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We have performed an in situ depth profile study of Mn-doped GaN prepared by a low temperature
thermal diffusion method using photoemission and x-ray absorption spectroscopy. It was revealed
from the core-level photoemission measurements that Mn ions are diffused into a deep ��70 Å�
region of the GaN substrates and that the line shapes of Mn 3d partial density of states obtained by
resonant photoemission measurements were close to that of Ga1−xMnxN thin films grown by
molecular-beam epitaxy. From x-ray absorption spectroscopy and x-ray magnetic circular dichroism
measurements at the Mn L edge, it was revealed that the doped Mn ions were in the divalent Mn2+

state and primarily paramagnetic. In magnetization measurements, weak hysteresis was detected in
samples prepared using p-type GaN substrates while samples using n-type GaN substrates showed
only paramagnetism. © 2007 American Institute of Physics. �DOI: 10.1063/1.2732679�

I. INTRODUCTION

After the discovery of carrier-induced ferromagnetism in
Ga1−xMnxAs and In1−xMnxAs, diluted magnetic semiconduc-
tors �DMSs� have attracted much interest both in physics of
spin-related transport and applications for spintronics. How-
ever, because the Curie temperatures �TC’s� of Ga1−xMnxAs
and In1−xMnxAs are far below room temperature, one of the
most urgent issues in this research field has been to synthe-
size DMSs which exhibit ferromagnetism at room tempera-
ture. Recent theoretical studies have predicted that GaN and
ZnO doped with transition-metal ions may show ferromag-
netism at room temperature.1–3 Nitride-based DMSs such as
Mn-doped GaN have therefore been extensively studied. So
far, Mn doping into GaN has been achieved mainly through
molecular beam epitaxy �MBE�.4–7 Recently, Sonoda et al.8

and Sarigiannidou et al.9 have reported that high quality
Ga1−xMnxN thin films grown by MBE on wurtzite GaN sub-
strates showed low temperature ferromagnetism and that the
valence of the Mn ion was 3+. Besides, Sonoda et al.8 dem-
onstrated that the Mn valence can be changed from 3� to
2� by hydrogenation and the ferromagnetism is enhanced in
such a system in which Mn2+ and Mn3+ coexist with p-type
carriers, indicating the possibility of high temperature ferro-
magnetism in this system.

Mn doping into GaN has also been achieved by low-

temperature thermal diffusion methods,10,11 in which Mn
metal was deposited on the GaN surfaces and the samples
were subsequently annealed above 250 °C. It has been re-
ported that Mn atoms were detected in deep regions of the
samples regardless of annealing temperature and that the
samples thus prepared indicated ferromagnetic behavior at
room temperature. Thermal diffusion phenomena have also
been widely studied in transition-metal-ion-doped semicon-
ductors such as V-, Cr-, and Mn-doped GaAs12–14 because
thermal diffusion process has played an important role in
semiconductor device fabrication. The thermal diffusion pro-
cess is expected to be important for magnetism of other
DMSs such as Mn-doped GaAs �Refs. 15 and 16� and Mn-
doped CdGeP2,17 and ZnGeP2,18 too. Ishida et al.19 revealed
performing the depth profiling studies of ZnGeP2:Mn pre-
pared using the thermal diffusion method that the Mn2+ sub-
stitution for Zn2+ was induced and that the ferromagnetism in
ZnGeP2:Mn is caused by the dilute-Mn ions in the deep
region. Thus, the investigation of the thermal diffusion depth
profile and the electronic structure in various depth regions at
each stage of thermal diffusion will provide us with impor-
tant information to understand the ferromagnetism of those
DMSs. So far, detailed investigations of Mn-doped GaN by
the thermal diffusion method have been lacking compared
with the investigation of MBE grown Mn-doped GaN. In the
present study, we have applied various high-energy spectro-
scopic techniques to study the depth profile studies of Mn-
doped GaN in situ prepared by the low temperature thermal
diffusion method.
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II. EXPERIMENT

