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1 Introduction

The primary goal of this project was to elucidate the origin of ferromag-
netism in Gadolinium doped Gallium Nitride. Ferromagnetism persisting
above 400 K was first reported for Gd doped GaN by Teraguchi et al. [1, 2].
The system attracted strong interested after Dhar et al.[3] reported the oc-
currence of “colossal magnetic moments”, i.e. magnetic moments per Gd of
order 4000 µB. This claim was rather controversial and finding a quanti-
tative explanation for this unusual phenomenon is a challenge. While the
authors of that paper originally proposed[4] that the magnetic moments arise
from polarization of the host semiconductor within “spheres of influence”
of order 50 nm, the reason for this unusually strong polarization remained
unclear. Subsequent studies by several groups indicated that the origin of
this magnetism is defect related.[5, 6] While a few other groups have been
able to see signs of magnetism in this system,[7, 8] none reported explic-
itly the very high magnetic moments, which rely on measuring precisely
the very dilute Gd concentrations. It is only in the regime of doping as
low as 1015 cm−3 that colossal magnetic moments were claimed to occur.
Evidence for Gd and other rare-earth induced magnetism were found also
for Gd-doped AlN,[9] for Eu,[10] Tm [11], Er [12, 13] and related observa-
tions were made of luminescence from these rare -earth ions. Hite et al.
[7] found an increased magnetic effect with Si-codoping but a quenching of
the magnetism by proton irradiation,[8] which was however reversible by
annealing. Others [14, 15] found traces of secondary phases, none of which,
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however, can quite explain the ferromagnetism above room temperature.
Paramagnetic/ferromagnetic resonance studies by Kammermeier et al. [16]
found no conclusive signals that could account for the high temperature
magnetism although some evidence for either Gd or GdN clusters. The fact
that implantation leads to even higher magnetization but annealing reduces
it somewhat[5, 6] strongly suggests that defects are responsible. X-ray mag-
netic circular dichroism (XMCD) studies[17, 18] show that the Gd L3 edge
XMCD signal does not follow the hysteresis observed by SQUID (super-
conducting quantum interference device) measurements, indicating that the
main origin of the magnetism does not arise from Gd itself.

On the theoretical side, the first attempt at an explanation came from
Dalpian and Wei [19] who proposed an s − f coupling model, in which
the conduction band is spin-split by the interaction with minority spin Gd-
f electrons. Subsequently, Larson and Lambrecht ,[20] elaborated on this
model, showing that with donor concentrations due to oxygen of order 1000
times larger than the Gd concentration, the colossal moments could possibly
be explained if a Gd leads to a sufficiently large spin splitting and donor
electrons would be ionized to fill only the minority spin split-off band.

The increasing experimental evidence for a defect origin of the mag-
netism in Gd-doped GaN, led to the suggestion by Liu et al. [21] that
Ga vacancies were responsible. Dev et al. [22] suggested that Ga vacan-
cies on their own without even any Gd can lead to ferromagnetism and
exhibit rather strong and long-range couplings between them. The Ga-
vacancy model was recently further explored by Gohda and Oshiyama [23]
who showed that by adding increasingly more vacancies per Gd, magnetic
moments as large as 220 µB could be obtained for 71 Ga-vacancies per Gd.
None of these works however addressed the question, why such a large num-
ber of Ga vacancies would form in the presence of Gd.

The specific goals of the present project and the main results are de-
scribed in the following sections.

2 Statement of the Problem Studied

The broad goal of the proposal was to investigate the magnetic behavior of
rare-earth impurities in semiconductors and their possible role in facilitating
dilute magnetic semiconductors. At the same time we anticipated working
on luminescent properties of rare-earths in GaN as a secondary topic once
the magnetic properties were understood or in support of experimental in-
vestigations that use the optical luminescence to obtain information on the
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rare-earth behavior in GaN. While other rare-earths besides Gd are also of
interest, and in particular are of interest for their luminescent opto-electronic
applications, it was decided to focus on the Gd doping induced magnetism
in GaN.

