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Role of Defect Sites and Ga Polarization in the Magnetism of Mn-Doped GaN
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We report a study of the Mn local structure, magnetism, and Ga moments in molecular beam epitaxy
grown Mn-doped GaN films. Using x-ray absorption spectroscopy and magnetic circular dichroism, we
find two distinct Mn sites and a Ga moment antiparallel to Mn. First-principles calculations reproduce this
phenomenology and indicate that Mn preferentially populates Ga sites neighboring N split interstitial
defects. These results show that defects may strongly affect the Mn ordering and magnetism, and that the
GaN valence band is polarized, providing a long-range ferromagnetic ordering mechanism for
Ga1�xMnxN.
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Doped magnetic semiconductors have received consid-
erable attention as part of the search for a new class
of spintronic devices [1], with a primary goal of realizing
a room-temperature ferromagnetic semiconductor [2–5].
In Mn-doped III-V semiconductors, Mn nominally sub-
stitutes for the group III atom and simultaneously provides
a localized magnetic moment and a hole, leading to Mn
3d-host 4sp exchange and ferromagnetic ordering. Defect
sites may also be present, and can play an important role in
the distribution of Mn and its magnetic ordering. In GaAs,
Mn interstitials strongly affect the Curie temperature TC

and drive its dependence on post deposition annealing
through hole compensation. However, the importance of
defects, and the types of defects present, will be very much
dependent on the host compound, hence what is known
about GaAs may not be applicable even to other III-V
compounds. Therefore, understanding of magnetism in
doped semiconductors requires knowledge of defects and
their interactions with the Mn site distribution and the
3d-4sp exchange.

X-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD), coupled with theoreti-
cal understanding of realistic defect-induced band struc-
tures, offer a way to resolve these issues. Recently
Wu [6] compared calculated XAS and XMCD spectra
in Ga1�xMnxAs with experimental data [7,8], and showed
that the inclusion of Mn interstitial sites and substitutional-
interstitial dimers can have a strong effect on the spectra. In
addition, XMCD can detect induced moments at the
group III and V sites, indicating how the host participates
in the magnetic ordering [8].

Mn-doped GaN may offer the promise to go beyond
cryogenic Curie temperatures. Theoretical work predicts
TC well above 300 K [9,10], and experimental TC from 10
to 900 K have been reported [11,12]. Manganese is ex-
pected to occupy Ga sites as a 2� ion, and Edmonds et al.
[13] recently reported Mn L3;2 x-ray absorption on mo-
lecular beam epitaxy (MBE) grown Ga1�xMnxN, confirm-
ing the divalent state. However, d4 and d3 configurations
05=95(25)=257201(4)$23.00 25720
have also been detected using other methods and under
varying growth and codoping conditions [14,15], raising
the possibility of variations of the electronic structure due
to defects that could be causing the observed TC variations.
Epitaxial GaN films are known for very high defect den-
sities, and the role of these defects and of interstitial Mn in
the magnetic ordering is not well known.

In this Letter, we report an XAS and XMCD study of the
Mn electronic structure and induced Ga moments in single-
phase Mn-doped GaN films with varying Mn concentra-
tions, together with first-principles calculations for a vari-
ety of defects. We find that the XAS and XMCD data,
including the observed small antiparallel Ga moment, can
be explained consistently if Mn is preferentially bound to
N split interstitials. Our results also suggest interstitial Mn
does not exist in significant quantities in these samples.

The Ga1�xMnxN films were grown on 6H-SiC (0001)
substrates by electron-cyclotron resonance plasma-assisted
MBE [16]. The 60 nm GaN buffer layer was grown at
570 �C. The subsequent 150 nm Mn-doped layers were
grown at 500 �C and with the addition of H2 to the nitrogen
plasma, which is found to suppress the formation of pre-
cipitates [16]. Four films, 150 nm thick, were grown with
Mn doping, x, of 1.5, 1.9, 3.6, and 4.5%, as determined by
Mn=Ga peak ratio in energy dispersive spectroscopy. A
pseudo (1� 1) surface reconstruction was observed by
reflection high-energy electron diffraction (RHEED) on
the buffer layer, suggesting 2D growth and a Ga-terminated
polar surface [17]. For the Mn-doped layer, spotty RHEED
patterns indicate 3-dimensional under nitrogen rich con-
ditions [16].

