, the DOS ex-
hibits half-metallic behavior similar to that in (Ga, Mn)N crystal. When
the surface is fully optimized, the coupling becomes AFM and the spin-up
and spin-down DOS are identical as the total moment of the system is
zero. The magnetic moment at each of the Mn site is found to be 3.0 μB

with opposite spin orientation. The main contribution to this moment
comes from the Mn 3d electrons as can be seen from the partial DOS for
the Mn atom in Figure 10.2(c). The hybridization between N 2p and Mn
3d reduces the magnetic moment as compared with that of a free Mn
atom. As discussed above, the magnetic coupling between Mn atoms
in the crystal is not affected by the relaxation of the structure. However,
the situation is different in the surface case. If the surface is not relaxed,
the coupling is FM, which becomes AFM upon relaxation.

To understand the physics involved, we checked the changes in bond
lengths. Due to relaxation, the bond lengths near the film surface
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Figure 10.2 Total DOS for (a) an unrelaxed (FM) and (b) a relaxed Ga1−xMnxN
(AFM). The corresponding partial DOS of Mn atom are shown in (c)

layers are contracted. For example, in the ground state the bond lengths
of Mn–N (1.822 Å) and Mn–Mn (2.978 Å) in the first surface layer
are significantly shorter than the corresponding bulk values (1.990 and
3.233 Å, respectively). In the second layer the bond lengths of Mn–N and
Mn–Mn are 1.920 and 3.093 Å, respectively. In the third layer, they are
1.951 and 3.111 Å, respectively. We see that the bond length contraction
mainly occurs in the first two layers, and the magnetic couplings become
AFM. Therefore, we can expect an evolution from AFM to FM coupling
when Mn atoms diffuse from the surface to the film interior, as the bond
length contraction vanishes gradually. However, energetically this is not
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preferred and it has been observed experimentally that Mn atoms diffuse
from the film interior to its surface.

We note that in the above (1 × 2) (1120) surface slab model, the Mn
atoms on the surface form a continuous zigzag chain along the [0001]
direction. One may wonder if the magnetic coupling results from the
formation of these Mn–Mn chains on the surface and if there is an inter-
action between the impurity atom and its image in the nearest supercell.
To clarify this point, we generated a (2 × 2) seven-layer GaN (1120)
slab containing 56 Ga atoms and 56 N atoms, in which the minimum
distance between the impurity atom and its image in the nearest su-
percell is larger than 10 Å along the [0001] direction. When two Mn
atoms are substitutionally doped at Ga sites on either side of the slab, a
Ga52Mn4N56 supercell with a 7.14 % Mn concentration is formed. Fol-
lowing the same procedure as described above for the (1 × 2) nine-layer
slab, the geometry of the supercell was optimized fully by using (5 × 5 ×
1) Monkhorst–Pack k-point mesh. Again, the AFM state is found to be
more stable than the FM state with an energy difference of 0.06 eV per
Mn atom. The Mn–N bond length on the surface layer is 1.82 Å, and
the Mn–Mn distance is 2.91 Å. Thus it is clear that the AFM coupling
in the thin film is due to bond length contraction, which is insensitive to
Mn concentration or the construction of the GaN supercell.

10.3.2 Mn-doped GaN (1010) Surface

In order to study if the magnetic coupling between Mn atoms depends
upon the orientation of the thin film surface, we have considered (Ga,
Mn)N thin film having wurtzite structure and [1010] orientation [38].
Note that the Mn–Mn distances may depend upon the surface orientation
and hence may affect the magnetic ordering between them.

The GaN (1010) surface was modeled by a (2 × 2) 10-layer slab that
contains 40 Ga atoms and 40 N atoms in the supercell (Figure 10.3).
Each slab was separated from the other by a vacuum region of 10 Å
in the [1010] direction. The central four layers of the slab were held
at their ideal bulk position while the three layers on either side of the
slab were allowed to relax without any symmetry constraint. To study
the magnetic coupling between the Mn atoms in the GaN (1010) thin
film, we again substituted two Ga atoms with two Mn on both top and
bottom sides of the Ga40N40 slab. Consequently, a total replacement of
four Ga atoms with Mn results in a 10.00 % Mn doping concentration
and a Ga36Mn4N40 supercell. We have considered six different configu-
rations to simulate the different Mn–Mn distance and Mn-N-Mn bond
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Figure 10.3 Supercell of a 10-layer slab for GaN (1010) surface. The larger and
lighter spheres are Ga

angle. We have specified the six configurations in the first column of
Table 10.2 by giving the sites where the Ga atoms are replaced by Mn
(Figure 10.3).