GaN substrates used in this study were 2 �m thick p-
and n-type GaN epitaxial layers grown by metalorganic
chemical vapor deposition on a 1 �m thick undoped GaN
layer, which had been grown on a 30 nm thick buffer layer
grown on a sapphire �0001� substrate �POWDEC Co., Ltd.�.
High-quality Mn metal �purity 99.9995 at. %� was used as
the evaporant. Before the Mn deposition, surface contamina-
tion and oxidized layer of the substrate were removed by
N2-ion sputtering followed by 500 °C annealing. The sur-
face cleanliness was checked by O 1s and C 1s core-level
photoemission spectra. Then 3 nm thick Mn was deposited
on the GaN surface at room temperature. After the Mn depo-
sition, the samples were postannealed at 500 °C for 6 h.
Depth profile analysis was achieved by repeated cycles of
Ar-ion sputtering and photoemission measurement. The inci-
dent angle of the ion beam was set to 75° from the surface
normal. The sputter-etching rate was 0.02 nm/min. As a ref-
erence, the depth profile analysis of GaN without Mn was
also performed.

The in situ depth profile experiments were performed
using core-level x-ray photoemission spectroscopy �XPS� us-
ing Mg K� source and resonant photoemission spectroscopy
�RPES� using synchrotron radiation. In the XPS measure-
ments, photoelectrons were collected using a VSW multi-
channel analyzer. The K�2, K�3,4, and K�5,6 ghosts have
been numerically subtracted. The RPES measurements using
synchrotron radiation were performed at BL-18A of Photon
Factory �PF�, High Energy Accelerator Research Organiza-
tion �KEK�. Photoelectrons were collected using a VG
CLAM hemispherical analyzer. The total energy resolution
including the monochromator, the electron analyzer, and the
temperature broadening was �200 meV for RPES and
�900 meV for XPS. The photoemission spectra were refer-
enced to the Fermi edge of a metal in electrical contact with
the sample. X-ray absorption spectroscopy �XAS� and x-ray
magnetic circular dichroism �XMCD� measurements were
performed at the soft x-ray beam line BL-23SU of SPring-8.
Absorption spectra were measured by the total electron yield
method with the energy resolution E /�E better than 10 000.
All the measurements were made in an ultrahigh vacuum
below 1�10−10 Torr at room temperature.

III. DEPTH PROFILE ANALYSIS

Figure 1 shows the core-level photoemission spectra re-
corded in the sputter-etching series and provides the depth
profile. Sputtering time t is indicated in the figure. In Figs.
1�a� and 1�b�, Ga 2p3/2 and the N 1s signals were observed
for the as-annealed surface �t=0 min�, indicating the outdif-
fusion of Ga and N atoms to the surface. Near the sample
surface �t=0−120 min�, Ga 2p3/2 and the N 1s spectra con-
sisted of three components as indicated by dashed vertical
lines, at the binding energy �EB� of 1116.9 �A�, 1117.8 �B�,
and 1119.0 eV �C� for Ga 2p3/2 and 396.1 �C��, 397.3 �B��,
and 398.0 eV �A�� for N 1s, while Mn metal was dominant
in the Mn 2p spectra as shown in Fig. 1�c�. After 120 min
sputtering, the intensities of Ga 2p3/2 �B� and N 1s �B�� rap-
idly increased while that of Mn 2p and other components of

Ga 2p3/2 and the N 1s were rapidly decreased. After 240 min
sputtering, Ga 2p3/2 �B� and N 1s �B�� became dominant and
these intensities remained nearly unchanged for further sput-
tering. These peaks are attributed to GaN because the energy
difference between Ga 2p3/2 and N 1s in this region
�720.5±0.2 eV� agreed with that of a reference GaN sample
�720.8±0.2 eV�. This indicates that the other components of
Ga 2p3/2 and N 1s near the surface region �A, C, A�, and C��
were due to Ga and N atoms in metallic Mn compounds.