The XAS and XMCD measurements were taken at beam
line 4-ID-C of the Advanced Photon Source [18]. The
samples were mounted in a superconducting solenoid
with the field along the x-ray beam propagation direction,
with the beam at 20� above the film plane. The beam line
resolution at the Mn L edge was set to �0:27 eV. Data
were collected in total electron yield by monitoring the
sample photocurrent. The photon polarization was re-
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FIG. 1 (color online). X-ray absorption spectroscopy (blue
curves) and magnetic circular dichroism (red curves) at the
Mn L3;2 edges for each Mn concentration, taken at 4.2 K in a
�2 T field. Feature A on the primary L3 peak is consistent with
the Mn2� calculation. The intensity of feature B,�0:7 eV above
A, scales with Mn doping. The dotted curve superimposed on the
4.5% XAS is a two-site Mn 3d5 high spin atomic calculation
with no crystal field splitting. Inset: doping dependence of the
ratio of the intensities of the two features.
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versed at each energy point in a fixed field of up to 5 T. The
Ga L edge XMCD measurements were repeated with fields
of opposite sign to rule out the presence of artifacts.

The first-principles spin-polarized local density approxi-
mation (LSDA) electronic structure calculations used the
full-potential linearized augmented plane wave (FLAPW)
method [19] as implemented in flair. The defect calcula-
tions used cells with 32 or 96 atoms, and included full
structural relaxation. All calculations were done at the
theoretical lattice constants (a � 3:18 A, c=a � 1:6256;
the corresponding experimental values are a � 3:19 A and
c=a � 1:627). For the defects calculations, there was one
Mn in the given defect configuration per supercell. Thus,
for a nominal 32-atom 2� 2� 2 supercell, the Mn con-
centration (relative to Ga) is 1=16 � 6%, while the 96
atom cells correspond to �2% Mn concentration. The
Mn XAS and XMCD spectra were modeled by the unoc-
cupied 3d and 4s local density of states (DOS) [20]. The
calculations did not assume any charge state for the Mn,
but rather calculate the electronic structure self-
consistently. To account for some final state effects, calcu-
lations in the presence of Mn 2p3=2 (mj � �3=2) core
holes (‘‘final state rule’’) were done for selected cases.
Using the DOS as an approximation to the XAS spectra
neglects multiplet effects except to the extent that the
LSDA approximately projects out MJ states out of the
full multiplets.

In Fig. 1, we plot the Mn L3;2 edge absorption (upper
curves) and dichroism (lower curves) data for four samples
ranging from x � 1:5 to 4.5%. The L3 edge is split into two
components, indicated as A and B, with peak positions
separated by�0:7 eV. For x � 4:5%, we show a compari-
son with a calculated XAS spectrum (dotted line) based on
a simple two-site Mn2� atomic multiplet model with a
fixed energy shift of 0.7 eV between the two spectra [21].
The major features present in the calculated spectrum are
also present in the data, and the line positions are well
reproduced. This multicomponent spectrum suggests that
two structurally inequivalent Mn sites are present. Both of
these components contribute to the dichroic signal in all
samples, indicating that neither is due to a simple oxide
contamination, as is sometimes the case for Ga1�xMnxAs
[8,22–24]. Another possibility is a ferromagnetic second-
ary phase; however, extensive structural characterization
shows no evidence for precipitates. Cross-sectional trans-
mission electron micrographs taken on similar samples
show no inclusions at nanometer length scales, and x-ray
photoemission electron microscopy rules out larger-scale
Mn-rich inclusions. The doping dependence of the relative
populations of these two sites (Fig. 1 inset), shows that
while both spectral features increase in intensity with
doping, occupation of site B becomes more likely at higher
Mn concentrations. Models including 3� and 4� multip-
lets resulted in unsatisfactory fits, thus we conclude only
Mn2� is present.
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The temperature dependence of the XMCD signal of
each feature for the x � 1:5 and 3.6% samples (main
panel) and the Curie temperature associated with feature
B for all four samples (inset) are shown in Fig. 2. Clearly,
the ordering temperature of this phase is highly dependent
on the Mn doping, with films containing more than 3.6%
Mn exhibiting TC greater than 300 K. This would not be
expected from clusters of a magnetic minority phase, but it
is entirely consistent with ordering in a homogeneously
doped magnetic semiconductor. Therefore, this is further
evidence that the explanation for the multicomponent spec-
trum in these films is two inequivalent Mn2� sites intrinsic
to Ga1�xMnxN grown under N-rich conditions, and not a
precipitate phase.