The initial goal was to elaborate on the model proposed by Dalpian and
Wei [19] following preliminary work in our group by Larson [20]. It soon
however became clear that this model was untenable. Essentially, the spin-
splitting induced by the s − f coupling was found to be proportional to
concentration of Gd and while splittings of the order of 50 meV as required
to explain colossal moments were found for concentrations of a few percent,
the spin-splitting is then predicted to become negligible for the dilute con-
centrations where the colossal magnetic moment behavior was claimed to
exist.[24]

In view of the prevailing experimental skepticism about Dhar et al.’s
results [3], we then decided to focus on the more realistic claims of fer-
romagnetism rather than the colossal magnetic moment issue. Our initial
findings in this context were that Gd in GaN couples antiferromagnetically.
This agreed with Dalpian and Wei’s results[19] but contrary to their results
we found p-type doping rather than n-type doping to change the coupling
to being ferromagnetic. Our goal at that time was to figure out the ori-
gins of this discrepancy. While this work was on-going, new ideas about
defect-origins of the magnetism started surfacing and we re-oriented our
work toward studying point defect origins. We critically reviewed the pro-
posed Ga-vacancy model and to found it could also not stand muster. We
decided to investigate alternative defect models, such as interstitials. This
finally led to a promising new model.

During the course of the project, some sidelines of research were explored.
These are described at the end of the following results section.

3 Summary of Most Important Results

The most important result of the project was that none of the previous mod-
els proposed in literature for explaining the Gd-doped colossal magnetism
and ferromagnetism were viable when critically examined. Instead, we found
that nitrogen interstitials as well as oxygen interstitials are likely to play a
key role in the magnetism.

First, the Dalpian and Wei [19] conduction band splitting model with
the spin-split conduction band being filled by donor electrons was found
to be inadequate to explain the dilute limit because the spin-spin splitting
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in that limit becomes negligible so that the spin split off part of the band
can not hold enough electrons to explain the colossal moments. From our
calculations of the induced magnetic moments on neighboring atoms to Gd,
we could find no evidence for the polarization of the host atoms as proposed
by Dhar et al. [3, 4] either. Even giving up on explaining colossal moments,
we found that electron free carrier induced coupling between Gd atoms made
them more antiferromagnetic rather than ferromagnetic in contrast to the
results published by Dalpian and Wei[19]. It was instead found that p-type
doping could possibly make the interactions weakly ferromagnetic. All these
results were described primarily at conferences and in Chandrima Mitra’s
Ph.D. thesis [24] but were not in themselves deemed sufficient to justify a
peer reviewed journal article.

The appearance of Liu et al.’s [21] paper proposing Ga vacancies were
responsible for the magnetism in this system, led to a change in our research
direction. While initially, this seemed a promising idea and in fact consistent
with our findings of ferromagnetic coupling for p-type doping, it soon became
clear to us that this model also had problems. In fact, inspection of the old
literature on point defects in GaN showed right away that Ga vacancies in
the neutral charge state, studied by these authors as well as by Dev et al.
[22] have the highest energy of formation among all native point defects in
GaN. Hence, how can one explain where the Ga vacancies would come from?
The older literature on point defects in GaN however did not consider or
discuss magnetic properties. We thus initiated calculations of various defects
in the presence of Gd in the sample.

We initially followed the idea that strain relieve might be the cause for
Ga vacancy formation: Gd substitution on Ga make the lattice expand,
while Ga vacancies would make the lattice contract. We estimated this ef-
fect quantitatively and found that about 20 Ga vacancies are required per
Gd to keep the lattice volume unchanged. However, thinking more about
this result, we realized that there is no reason why the lattice constant would
not expand by Gd. In fact, samples with Gd do show a lattice expansion.
We concluded that the total energies are the more appropriate quantity to
examine and this would preclude the formation of Ga vacancies. Further-
more, we realized that for semi-insulating conditions in the samples, which
would result in a mid band gap Fermi level position, the Ga vacancies would
be in a triple negative charge state and then have no magnetic moment. We
then decided to look for alternative defects that would have similar char-
acteristics of the Ga vacancy of producing a magnetic moment. Following
the idea that they should have N dangling bonds or non-bonding states, we
tried nitrogen interstitials next to a Gd in the octahedral interstitial site. We
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also tried O interstitials starting from the idea that oxygen might migrate
close to Gd. These ideas were based on the notion that Gd actually prefers
octahedral bonding as is clear from both GdN and Gd2O3. We found that
both interstitial N and O next to Gd gave magnetic moments and provided
ferromagnetic interactions between Gd atoms. We then further pursued
this model by studying the distance dependence of the interactions between
Gd spins and N interstitial spins. Finally, we also examined the energet-
ics and found that both N and O interstitials are attracted toward the Gd
because they have a lower energy when situated next to a Gd atom. We
also found support for the interstitial idea in the already published litera-
ture. The results of this investigation were published in PRB as a Rapid
Communication.[25]