The calculations of total energies and forces, and optimizations of ge-
ometry have been carried out the same way as described above for the
(1120) surface. The main results are summarized in Table 10.2. It is found
that configuration I is the ground state with the AFM coupling lying
0.541 eV lower in energy than the FM one, where the two Mn atoms re-
side on the surface layer sites, and cluster around N atoms. The optimized
Mn–N bond length along the [0001] direction is 1.798 Å, corresponding
to a contraction of −2.6 % as compared with that for the undoped GaN
surface. The Mn–Mn distance of 3.189 Å, however, is unchanged from
the corresponding Ga–Ga distance in the undoped case. Comparing the
relative energies, we note that the total energy increases as the Mn atoms
move from surface layer to the interior sites of the film. Configurations
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Table 10.2 The Relative energy (�ε) calculated with respect to the ground state
(configuration I), the energy difference (�E) between the AFM and FM states
(�E = EAFM − EFM), the optimized bond length between Mn and its nearest
neighboring N (dMn-N) along the [0001] direction, and the optimized distance
between the two Mn atoms (dMn-Mn) for Ga36Mn4N40

Configuration �ε (eV) �E (eV) Coupling dMn−N (Å) dMn−Mn (Å)

I (2,4/38,40) 0 −0.541 AFM 1.798(−9.65%) 3.189
II (1,4/37,40) 1.084 0.096 FM 1.813(−8.89%) 5.185
III (1,2/37,38) 1.178 0.002 FM 1.816(−8.74%) 6.087
IV (4,8/40,35) 1.795 −0.047 AFM 1.835(−7.79%) 2.969
V (6,8/33,35) 2.307 0.113 FM 1.973(−0.85%) 3.189
VI (9,10/32,30) 3.228 0.084 FM 1.975(−0.75%) 3.189

V and VI, where the two Mn atoms occupy, respectively, the subsurface
and the third layer sites, are found to be 2.307 eV and 3.228 eV higher
in energy than the ground state, respectively. This shows again that Mn
atoms prefer the surface sites and this site preference is not affected by
the Mn concentration. Meanwhile, it is interesting to note that although
the Mn–Mn distances in configurations I, V and VI have the same value
(dMn-Mn = 3.189 Å), their corresponding Mn–N bond lengths are quite
different, namely 1.798, 1.973, and 1.975 Å respectively, and the mag-
netic couplings between the Mn atoms in these configurations are also
different, i.e. the Mn atoms couple ferromagnetically in configurations V
and VI. The coupling in configuration I, however, is AFM. This demon-
strates that at certain Mn–Mn distance, the contraction of Mn–N bond
length plays a critical role in driving the AFM coupling between the Mn
atoms. This is in agreement with the results obtained in the calculations
on the (1120) slab.

The total DOS for the ground state configuration I, and the corre-
sponding partial DOS of Mn atom and the partial DOS for Mn 3d and
N 2p are plotted in Figure 10.4. We note that the total DOS for spin-up
and spin-down are identical leading to zero magnetic moment. The mag-
netic moment on each Mn atom is 3.05μB and mainly comes from the
Mn 3d orbital (2.95μB). Small contributions to the moment also arises
from the Mn 3p (0.03μB) and Mn 4s (0.1μB) orbitals due to the sp and d
hybridization, as shown in Figure 10.4(a2). The neighboring N atom of
Mn is polarized antiferromagnetically with a magnetic moment of 0.06μB

which mainly comes from N 2p orbitals (0.05μB) [Figure 10.4(a3)].
To study the effect of the Mn concentration on the magnetic coupling

between the Mn atoms, we performed extensive calculations on the GaN
slabs with different thickness along the [1010] direction, as well as the
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Figure 10.4 (a1) Total DOS, (a2) partial DOS of Mn, and (a3) partial DOS of Mn
3d and neighboring N 2p for Ga36Mn4N40 supercell. (b1) Total DOS, (b2) partial
DOS of Mn 3d and neighboring C 2p, and (b3) partial DOS of N for C codoped
Ga36Mn4N36C4 supercell