Figure 2 shows chemical compositions at each step of
the sputter-etching series estimated from the intensities of the
core-level spectra. The Ga 2p3/2 and N 1s intensities have
been normalized to those of the reference GaN sample
whereas the Mn 2p intensity has been normalized to that of
Mn metal. In addition, these intensities have been renormal-
ized so that the total intensities of Ga, N, and Mn at each step
are equal to unity. The chemical compositions thus deduced
indicated a characteristic atomic composition profile as
shown in Fig. 2�a�, in good agreement with the results of
second ion mass spectroscopy studies previously reported for
Mn diffusion.11,20 The rapid change of the Mn concentration
in the depth profile has been attributed to the relatively small
diffusion coefficient of Mn in GaN.11 The decomposed com-
positions of Ga 2p3/2 and N 1s are shown in Figs. 2�b� and
2�c�, respectively. It was revealed that Ga 2p3/2 �A� and N 1s
�A�� showed similar composition profiles to Mn 2p, imply-
ing these components are due to Mn metallic compound. The
other components of N 1s �C�� and Ga 2p3/2 �C�, especially
C�, are mainly distributed near the sample surface.

With a closer inspection of the composition profile �Fig.
2�a��, one can see that in the deep region �after 250 min
sputtering� the Ga intensity was slightly reduced compared
with that of the reference GaN sample whereas weak Mn
intensity of �1% per cation site existed �see the dashed line
in Fig. 2�a��. This can be understood that the Mn atoms in the
deep region are substituting for the Ga sites of the GaN host.
The Mn 2p spectra near the sample surface �t=0 min� and
that in the deep region �t=350 min� are compared in Fig. 3.
The spectra in the deep region were found to be shifted to-
ward higher binding energies compared to the metallic one
near the sample surface. The peak position of 641.5±0.1 eV
was close to that of Mn2+ in Ga1−xMnxN grown by MBE
�Ref. 21� �641.4 eV� and in Zn1−xMnxO grown by pulsed-
laser deposition22 �641.0 eV�. This indicates that the valence
state of Mn in this region was close to Mn2+ and different
from that of metallic Mn.

Figure 4 shows the Mn 3p−3d absorption spectra and
the valence-band photoemission spectra of the p-GaN:Mn
sample in the Mn 3p−3d core excitation region. Figure 4�a�
shows the absorption spectra recorded in the total electron
yield mode around the Mn 3p−3d core-excitation threshold
for various depths. With increasing depth, the absorption
edge due to metallic Mn at h�=46.2 eV was gradually re-
duced while another edge appeared at h�=49 eV. The ab-
sorption spectra after 350 min sputtering �shown in the inset�
revealed a peak at h�=50 eV characteristic of the Mn2+ ion
and did not show the metallic feature �i.e., the threshold at
h�=46.2 eV�. Figures 4�b�–4�e� show valence-band photo-
emission spectra in the Mn 3p−3d core-excitation region in
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the sputtering series. In the spectra before 120 min sputtering
�Figs. 4�b� and 4�c��, a clear Fermi edge was observed with
an overlapping Mn M2, 3M4, 5M4, 5 Auger emission as indi-
cated by triangles in the figure. After 200 min sputtering, the
Fermi edge and the Auger emission disappeared and Mn 3d
resonant photoemission, which is caused by the interference
between normal photoemission and 3p-to-3d transition fol-
lowed by a 3p−3d−3d super-Coster–Krönig decay, became
dominant. This indicates that the character of the Mn 3d
states changed from itinerant to localized one with increasing
depth. This is consistent with the energy shift of the Mn 2p
core-level photoemission spectra toward higher binding en-
ergies �Fig. 3� and the change of the line shape in the Mn
3p−3d absorption spectra. From RPES, one can obtain the
Mn 3d partial density of states �PDOS� by subtracting the

off-resonant spectra �h�=48.5 eV� from the on-resonance
�h�=50 eV� one. The Mn 3d PDOS thus obtained is shown
in the bottom panels of Figs. 4�d� and 4�e�. The Mn 3d
PDOS indicated a peak at EB=5 eV, a shoulder at EB

=2 eV and a satellite structure at EB=10 eV, similar to the
Mn 3d PDOS of MBE-grown Ga1−xMnxN.21 This indicates
that the Mn ions in the deep region have similar electronic
environments to those of MBE-grown Ga1−xMnxN.