Our most important result of the project is thus that N interstitials and
possibly O interstitials are likely candidates in causing the ferromagnetism
in Gd doped GaN. While not explaining the colossal magnetic moments,
they do lead to additional sources of magnetic moment besides the Gd 4f
electrons. They couple ferromagnetic between each other and Gd and cause
the Gd 4f moments to align themselves with the N moments and with each
other. These interactions are sufficiently long range and strong to at least
in a qualitative sense explain ferromagnetism up to elevated temperatures.
They maintain their magnetic moments even with the Fermi level pinned
at mid gap positions and consistent with the known semi-insulating nature
of most magnetic Gd doped GaN samples. We found it was favorable for
substitutional O to move toward a near Gd octahedral interstitial site, as
long as it the chemical potential of N is high enough (as occurs in a growth
environment) so as to readily fill the resulting N vacancy. We also found that
N interstitials are attracted toward Gd. N interstitials are furthermore found
to be relatively low energy of formation native defects. After N vacancies
they are the next easy to form defect for mid-gap Fermi level positions.
One can also easily imagine that nitrogen vacancy-interstitial pairs form
abundantly during Gd implantation.

While further work will be necessary to fully explore this model, it is at
present the most plausible model to explain ferromagnetic behavior. In re-
ality the situation may be more complex however, because phase separation
issues and clustering of Gd also appear to occur in real samples.[17, 18, 16]
It is not possible at this moment however to explain colossal magnetic mo-
ments, and this claim thus remains doubtful in our opinion.

During the no-cost extension period of the grant, we studied the recent
proposal by Ney et al. [26] that Gd occurs in part on N sites as well as
on Ga sites. Furthermore these authors proposed that the XLD spectra
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measured by them could only be simulated properly by including pairs of
adjacent Gd on Ga and N sites. We thus performed calculations to determine
the site preference of Gd on N and Ga sites and for the adjacent pair and
investigated how this affects the electronic stucture and magnetism. We
found, as expected, that Gd on N sites is a high energy formation defect
of order 14 eV/Gd even in optimal conditions, of N poor, Gd rich chemical
potentials. The system significantly relaxes with outward relaxation of the
atoms around the Gd on N site. Even when we allowed the volume of the
cell to relax the energy stayed high. For the pair, we find also a strong
relaxation, in which the Gd atoms repel each other such that the Gd moves
away from the N site toward an intersitital site. This situation has lower
energy that the isolated GdGa, GdN but stil high energy. The electronic
structure of Gd on N is more perturbed leading to a defect level in the gap.
Nonetheless after full relaxation, the magnetic moments just add up to those
of the individual Gd atoms, meaning that the two stayed ferromagnetically
coupled. In view of the large energy of formation, the occurence of Gd
on N sites and in paris close to GdGa appears unlikely in thermodynamic
equilibrium and should thus not affect the major magnetic properties of the
samples. The partial densities of states were calculated and the relation to
the XLD spectra will be investigated. This work will be presented at the
MRS Fall-Meeting Symposium I, on which more later.

From July 2010-September 2010, our group hosts a German exchange
graduate student, Alexander Thiess, from Stephan Blügel’s group at the
Institute for Solid State Research in Jülich. He is applying the Korringa-
Kohn-Rostoker multiple scattering approach, with a program specially de-
signed for the study of very large systems. We are using this approach to
investigate the magnetic exchange coupling between Gd atoms and N inter-
stitials as function of distance. It is too early to evalaute the final results of
this approach but initial findings seem to confirm the results of our earlier
study.[25]

During the project, additional work was initiated on related subjects.
For example, in order to fully understand and model ferromagnetic Curie
temperatures, we realized that a systematic study of the exchange inter-
actions would be necessary. To this end, we studied the linear response
approach of Liechtenstein et al. [27] Our previous work on another dilute
magnetic semiconductor system, Mn-doped ScN was finalized during the
present project using this approach. We also performed significant work to
apply this method to Gd in GdN.