[0110] direction. At first, we increased the thickness of the slab to twelve
layers based on the above (2 × 2) 10-layer slab along [1010] direction
to reach a lower Mn doping concentration. We have also replaced two
of the Ga atoms with Mn on either side of the slab, corresponding to a
8.30 % Mn doping concentration. It was found that the configuration
where the Mn atoms occupy the nearest neighbor Ga sites on the surface
layer is again the ground state with the AFM state being 0.535 eV lower
in energy than the FM state. We then performed the calculations for the
Mn-doped (2 × 2) eight-layer slab (Ga28Mn4N32) to reach a larger Mn
concentration. The ground state is once again found to be AFM with both
the Mn atoms residing on the nearest neighbor Ga sites of the surface.
The AFM state is 0.549 eV lower in energy than the FM state.
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We also performed calculations by changing the Mn concentration
by increasing the slab thickness along the [0110] direction. We used
a (5 × 2) six-layer slab containing 60 Ga atoms and 60 N atoms, in
which the minimum distance between the Mn atom and its image in the
nearest supercell is 10.07 Å along the [0110] direction. In this way, no
Mn–Mn chain can be formed along the [0110] direction, and no inter-
action between the Mn atom and its image can occur. When two Mn
atoms are substitutionally doped at Ga sites on either side of the slab, a
Ga56Mn4N60 supercell with a 6.70 % Mn concentration is formed. We
have carried out extensive search for the most favorable geometric and
magnetic configuration. Once again, we found that the Mn atoms prefer
to reside on the nearest surface Ga sites and couple antiferromagnetically.
To further examine the magnetic coupling between Mn atoms in the di-
lute condition, we have also generated eight-layer, 10-layer and 12-layer
(4 × 2) GaN (1010) slabs. The Mn doping concentrations of 6.25, 5.00
and 4.20% have been achieved by substituting two Ga atoms with Mn
on either side of these slabs, respectively. The results are found to be
almost the same as those given in the smaller slabs; namely, the ground
state is AFM and lies about 0.1 eV per Mn atom lower in energy than
the FM state, where the Mn atoms occupy the nearest surface sites of the
Ga atoms and form clusters. The Mn–N bond length is about 1.8 Å. The
magnetic moment on each Mn atom is about 3μB. The main results for
the ground state configurations corresponding to various slabs are sum-
marized in Table 10.3. Thus, it is clear that in Mn-doped GaN thin films,
the AFM ordering at 0 K is energetically favorable, relative to the FM

Table 10.3 Composition of Mn-doped GaN slab, Mn concentration, the energy
difference (�E) between the AFM and FM states, the magnetic moment on each
Mn atom, the optimized nearest Mn–N bond length (dMn-N) along the [0001]
direction, and the optimized Mn–Mn distance (dMn-Mn) for the supercells that are
listed in the first column

Mn Magnetic
Slab concentration �E moment dMn-N dMn-Mn

System layers (%) (eV) (μB) (Å) (Å)

Ga28Mn4N32 (2 × 2)-8L 12.50 −0.549 3.01 1.799 3.189
Ga36Mn4N40 (2 × 2)-10L 10.00 −0.541 3.05 1.798 3.189
Ga44Mn4N48 (2 × 2)-12L 8.30 −0.535 3.05 1.798 3.189
Ga56Mn4N60 (5 × 2)-6L 6.70 −0.401 3.10 1.794 3.102
Ga60Mn4N64 (4 × 2)-8L 6.25 −0.422 3.09 1.795 3.095
Ga76Mn4N80 (4 × 2)-10L 5.00 −0.432 3.09 1.795 3.098
Ga92Mn4N96 (4 × 2)-12L 4.20 −0.399 3.10 1.794 3.098

L, layer.
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state, due to the Mn–N bond length contraction. The magnetic coupling
between Mn atoms is insensitive to the concentration of Mn over a wide
range of concentration from 4.2 to 12.5 %.

10.3.3 Mn and C Codoped in GaN (1010) Surface

We have explored the possibility that the Ga1−xMnxN system when
codoped with C could turn into a ferromagnet since replacing N with C
would introduce hole carriers, which in turn could mediate the FM cou-
pling between the Mn atoms. To this end, we have chosen the 10-layer
(2 × 2) GaN slab codoped with Mn at Ga sites and C at N sites. We
calculated the magnetic coupling between Mn atoms following the same
procedure as performed for the Ga1−xMnxN systems. We replaced respec-
tively one, two and three N with C atoms on either side of the slab, gener-
ating corresponding supercells of Ga36Mn4N38C2, Ga36Mn4N36C4, and
Ga36Mn4N34C6. For each of these C doping concentrations, we calcu-
lated the total energies of various configurations resulting from the re-
placement of the Ga and N at different sites with Mn and C, respectively.
We studied both FM and AFM spin alignments and the effect of full
geometry optimization.

When one N atom was replaced with C atom, we found that the ground
state configuration is still AFM, in which both the Mn atoms form the
nearest neighbor on the surface sites (2, 4) with the C at site 45 binding
to both the Mn atoms (Figure 10.3). However, the energy difference
between AFM and FM states is considerably reduced (from −0.135 to
−0.045 eV per Mn atom). This indicates that a small concentration of C
cannot lead to a transition from AFM to FM states.

We, therefore, increased the hole concentration by replacing more
N atoms with C on either sides of the slab. For the supercell
Ga36Mn4N36C4, it is interesting to note that for each of the six initial Mn
configurations when two N atoms are replaced by C, the ground state is
found to be FM, and their corresponding energy differences �E between
AFM and FM range from 0.03 to 0.08 eV per Mn atom. In Figure 10.5,
we plot the energy difference �E and the average magnetic moment on
Mn atom for the ground states corresponding to the six initial configu-
rations with the C codoping. For comparison, we also plotted the results
for the six configurations before C codoping.