We find an XMCD signal at the Ga L3 edge which
increases with Mn doping. In Fig. 3, we show the XAS
and XMCD taken in a �5 T field at 4.2 K from an addi-
tional sample with 3.0% Mn. The bipolar line shape is
similar to that seen in Ga1�xMnxAs [8], as is the position
of the features at the onset of the absorption edge, placing
the spin-polarized states they arise from close to the Fermi
level. An estimate of the area under the XMCD curve
(dashed line) based on a fit to two Gaussians of opposite
1-2



Calculated
(with core hole)2:1:3

TEY(b) 4.5% Mn
3.6% Mn
1.9% Mn
1.5% Mn

Substitutional

(a)

b.
 u

ni
ts

)

0.20

0.15

0.10

0.05

0.00

X
M

C
D

 (
ar

b.
 u

ni
ts

)

30025020015010050

T (K)

300

200

100

T
C
 (

K
)

4.53.52.51.5

Mn concentration (%)

 x=1.5%, site A  x=3.6%, site A
 x=1.5%, site B  x=3.6%, site B

FIG. 2. Temperature dependence of the XMCD intensity for
the two features in the 1.5 and 3.6% Mn samples. Inset: doping
dependence of the Curie temperature associated with feature B,
derived from the XMCD data. Arrows above the two highest Mn
concentration points indicate that the Curie temperature is above
300 K, the highest temperature for which XMCD was measured.
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sign indicates a net Ga polarization. Taking into account
the sign change due to the selection rules between 3d and
4s dichroism [25], we find a Ga moment that is antiparallel
to the Mn moment, which is the opposite spin configura-
tion from Ga1�xMnxAs [8] and recent predictions for
Ga1�xMnxN [26].

To understand the nature of the two Mn sites and the
antiparallel alignment of the Ga, first-principles calcula-
tions of substitutional MnGa neighboring an array of pos-
sible defect sites were considered. For GaN grown under
N-rich conditions, split interstitials, where an N site con-
tains 2 N atoms [27], are more favorable than simple N
interstitials, and are therefore included. In Fig. 4(a), the
calculated (ground state) Mn L3 absorption spectra are
given [20]. Simple MnGa substitutions and the single and
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FIG. 3 (color online). XAS (blue) and XMCD (red) at the Ga
L3 edge in a�5 T field at 4.2 K. The sign of the initial dichroism
suggests a Ga moment that is antiparallel to the Mn 3d moments.
The dashed line is an estimate of the area under the XMCD curve
based on a fit (dotted line) to two Gaussians of opposite sign.
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double Mn near a N split interstitial most closely reproduce
the observed Mn2� line shape, while all other types of
defects result in line shapes qualitatively inconsistent with
the XAS and/or XMCD data. In particular, interstitial Mn
(MnI) results in a shift of �2 eV below the main line for
MnGa; this would result in pre-edge structure which is not
observed. The spectrum for substitutional MnGa has a two-
peaked structure in the DOS, separated by �0:7 eV; since
the minority DOS is the dominant contribution to both the
XAS and XMCD spectra, they have similar shapes. Even
though this peak separation is similar to the experimental
data, simple MnGa alone cannot account for the experi-
mental results since the relative intensity of the two peaks
changes with Mn concentration, and these sites result in
a parallel Ga moment (�0:02�B=Ga). Only the N
split interstitial configurations result in antiparallel Ga
(�0:03�B=Ga) and N (�0:06�B=N) moments. Thus,
under N-rich growth conditions, Mn occupies Ga sites
neighboring N split interstitials, and there is little effect
of Mn interstitials on its magnetic properties in GaMnN.

