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We report total-energy electronic-structure calculations based on density-functional theory that clarify mag-
netism of Gd-doped GaN. We find that Ga vacancies with the magnetic moment of 3�B formed upon Gd
doping interact ferromagnetically with each other and thus cause gigantic magnetic moments per Gd atom. Our
detailed analyses are indicative of intrinsic ferromagnetism due to cation vacancies rather than magnetic
dopants in nitride semiconductors.
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Adding magnetic functionality to nonmagnetic semicon-
ductors at room temperature is a principal target to realize
emerging spintronics. Syntheses of diluted magnetic semi-
conductors �DMSs� in which magnetic impurities are doped
in II-VI �Ref. 1� and lately III-V �Ref. 2� semiconductors
have been pursued for this purpose. However, the coupling
among magnetic impurities is occasionally antiferromagnetic
�AFM� and even when it is ferromagnetic �FM�, the Curie
temperature is extremely low. For Mn-doped CdTe it is be-
low 2 K,3 and for the more successful case, Mn-doped GaAs,
it is about 100 K at most.2,4 The observed ferromagnetic
behaviors are speculated to be due to Ruderman-Kittel-
Kasuya-Yoshida �RKKY� interactions5 since doped Mn in-
duces holes in the valence bands.

Nitride semiconductors such as GaN and InN have
emerged as new materials for blue light-emitting and laser
diodes6 and now prevailed as most important semiconductors
in optoelectronics. Recently, ferromagnetic behaviors at well
above room temperature have been reported for GaN,7–12 of-
fering a new stage for interactions among charge, spin, and
light. A Curie temperature higher than 400 K has been indeed
reported for gadolinium-doped GaN.7 More surprisingly, the
colossal magnetic moment of 4000�B per Gd atom has been
observed in epitaxial Gd-doped GaN.9 These magnetic be-
haviors are quite different in quality from the previous II-VI
and III-V DMSs so that the clarification of the microscopic
origins for the ferromagnetic state in GaN is imperative.

The colossal magnetic moment may be correlated with
intrinsic defects introduced upon Gd doping since Gd-
implanted samples show magnetic moments even larger than
4000�B.10 This speculation is partly substantiated by recent
calculations based on density-functional theory �DFT� for a
small GdGa7N8 periodic unit, in which a complex of Gd and
a Ga vacancy �VGa� shows the magnetic moment of 10�B.13

Indeed, Ga monovacancies, one of the common intrinsic de-
fects in GaN, have recently been found to exhibit spontane-
ous spin polarization having the magnetic moment of 3�B in
the neutral charge state.14–17 The spin polarization around the
vacancy itself is surprising since neighboring atoms usually
form rebonds, and net spin becomes minimum in covalent
semiconductors. Further, neither the ground-state spin con-
figuration of Ga vacancies with a Gd atom nor the character-
istics of interactions among VGa and Gd spins has not been
clarified yet.

In this work, we report total-energy electronic-structure

calculations based on DFT for a variety of spin and geo-
metrical configurations for a Gd atom and Ga vacancies in
GaN. We have found that the Ga vacancies interact with each
other ferromagnetically with the presence of the Gd atom
and that the magnetic moment increases linearly with in-
creasing the number of Ga vacancies. We have obtained the
magnetic moment of �=220�B for 71 Ga vacancies per one
Gd atom. We thus argue that the colossal magnetic moment
observed is attributed to the ferromagnetic interactions
among cation-vacancy spins in GaN. The results also indi-
cate an unprecedented magnetism due to atom vacancies in
covalent semiconductors.