We also decided that a more thorough understanding of magnetism in
bulk GdN and related rare-earth nitrides would be of interest to the project
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and possibly useful for understanding the properties of rare-earth doped
GaN. During the course of the project, we became funded by NSF to study
rare-earth nitrides through a Materials World Network proposal. Our work
on bulk rare-earth nitrides at that point was shifted to the NSF project but
a few initial studies were partially funded by the present ARO grant and
acknowledged in publications.[28, 29]

Our work on magnetism in GdN led to the idea that it is primarily
the Gd-d states that are responsible for the magnetic exchange interactions.
Even though in GdN these states are nominally empty, small magnetic mo-
ments are induced in Gd-d states and N p-states and they were found to be
primarily responsible for the exchange interactions while the much larger f
magnetic moments are residing in orbitals that are too localized to exhibit
any sizable interatomic interactions. The intra-atomic interactions however
lock them into place with the Gd-d states and it was found that an antifer-
romagnetic arrangement of Gd-d and N−p small moments corresponds to a
ferromagnetic Gd moment alignment. These results were published under
NSF funding in [30] but are nevertheless of relevance to the present project.
In fact, we found that even in bulk GdN, our model leads to much lower
Curie temperatures than observed experimentally, even though the same
model quantitatively explains the Néel temperatures in GdP, GdAs, GdSb
and GdBi and the Curie temperature in bulk Gd. Possibly defect induced
magnetism, for example caused by N vacancies may play a crucial role even
in bulk GdN. Very recently, under the NSF grant we studied the effect of
N-vacancies on the electronic structure and magnetism of GdN.

Some other nitride semiconductors besides GaN are possibly useful as
dilute magnetic semiconductor hosts: Zn-IV-N2 semiconductors had been
studied by us in the context of an AFOSR proposal which however, ter-
minated before we could finish the work. In view of their possible future
uses for magnetic semiconductors, we continued some work on these materi-
als with partial support from ARO and acknowledged ARO’s contributions
in the related publications.[31, 32] Finally, we also performed some work
on AlN/GaN superlattice phonons and infrared spectra which was recently
submitted to PRB.[33]

Finally, we mention the results of the project in terms of human resources
formation and other broader impacts. One graduate student, Chandrima
Mitra successfully completed here Ph.D. thesis and since moved on to a
postdoctoral position at a Max-Planck research institute in Germany. Two
additional students worked on the project during the last year under the
no-cost extension: Atchara Punya and Tawinan Cheiwchanchamnangij.

As part of our efforts to disseminate our work, we successfully proposed
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and are currently organizing a Symposium at the MRS Fall Meeting 2010.
The symposium is entitled: “Magnetism and Correlated Electronic Struc-
ture of Nitrides; Rare-Earth and Transition Metals as Constituents and
Dopants.” This symposium will bring together researchers in the field of
Rare-earth doped GaN with researchers in the field of bulk rare-earth ni-
trides. It is also broadened by including transition metal bulk nitrides and
transition metal doped GaN magnetic semiconductors.

4 Outlook for Future Work

We end with an outlook toward future work. First of all, some additional
work is already underway to study intersititals in wurtzite GaN, including
the so-called split interstitial configuration. Secondly, we plan to use the
linear response approach to study the exchange interactions due to N in-
terstitials and Gd more systematically. The latter approach was found to
be very powerfull to explore the full dependence of exchange interactions
on doping, distance, random nature of alloys. Recent investigations of Gd
doped GaN indicate the possibility of at least partial phase separation. We
thus plan to investigate the role of either small Gd or GdN clusters in GaN.
In addition, our results on intersitital oxygen indicate that studies of Gd2O3

might be wortwhile. We also plan to study models of Gd with more than one
interestitials as its neighbors to find out at what point there is a transition
to local octahedral bonding. To move toward the study of other rare-earth
ions, we believe it will be necessary to include the multiplet splittings of
the f electrons into the band structure framework. This can be done in the
framework of dynamic mean field theory and we are starting to do prepara-
tory work in that direction. This was the main topic of a renewal proposal
sumbitted earlier in 2010 and currently pending with ARO.
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