The energetics favor the formation of Mn-N split inter-
stitials: the total energy difference between the combined
Mn-N split interstitial complex and the separated N split
interstitial and MnGa defects is 2.54 eV for the Mn in the
basal plane, as shown in the upper left corner of Fig. 4. Mn
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FIG. 4 (color online). Upper left: calculated local structure of a
Mn (green) atom next to an N (red) split interstitial defect. (Ga
atoms are in blue.) (a) Ground state unoccupied Mn DOS for
different defects. (b) Experimental XAS spectra (colored) for
different Mn concentrations, compared to calculations in the
presence of core holes for substitutional MnGa, for one and
two Mn atoms next to a N split interstitial (bottom three spectra),
and for different superpositions of these spectra (top two calcu-
lated). The energy scale is set using total energy differences, and
the experimental spectra are shifted to match the most intense L3

peaks with the simple MnGa calculation. The spectra for the
substitutional and N split interstitial defects were calculated
using 96 atom cells; all others used 32 atom cells.

1-3



PRL 95, 257201 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
16 DECEMBER 2005
in the ‘‘top’’ site is �0:6 eV less bound. The binding
energy (1.05 eV) of a second Mn (at the top site), although
smaller than the binding of the first Mn, is still significant.
(With the second Mn also in the basal plane, the binding is
reduced by �0:3 eV.) The moments of the two Mn atoms
are preferentially antiferromagnetically coupled (by
�0:04 eV), with a moment of �3:5�B for the basal plane
Mn and about �1:8�B for the top Mn, leading to a net
magnetic moment for the complex.

The calculated Mn XAS spectra in the presence of a core
hole for substitutional MnGa and N split interstitial defects
are shown in Fig. 4(b). (The differences in the spectra for
the ferro- and antiferromagnetically coupled Mn atoms
next to an N split interstitial are minor.) Based on these
results, we attribute feature A in the experimental data to
substitutional MnGa and feature B to a combination of Mn
(both single and multiple Mn atoms) next to N split inter-
stitials and MnGa. The calculated energy difference be-
tween MnGa and two Mn atoms next to an N split
interstitial is �0:5 eV, slightly smaller than the observed
splitting, but consistent with the experimental data. The
two upper calculated spectra in Fig. 4(b) are the composite
of the calculated spectra for substitutional, N split inter-
stitial, and N split interstitial plus two Mn in the ratio as
indicated. These two spectra clearly show the effect of
increasing N split interstitials: the high-energy peak grows
in relative intensity, and there is a narrowing of the peak
separation, consistent with the experimental observations.

This behavior for GaN differs from that in GaAs, where
MnI-MnGa dimers appear to be important [6]. The signifi-
cantly smaller volume of GaN leaves little room for Mn
interstitials, whereas the larger atomic size of As greatly
hinders the formation of As split interstitials. Thus, the
principal defects in the two materials are intrinsically
different, but in both cases will affect the Mn distributions
and magnetic properties.

The picture that emerges is that for N-rich growth the
Mn will preferentially bind to N split interstitials at higher
Mn concentrations. The Mn site populations will depend
on both the concentration of Mn and N split interstitials
and the diffusivity of Mn. As the Mn concentration in-
creases, the probability of a Mn and an N split interstitial
being within a diffusion length increases, leading to an
increase in the number of Mn-N split interstitial complexes
relative to isolated MnGa and an increase in feature B.
Since the Ga moment is antiparallel to the Mn across the
entire composition range that we studied, this argues that a
large fraction of MnGa sites neighbor N split interstitials.
Since the relative importance of N split interstitials will
depend on their density, the conditions during sample
growth will have an influence on the effects we report.
This offers a potential explanation for the variations in
magnetic properties reported in the literature, as well as
differences with previous x-ray absorption results [13].
Finally, the net magnetic moment on Ga demonstrates
25720
that the valence band of GaN is polarized, providing a
long-range ferromagnetic ordering mechanism for
Ga1�xMnxN.
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