First-principles total-energy calculations have been per-
formed on the basis of DFT �Refs. 18 and 19� within the
generalized gradient approximation �GGA� �Ref. 20� using
the exchange-correlation functional of Perdew, Burke, and
Ernzerhof �PBE�.21 The core electrons are treated by the
projector-augmented wave method22 as implemented in the
VASP code.23–25 Thirteen electrons of Ga including closed-
shell 3d states are calculated explicitly as valence electrons
as well as 18 electrons in the Gd 5s, 5p, 4f , 5d, and 6s states.
For Gd 4f electrons, the DFT+U method26 is adopted to in-
corporate on-site Coulomb repulsion among localized f elec-
trons sufficiently, where the Hubbard U �6.7 eV� and the
exchange J �0.7 eV� have been obtained in the local spin
density approximation and describe spectroscopic and mag-
netic experiments satisfactorily.27 Electronic wave functions
are expanded using the plane-wave basis set with a cutoff
energy of 400 eV. The wurzite atomic structure of the
GdxGa1−xN system is fully optimized using the 2�3�2�3
�2 supercell containing 96 sites and the 6�6�4 supercell
with 576 sites, where each supercell contains one Gd atom
�corresponding to x=0.02 and 0.003, respectively� unless
otherwise stated. The electronic-state sampling is made using
4�4�4 and 2�2�2 grids of k points over the first Bril-
louin zone for the 96-site and 576-site supercells, respec-
tively.

We begin with two Ga vacancies around a Gd atom. We
have first explored possible spin configurations of the Gd and
two VGa, and found that the ferromagnetic configuration is
most stable having energy differences of 10–50 meV com-
pared with the configurations containing antiferromagnetic
arrangements. Figure 1�a� shows optimized atomic structure
of the ferromagnetic configuration in the 96-site wurzite su-
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percell. Both Gd and VGa induce outward breathing relax-
ation of the first-neighbor nitrogen atoms. This relaxation
pattern is common to all the spin configurations and is in
contrast to Jahn-Teller relaxation commonly observed in co-
valent semiconductors. This unusual relaxation pattern is
found to be a consequence of small atomic radius of nitrogen
in nitride semiconductors.17 The density of states for the fer-
romagnetic configuration is shown in Fig. 1�b�. The local
density of states indicates that the Gd f shell is half filled by
electrons with the majority spin. For the case without VGa,
the magnetic moment comes only from the half-filled Gd 4f
electrons resulting in �=7.00�B. It should be noted that the
Gd 5d electron in GaN:Gd is involved in the chemical bond-
ings with N and thus does not contribute to the net magnetic
moment, resulting in smaller magnetization of Gd in GaN
than in metallic hcp Gd. Since all the Gd valence electrons
except for the localized 4f electrons contribute to the chemi-
cal bondings with the valence of three, the defect-free
GaN:Gd remains semiconducting.

The two VGa induce defect levels which are located in the
lower part of the band gap. In the neutral charge state, the six
levels in the gap with the minority spin �Fig. 1�b�� are unoc-
cupied whereas the counterparts with the majority spin are
resonant in the valence band.28 Consequently, the two VGa
generate six holes in the band gap and then contribute to the
magnetic moment of 6�B. Spins induced by these two VGa
interact with the Gd spin ferromagnetically and the total
magnetic moment becomes �=13�B in GaN:Gd with two
Ga vacancies.

We next increase the number of VGa around the Gd atom
and calculate the magnetic moment � as shown in Fig. 2. For
all the cases, the ferromagnetic spin polarization is obtained.
As the number of VGa increases, the magnetic moment in-
creases linearly by 3�B per VGa due to three holes arising
from the vacancy with the minority spin. We have found that
the magnetic moment reaches 220�B per Gd atom with 71
VGa. Therefore, the huge magnetic moment of 4000�B in
GdxGa1−xN reported in experiments9 is highly attributable to
the magnetism due to Ga vacancies.