The effect of C concentration on the magnetic coupling between Mn
atoms was further examined by replacing three N atoms with C at dif-
ferent sites on the either side of the slab. It was found that, in the ground
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Figure 10.5 Energy difference �E between AFM and FM states and the aver-
age magnetic moment on Mn atom for the six configurations with and without C
codoping. The six configurations are defined in Table 10.3

state configuration where the two Mn atoms reside at sites (2, 4) and
C are at sites (41, 42, 45), the FM state is lower in energy by 0.237 eV
than the AFM state. Once again, we show that the magnetic coupling
between Mn atoms changed from AFM to FM when C is codoped in the
Ga1−xMnxN system. More importantly, the FM coupling is enhanced by
increasing the C concentration, as the energy difference �E is increased.

To explore the origin of the FM coupling in C codoped (Ga, Mn)N,
we examined the electronic structure corresponding to the ground state
configuration of Ga36Mn4N36C4 supercell and compared it with that for
Ga36Mn4N40. The calculated total spin DOS, the partial spin DOS for
Mn 3d and C 2p and the partial spin DOS for N atoms in Ga36Mn4N36C4

are plotted in Figure 10.4(b1), 4(b2) and 4(b3), respectively. Comparing
the total DOS in Figure 10.4(a1) and (b1), we see that the C codoping
has introduced new states near the Fermi level resulting in a half-metallic
character of this codoped system. Replacing the group V anion, N, sites
with C introduce holes, and electrons are transferred to Mn, which is
observed by a strong increase in the Mn2+ spin densities at the Fermi level
in Figure 10.4(b1). These induced hole carriers mediate the interaction
of the magnetic ions, Mn, resulting in the FM state. As shown in Figure
10.4(a2), without C codoping, neither Mn nor N introduce DOS at the
Fermi energy although there is hybridization between the Mn 3d and N
2p states. However, there is a distinct overlap between Mn 3d and C 2p
in the spin-up bands in Figure 10.4(b2), which leads to new states at the
Fermi energy and hence results in a change of the magnetic coupling.
Thus, it is clear that the interaction between the localized spins on the
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Mn ions and delocalized carriers (holes originating from the C valence
band) is responsible for the magnetic transition.

10.4 Mn- AND Cr-DOPED GaN ONE-DIMENSIONAL
STRUCTURES

Recently one-dimensional nanostructures consisting of nanowires
(NWs), nanotubes (NTs) and nanoholes (NHs) of GaN have been suc-
cessfully synthesized [39–53]. Because of their unique physical properties
and high chemical reactivity and their potential for applications in lasers,
transistors, and spintronics devices, these materials have attracted con-
siderable attention. Moreover, their properties can be easily influenced
by coating and doping. In particular Mn-doped GaN NWs have been
found to be FM up to 300 K [54–57]. Thus, these materials represent an
important class of nanoscale building blocks for miniaturized electronic
and optical devices. A fundamental understanding of the electronic and
magnetic properties of these low dimensional FM semiconductor nanos-
tructures is crucial for the development of spintronics devices. Therefore,
we performed a comprehensive theoretical study on the GaN low dimen-
sional nanostructures from first principles to provide an understanding
of the experiment and to predict new materials. We used spin polarized
density functional theory and different levels of correlation corrections
(GGA, LSDA+U and GGA+U) implemented in the VASP code.

10.4.1 Mn-doped GaN Nanowires

We first present our results on the Mn-doped GaN NWs. The GaN NW
has been generated from a bulk GaN (7 × 7 × 2) supercell having the
wurtzite structure by removing the outside part of the circled area in
Figure 10.6(a) along the [0001] direction [58]. The supercell consists
of 96 atoms (Ga48N48) and has about 12 Å vacuum space along the
[1010] and [0110] directions to prevent the NW from interacting with
its image. The NW has 1.0 nm diameter and infinite length along the
[0001] direction, as shown in Figure 10.6(b). In Figure 10.7 we show
the various sites where Ga atoms were replaced by Mn to study not only
their site preference but also how their magnetic coupling depends on
the Mn–Mn distance and coordination. For each of these configurations
we computed the total energies corresponding to both FM and AFM
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[0001]

(a) (b)
[1010]

Figure 10.6 (a) Top view of a 7 × 7 × 2 GaN supercell having wurtzite structure.
(b) Ga48N48 supercell which yields a NW of infinite length along the [0001] direction

[1010]

[0001]

[0110]

II III

VIVIV

I

o

Figure 10.7 Six configurations of Ga46Mn2N48 supercell identifying various Ga
sites that have been replaced by Mn. The lighter spheres are N, the grey spheres are
Ga, and the black spheres are Mn



OTE/SPH OTE/SPH

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

JWBK104-10 JWBK104-Feenstra December 15, 2007 1:35 Char Count= 0

MAGNETISM OF DOPED GaN NANOSTRUCTURES 261

Table 10.4 Energy difference (�E) between AFM and FM states, the relative
energy (�ε) calculated with respect to the ground state (configuration V), the
optimized Mn-N (dMn−N) and Mn-Mn (dMn−Mn) distances, and the magnetic
moments at Mn (μMn) and its nearest neighbor N (μN) atoms for the configurations
given in Figure 10.7

Configuration �E (eV) �ε (eV) dMn-N (Å) dMn-Mn (Å) μMn (μB) μN (μB)

I 0.162 1.458 1.913 3.075 3.388 −0.0121
II −0.363 0.617 1.774 2.755 2.165 −0.05
III −0.14 0.66 1.818 2.677 2.706 −0.025
IV 0.067 0.191 1.834 3.293 3.194 −0.09
V 0.075 0 1.839 2.965 3.488 −0.114
VI 0.02 0.283 1.837 5.19 3.269 −0.02

alignments of the Mn spins. The atomic coordinates of all the atoms in
the supercell were optimized without any symmetry constraint. Results
of our calculation are summarized in Table 10.4.

We see that the FM state of configuration V has the lowest energy with
its AFM state lying 0.075 eV above the FM state. In this configuration
the two Mn atoms reside in the outermost surface sites and form the
zigzag chain along the [0001] direction. The next two higher energy con-
figurations (IV and VI) which lie 0.191 and 0.283 eV above the ground
state are also FM. For these two configurations the Mn–N distances are
nearly the same as that in the ground state configuration, namely 1.84 Å,
but the Mn–Mn distances are very different, namely 3.293 and 5.190 Å.
This could imply that the Mn–N distance may play a more crucial role
than the Mn–Mn distance in dictating the magnetic coupling between
the two Mn atoms.

To study the effect of the wire diameter on the magnetic properties
of Mn-doped GaN NW, we performed the calculations for the thinnest
GaN NW which has been created from a GaN (5 × 5 × 4) supercell by
cutting the part outside of the innermost hexagonal unit along [0001]
direction. The corresponding supercell consists of 48 atoms (Ga24N24)
with a diameter of 0.45 nm. We have also replaced two of the Ga atoms
with Mn at different sites to check the magnetic coupling between Mn
atoms. It was found that the configuration where the two Ga atoms
at the nearest neighbor sites were replaced by Mn is the ground state
with the FM state being lower in energy by 0.08 eV than the AFM state,
similar to what we found in the previous thicker wire. Therefore, we con-
firmed that Mn atoms couple ferromangetically, even in such small size
GaN NW.
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Due to the smaller size of the NW and the large bond length contrac-
tion, magnetic moments on Mn sites are small, namely the two Mn atoms
only carry magnetic moment of 0.604 and 0.555μB. These Mn moments
are smaller than any existing values in bulk or thin films. Therefore, in
one-dimensional systems the wire thickness can be used to control the
magnitude of the magnetic moment.

10.4.2 Cr-doped GaN Nanotubes

The GaN NT has been generated from a (7 × 7 × 3) GaN bulk super-
cell having wurtzite crystal structure (Figure 10.8) [59]. We removed the
atoms from the outside and inside areas of the two circles and replaced
them with vacuum space. The NT supercell thus created extends to infin-
ity along the [0001] direction through the repetition of the supercell. This
GaN NT has a polygon periphery. The geometry optimization was car-
ried out and it was found that the initial polygon structure transformed
into a perfect cylindrical tube with a diameter of 9.84 Å – GaN single
wall nanotube (SWNT), as shown in Figure 10.9. It is interesting to note
that this optimized SWNT has the same structural feature as the carbon
(9, 0) SWNT. To check the structural stability of the GaN SWNT, we per-
formed finite-temperature ab initio molecular dynamics calculations. It
was found that the tubular structure at T = 0 K remains stable at 300 K
after 2000 time steps with a time step of 1.0 fs. No significant distortions
have been found.

[0001]

[0110]

[1010]
(a) (b)

Figure 10.8 (a) Top view of a 7 × 7 × 3 GaN supercell having wurtzite structure.
(b) GaN-NT supercell (Ga54N54) which extends to infinite length along the [0001]
direction
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(a) (b)

Figure 10.9 Schematic representation of the initial (a) and optimized (b) GaN NT
supercell, viewed along the [0001] direction. The lighter spheres are Ga and the
darker spheres are N

The preferred site and magnetic coupling between Cr atoms in the GaN
NT was studied by carrying out total energy calculations for both FM
and AFM configurations and for six different placements of the Cr atoms.
We started the calculations with the initial polygonal geometry, since it
is not clear if the NT’s geometry would change into the SWNT, once Cr
is doped. It was found that the initial geometries of all the configurations
change substantially following the relaxation. The optimized geometries
of all the configurations are tubular with almost the same radius as that
of the pure GaN SWNT and similar to that for the carbon (9, 0) SWNT.
The configuration with two Ga atoms at nearest neighbor sites on the
same (0001) plane was found to be the ground state. The FM state is
0.245 eV lower in energy than the AFM state. The surface relaxation has
resulted in a large change of the Cr–Cr distance, from 3.189 to 3.408 Å.