To verify that the ferromagnetic configuration is stable
when the number of the Ga vacancies is large enough, we
compare total energies of various spin configurations of
GaN:Gd with ten Ga vacancies. Figure 3 shows calculated
total energies for seven spin configurations, each of which
has a particular magnetic moment. The ferromagnetic con-
figuration with �=37�B is most stable, whereas an antifer-
romagnetic configuration among ten Ga vacancies with �
=7�B is the least. The configuration where Gd �7�B� inter-
acts antiferromagnetically with ferromagnetically ordered Ga
vacancies �−30�B� is also less stable than the ferromagnetic
configuration by 0.09 eV. We have also examined the energy
difference without the Gd atom. We have found that the fer-
romagnetic configuration ��=30�B� is lower in total energy
than the antiferromagnetic configuration ��=0�B� by 1.12
eV, which is again indicative of intrinsic ferromagnetism due
to Ga vacancies.
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FIG. 1. �Color online� �a� Optimized atomic structure of
GaN:Gd with two Ga vacancies using the 96-site wurtzite supercell.
�b� Density of states for the most stable electronic structure of the
atomic configuration shown in �a� which is ferromagnetic. The local
density of states for Gd and its f component are also shown. Ma-
jority and minority spins are denoted as “up” and “down,”
respectively.
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FIG. 2. �Color online� Magnetic moment per Gd atom with re-
spect to the number of VGa.
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FIG. 3. �Color online� Total energies of various spin configura-
tions for ten VGa in Gd0.02Ga0.98N as a function of the magnetic
moment per Gd atom. Energies are relative to that of the most stable
ferromagnetic configuration. The long arrows represent the spin of
Gd schematically, whereas the short ones are for Ga vacancies.
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In order to examine the magnetic interaction between Gd
atoms with the presence of Ga vacancies, we have consid-
ered the case where two Gd atoms interacting with each
other with the presence of two Ga vacancies. In Table I, we
show the total energies of several spin configurations and the
corresponding magnetic moment � per Gd atom. The dis-
tances between Gd and VGa examined here are 6.43 and
8.30 Å. Our calculated results clearly demonstrate that Gd
atoms interact ferromagnetically with the presence of Ga va-
cancies nearby.

To obtain further insights as to the stable spin configura-
tions, we have examined two-body interactions between
VGa-VGa, Gd-Gd, and Gd-VGa pairs in various geometrical
arrangements. Table II shows the energy difference between
AFM and FM configurations �E=EAFM−EFM for the various
pairing geometries along with the distance d between the two
spin sites and the calculated magnetic moment �. The posi-
tions of the spin sites A, B, C, and D are depicted in Fig.
1�a�. Here all the cation sites except for the spin sites we
consider are occupied by Ga atoms. For the

“VGa@A-VGa@A�” configuration, we used a 192-site su-
percell, where two 96-site cells stack in the c direction, while
the stacking direction is parallel to the �0001� plane for the
“VGa@A-VGa@A�” configuration. As for the “VGa-VGa
�zinc-blende�” configuration, we used a 128-site zinc-blende
supercell, where the cubic 64-site cell is doubled.

As for VGa-VGa interaction, the ferromagnetic coupling is
found to be energetically favorable in most cases for the
wurtzite structure, although the spatial arrangement of the
two spin sites certainly affects the coupling. The total-energy
difference �E is of the order of 10 meV when the distance d
is less than 10 Å, whereas it decreases and essentially van-
ishes for d�10 Å. We have also found that the antiferro-
magnetic coupling is favorable in some arrangements: the
arrangement of the VGa@A-VGa@C in a plane perpendicular
to the c axis in the wurzite structure and also the arrangement
in the zinc-blende structure. The latter is consistent with pre-
vious calculations,16 in which two VGa show antiferromag-
netic coupling in zinc-blende GaN giving the energy differ-
ence of �E=−27 meV within the GGA using the same
geometry with ours. Our results thus infer that the topology
of the bond network is decisive in occurrence of magnetism
in GaN, which is in accord with the experimental observa-
tion of superparamagnetism rather than ferromagnetism in
zinc-blende Gd-doped GaN.12

On the other hand, spin interaction between two Gd atoms
is negligibly small. Note that cases with short separations are
not considered here because it has been concluded experi-
mentally that Gd atoms distribute more or less uniformly
without clusterization.8,9 We have not obtained sizable en-
ergy difference between ferromagnetic and antiferromagnetic
couplings between two Gd atoms as in Table II. This is a
consequence that the electronic state responsible for the Gd
spin is the 4f state localized at the atomic site. It is notewor-
thy that the coupling becomes ferromagnetic with the pres-
ence of VGa nearby �Table I�. In addition, Gd and VGa always
couple ferromagnetically as far as we have explored, al-
though the anisotropy of the wurtzite structure strongly af-
fects the Gd-VGa interaction.