To study the effects of the thickness of the NT wall and the Cr con-
centration on the magnetic coupling between Cr atoms, we performed
additional calculations for a GaN multi-wall nanotube (MWNT). This
was generated from a (9 × 9 × 2) GaN supercell following the same pro-
cedure as discussed for the GaN SWNT. The MWNT supercell contains
a total of 192 atoms with a diameter of 7.808 Å for the innermost wall
and a diameter of 16.259 Å for the outermost wall. We have replaced
a pair of the nearest neighbor Ga atoms with two Cr atoms to study
their magnetic coupling. These replacements resulted in four configura-
tions (Figure 10.10), and correspond to a 2.1 % Cr doping concentration
(Ga94Cr2N96). It was found that configuration I is the ground state with
FM state lying lower in energy by 0.074 eV than that in AFM state. The
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III

IVIII

Figure 10.10 Schematic representation of the four configurations of Cr-doped GaN
MWNT supercells

other three configurations are respectively 0.214, 0.882 and 1.132 eV
higher in energy than the ground state configuration I. Therefore, it is
apparent that the FM coupling between the Cr atoms is not affected by
the thickness of GaN NT.

To further confirm that the calculated ferromagnetism in Cr-doped
GaN NTs is not a consequence of the approximation to exchange and
correlation potential, we have employed the LSDA+U method [60, 61].
This replaces the Coulomb interaction among the localized electrons (e.g.
transition metal d) by statically screened parameters U and J. We consid-
ered the Coulomb correction for Cr 3d electrons in the calculations for
the ground state configurations of both the SWNT and the MWNT. We
chose the same value for the exchange interaction parameter J, namely,
0.87 eV, which was used in some previous calculations [62, 63] and var-
ied the Coulomb correction U from 2 to 6 eV treating it as a screened
parameter. It was found that the FM states are always lower in energy
than the AFM states, the introduction of U over a quite large range does
not change the magnetic coupling between Cr atoms. This shows the
high stability of the FM coupling between Cr atoms in GaN NTs.
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Figure 10.11 Schematic representation of a GaN NH (Ga88N88) supercell (a) and
GaN NH arrays (b)

10.4.3 Cr-doped GaN Nanohole Arrays

The GaN NH supercell has been generated from a (5 × 5 × 2) GaN
bulk supercell by removing the atoms in a central hexagonal unit along
the [0001] direction and replaced with a vacuum space [64]. A supercell
containing 88 Ga atoms and 88 N atoms, as shown in Figure 10.11(a),
models the NH arrays that extend to infinity through the supercell repe-
tition along the three directions [see Figure 10.11(b)].

To study the magnetic coupling between Cr atoms in the NH, we have
again replaced a pair of Ga atoms with Cr at the nearest neighbor sites
and at the next nearest sites on the NH surface along different directions
to see if clustering of Cr atoms seen in GaN bulk, thin film and NWs
still persists in the NH array. To study the effect of curvature of the NH
on the site preference of Cr atoms, we created the configurations where
one Ga atom at the surface site and another one at the nearest bulk
site or two Ga atoms at bulk sites forming the nearest neighbor were
replaced with Cr atoms. Total energy calculations with full geometry
optimizations were performed for both FM and AFM spin alignments
for all the configurations. The configuration with the Cr atoms replacing
two Ga at the nearest surface sites in the same (0001) plane was found
to be the ground state with the FM state lying 0.128 eV lower in energy
than the AFM state. The configurations with the two Cr atoms at the bulk
sites and one at bulk site and another at surface are found to be higher
in energy by 0.958 and 0.910 eV than the ground state, respectively,
which indicates that Mn atoms couple ferromagnetically in the NH, the
Cr atoms like to be close to each other and reside on the surface sites of
the NH.
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Figure 10.12 (a) Total DOS corresponding to pure Ga88N88 NH, (b) total DOS of
Cr-doped GaN NH, (c) partial spin DOS of Cr atom, and (d) partial spin DOS of Cr
3d and N 2p in Ga86Cr2N88 supercell