We are now in a position to discuss the observed colossal
magnetic moment: Gd incorporation is likely to cause Ga
vacancies; formation of defect complexes of the Gd atom
and the Ga vacancies is energetically favorable; this is in-
deed confirmed by our calculations showing that the binding
energy of Gd-VGa is �0.3 eV; then the coupling between Gd
and VGa is ferromagnetic as shown in Table II; in this situa-
tion, the coupling among VGa is also ferromagnetic as dis-
cussed above.

The present DFT+U calculations have clarified occur-
rence of ferromagnetism due to Ga vacancies in wurtzite
GaN. The carrier mediated mechanism such as RKKY or
Zener-type interaction which has been speculated to be the
mechanism of ferromagnetism of Mn-doped GaAs and InAs
�Ref. 5� is irrelevant to the present ferromagnetic state be-
cause no free carriers exist. Double exchange mechanism
with multiple orbitals is also unlikely. We provisionally con-
clude that the wave functions of the defect states due to VGa
exhibiting characteristic extension according to the bond net-
work in the wurtzite structure, especially via nitrogen sites,
result in ferromagnetic superexchangelike couplings.

TABLE I. Total energy E of two Gd atoms and two VGa in
Gd0.04Ga0.96N for each spin configuration together with the corre-
sponding magnetic moment � per Gd atom. Energies are relative to
that of the most stable ferromagnetic configuration. The distance
between two Gd atoms is 8.30 Å.

Spin configuration
E

�meV�
�

��B�

Gd↑Gd↑VGa
↑ VGa

↑ 0 10.00

Gd↑Gd↑VGa
↑ VGa

↓ 272 7.00

Gd↑Gd↓VGa
↑ VGa

↑ 41 3.00

Gd↑Gd↓VGa
↑ VGa

↓ 233 0.00

TABLE II. Energy difference between AFM and FM states
�E=EAFM−EFM for various spin pairs together with the distance
between the two spin sites d and the corresponding magnetic mo-
ment �. The positions of the cation sites A, B, C, and D are indi-
cated in Fig. 1�a�. Note that configurations of the AB and the BC
sites are equivalent considering the periodicity of the supercell. For
the VGa@A-VGa@A� and VGa@A-VGa@A� configurations, we
used 192-site wurtzite supercells, while a 128-site zinc-blende su-
percell is used for the VGa-VGa �zinc-blende� configuration.

Site arrangement
d

�Å�
�E

�meV�
�FM

��B�
�AFM

��B�

VGa@A-VGa@B 8.30 9 6.00 0.00

VGa@A-VGa@C 6.43 −18 6.00 0.00

VGa@A-VGa@D 4.53 19 6.00 0.00

VGa@A-VGa@A� 10.48 2 6.00 0.00

VGa@A-VGa@A� 11.14 1 6.00 0.00

VGa-VGa �zinc-blende� 9.09 −33 6.00 0.00

Gd@A-Gd@B 8.30 0.0 14.00 0.00

Gd@A-VGa@B 8.30 1 10.00 4.00

Gd@A-VGa@C 6.43 38 10.00 4.00

Gd@A-VGa@D 4.53 1 10.00 4.00
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In conclusion, we have performed first-principles calcula-
tions on the spin polarization of Ga vacancies in Gd-doped
GaN focusing on the interaction among Ga vacancies and the
Gd atom. We have found that the ferromagnetic configura-
tion among spins of Ga vacancies and the Gd atom is ener-
getically most stable and that the magnetic moment increases
monotonically with the increasing number of Ga vacancies.
The present results are indicative of intrinsic ferromagnetism

due to cation vacancies in nitride semiconductors.
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