We plot the total DOS and the partial DOS for the NH with and
without Cr doping using GGA and GGA+U in Figure 10.12. The total
DOS show the semiconductor feature for the pure NH and half-metallic
feature for Cr-doped NH. The Cr 3d majority states dominate the total
DOS in the band gap region. There is a visible overlap between Cr 3d
and N 2p states [Figure 10.12(d)]. The Coulomb correlation effect is
obvious: it enhances the gap in the spin-down DOS and the exchange
splitting of Cr 3d at the Fermi level. As shown in Figure 10.12(c), there is
a downward shift of the Cr 3d spin-up valence states (i.e. the high peak
DOS near ∼ −1.2 eV shifts down to ∼ −1.6 eV from the Fermi energy
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IV (ΔεIV = 0.680 eV) 

II (ΔεII = 0.182 eV) I (ΔεI = 0.000 eV) 

III (ΔεIII = 0.344 eV) 

Figure 10.13 Four configurations of Ga85Cr3N88 supercell. The yellow spheres are
Ga, the blue spheres are N, and the red spheres are Cr

EF), and an upward shift of the Cr 3d spin-down conduction states (from
∼1.6 to ∼2.6 eV away from the EF).

To further explore the magnetic interaction between the Cr atoms and
the effect of Cr concentration on the magnetic coupling between Cr atoms
in the GaN NH system, we have performed additional calculations for
the configurations where three and four Ga atoms were replaced by Cr
in the supercell, corresponding to a slightly higher Cr concentration of
3.4 and 4.5 %, respectively. We have carried out an extensive search for
their most favorable geometric and magnetic configurations. Four typical
configurations, as shown in Figure 10.13, have specifically been discussed
for the case where three Cr atoms were substituted.

For each configuration, calculations were carried out for different spin
alignments, namely FM (↑↑↑), and ferrimagnetic (↑↓↑), (↑↑↓), (↓↑↓),
(↑↓↓). It was found that the configuration I is the energetically most stable
state lying lower in energy by 0.182, 0.344 and 0.680 eV than the other
three configurations, respectively. For the ground state configuration,
it was found that the (↑↑↓) spin alignment is lower by 0.051, 0.230,
0.192, and 0.221 eV in energy than that for (↑↑↑), (↑↓↑), (↓↑↓), and
(↑↓↓), respectively. The total moment for this ground state was found
to be 2.775μB with each Cr atom carrying a local moment of (2.274,
2.990, −2.695)μB. For the case where four Cr atoms were substituted,



OTE/SPH OTE/SPH

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

JWBK104-10 JWBK104-Feenstra December 15, 2007 1:35 Char Count= 0

268 POROUS SILICON CARBIDE AND GALLIUM NITRIDE

the total energy calculations also clearly show that Cr atoms prefer to
cluster. The most stable configuration is the one where the four Cr atoms
occupy the nearest neighbor sites at the NH surface. For this ground
state configuration, calculations were also carried out for different spin
alignments, namely (↑↑↑↑), (↑↓↑↓), (↑↓↓↑), (↑↑↓↓), (↓↑↑↑), (↑↓↑↑),
(↑↑↓↑) and (↑↑↑↓). It was found that the energetically most favorable
spin state again is ferrimagnetic (↓↑↑↑) with a total magnetic moment of
6.863 μB. The results indicates that the Cr atoms indeed prefer to cluster
in the GaN NH, the preferred magnetic coupling is ferrimagnetic for the
Cr cluster larger than two atoms, and the magnetic interaction in the
Cr-doped NH is shorted ranged, as found in Cr-doped GaN bulk system
[65, 66].

10.5 N-DOPED Mn AND Cr CLUSTERS

From the above study, we note that the clustering of Mn or Cr around N
is responsible for the ferromagnetism of Mn- or Cr-doped bulk GaN as
well as the large variation in the Curie temperature of different samples.
Although Mn and Cr are both AFM in bulk phase, these impurity atoms,
when doped into GaN, go to Ga substitutional sites as Cr3+ and Mn3+

valence states in d3 and d4 configurations, respectively, and result in
ferromagnetism in Mn- or Cr-doped GaN bulk systems. Note that Mn4N
is known to be FM with a Curie temperature 745 K [67]. This raises the
question whether, under suitable growth conditions, Mn-doped in GaN
can form Mn4N clusters. It is, therefore, interesting to examine how
MnxN clusters form in the gas phase and how their structure evolve with
the addition of Mn atoms one at a time.

10.5.1 Giant Magnetic Moments of MnxN Clusters

Calculations of the equilibrium geometries, total energies, electronic
structure, and magnetic properties have been carried out for MnxN clus-
ters for x = 1–5 [68]. The geometries are given in Figure 10.14. We found
that the binding energy of Mn clusters can be substantially enhanced by
N atoms by having their hybridized s-d electrons bond with the p elec-
trons of N. This stabilization is accompanied by FM coupling between
the Mn atoms which, in turn, are antiferromagnetically coupled to N
atoms. This N mediated FM coupling also gives rise to giant magnetic
moments of MnxN clusters with total magnetic moments of 4 μB, 9 μB,
12 μB, 17 μB, and 22 μB for x = 1–5, respectively. On the contrary, Mnx
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Figure 10.14 Geometries of MnxN clusters in their ground states. The bond lengths
are given in angstroms. The spin density surfaces corresponding to 0.005 a.u. for these
clusters are plotted on the right. The green surfaces represent negative spin densities
around the N site while the blue represents positive spin density around Mn sites

clusters are weakly bound and Mn7 is known to exhibit FM behavior.
Thus, study of MnxN clusters in the gas phase sheds light on the magnetic
properties of Mn-doped GaN.

10.5.2 N-induced Magnetic Transition in Small
CrxN Clusters

Although Cr and Mn are neighbors in the periodic table, they exhibit
very contrasting behavior while sharing some common features. Cr atoms
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bind strongly with another Cr atom and the resulting sextuple bonding in
a Cr2 dimer yields a very short bond (1.68 Å) and a large binding energy
(1.44 eV). However, Mn2 is very weakly bonded and has the largest bond
length of any dimer in the 3d series. However, both Mn and Cr are AFM
in their bulk phase. It is interesting to see if Cr clusters couple ferromag-
netically when doped with a N atom, just as MnxN clusters have been
seen to do [68]. Calculations show that Crx clusters are antiferromag-
netically coupled with total magnetic moments of 0 μB, 6 μB, 0 μB, and
2 μB for x = 2–5, respectively, while the doping of N drastically modifies
their magnetic properties. CrxN clusters are ferromagnetically coupled
with Cr atoms coupled antiferromagnetically to the nearest-neighbor N
atom. The magnetic moments of Cr2N and Cr3N are, respectively, 9μB

and 13μB. The binding of N and Cr is substantially larger than that
between the Cr atoms. Thus, clustering of Cr atoms around N is ener-
getically favorable in the gas phase.

These observations in N-doped Mn and Cr clusters have relevance to
the studies of the observed ferromagnetism in Mn- and Cr-doped GaN,
as in these systems, it is possible that Mn and Cr atoms could cluster
around N. Therefore, Curie temperatures could be enhanced since it is
proportional to the square of the moment. Thus, one can expect that as an
impurity (Mn or Cr) in GaN, the giant ‘cluster magnets’ may play a sig-
nificant role in the observed ferromagnetism in (Ga,Mn)N or (Ga,Cr)N
semiconductors.

10.6 SUMMARY

A comprehensive study of the electronic structure and magnetic proper-
ties of the Mn- and Cr-doped GaN has been carried out to study how the
dimensionality, local coordination, and symmetry play a role not only
on the magnetic moments of transition metal atoms but also on their
magnetic coupling. The system we have studied include crystalline bulk,
(1120) and (1010) thin films, NTs, NWs, NH arrays, and clusters. Our
work has led to the following conclusions: (1) We have shown that the
magnetic coupling between transition metal atoms in Mn- and Cr-doped
GaN can be altered by selecting the dimensionality of the system. In one-
dimensional Mn-doped GaN nanostructures, the special topology of the
surface and the confinement of electrons in the radial direction drive the
coupling to be FM while in thin films the Mn atoms couple antiferro-
magnetically. In addition, the magnitude of the magnetic moments can be
tuned by changing the size of the nanostructures. The flexibility of both
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controlling the magnetic coupling and magnetic moment by choosing the
dimensionality and the size of the nanostructures may be useful in prac-
tical applications. (2) The magnetic coupling between transition metal
(TM) atoms is mediated by the N atom in GaN and is very sensitive to
the inter-atomic distance between them as well as between the TM atoms
and the nearest N atom. (3) The TM atoms prefer to cluster around the
N atoms and in general reside on the surface. (4) The surface relaxations
in thin films, NTs, NH arrays, and NWs are large and lead to magnetic
coupling that may differ strongly from than in the bulk crystals. (5) Our
results on (Ga,Mn)N system codoped with C further suggest that it is
possible for the Mn atoms to couple ferromagnetically when the concen-
tration of C is increased beyond a critical limit. This FM coupling is due
to the hole carriers introduced by C. The density of states in C codoped
(Ga, Mn)N shows half metallic behavior where C introduces states at
the Fermi level in the spin-up band. The overlap between Mn 3d and C
2p leads to the change in the magnetic coupling. Our theoretical results
explain the origin of the vast disagreement between many experiments as
due to sample preparation conditions and demonstrate the key param-
eters that need to be controlled in order for the transition metal doped
GaN to be FM. Porous GaN with tailored pore size has the potential
for a spintronics material as it contains large surface area with varying
curvature and coordination.
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