Summarizing the depth profile study, it has been re-
vealed that the chemical composition and the electronic
structure were quite different before and after 140 min sput-
tering. In the region exposed before 120 min sputtering, Mn
was metallic including the Mn-Ga-N compounds. In the re-
gion exposed after 200 min sputtering, GaN was dominant
and Mn2+ ions were diluted in the GaN host. In this region,

FIG. 1. �Color online� Core-level pho-
toemission spectra of p-GaN:Mn re-
corded in the sputter-etching series.
Raw data of Ga 2p3/2 �a�, N 1s �b�, and
Mn 2p �c� core levels. t=0 min corre-
sponds to the as-annealed surface. In
�a� and �b�, the Ga 2p3/2 and N 1s core
levels have been decomposed to three
components. The sputter-etching rate
was 0.02 nm/min.
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dilute Mn ions existed while the Ga concentration was
slightly reduced. Further, its electronic structure was similar
to that of Ga1−xMnxN grown by MBE. These results suggest
that a diluted magnetic semiconductor was formed in the
deep region prepared by the thermal diffusion method.

IV. X-RAY MAGNETIC CIRCULAR DICHROISM AND
MAGNETIC PROPERTIES

In order to further investigate the electronic state of Mn
ions in the deep region, we have also performed XAS mea-
surements. Figure 5�a� shows XAS spectra at the Mn L2, 3

edge of the p-GaN:Mn sample after 350 min sputtering com-
pared with atomic multiplet calculations for the d4 and d5

configurations in a tetrahedral crystal field. The observed
spectrum shows multiplet structures typical for localized 3d
states and resembles that of Mn2+ in Ga1−xMnxN grown by
MBE.21,23 Comparing the experimental spectra with the cal-
culations, one can see that the calculation for the d5 configu-
ration in the tetrahedral crystal field 10Dq=−0.5 eV well re-

produced the experimental spectra. Figure 5�b� shows the
XAS spectrum for right-polarized light �+ �solid curve in
Fig. 5�b��, left-polarized light �− �dashed curve� and the dif-
ference �+−�− �XMCD: middle panel� in the magnetic field
of 5 T at 30 K. The XMCD intensity was 16% of the XAS
intensity corresponding to 34% of the full polarization of the
Mn2+ ions. The XMCD spectra were also well explained by
the atomic multiplet calculation assuming the d5 ground state
with 10Dq=−0.5 eV. In the XMCD spectra, structures ap-
peared at the same energies as XAS indicating that the diva-
lent Mn ions in the tetrahedral crystal field were responsible
for the obtained XMCD signal. Figure 5�c� shows the mag-
netic field dependence of the XMCD signal and hence the
magnetism of the p-GaN:Mn sample. No clear change in the
overall spectral line shape was observed between the spectra
recorded at different magnetic fields as shown in the inset of
Fig. 5�c�, indicating that other ferromagnetic phases were not
detected in this region. The XMCD intensity showed linear
response to the magnetic field, indicating that the divalent
Mn ions were mostly paramagnetic.

We have also performed magnetization measurements
using a superconducting quantum interference device
�SQUID�. Figure 6�a� shows the temperature dependence of

FIG. 2. �Color online� Chemical compositions during the sputtering process
of p-GaN:Mn. �a� Total amount of each atom. �b� Each component of Ga
2p3/2 �see Fig. 1�a��. �c� Each component of N 1s �see Fig. 1�a��.

FIG. 3. �Color online� Mn 2p core-level photoemission spectra of
p-GaN:Mn at t=0 min �solid line� and t=350 min �dashed line�.

FIG. 4. �Color online� Mn 3p−3d absorption spectra and valence-band pho-
toemission spectra of p-GaN:Mn for various photon energies in the Mn
3p−3d core-excitation region. �a� Mn 3p−3d absorption spectra recorded
by the total electron yield method for various depths. The inset shows com-
parison between the spectrum after 350 min sputtering and that of the ref-
erence GaN sample. �b�–�e� Valence-band photoemission spectra. Triangles
in �b� and �c� denote Mn M2,3M4,5M4,5 Auger emission. The difference
curves at the bottom of �d� and �e� represent the Mn 3d PDOS. The sputter-
etching rate was 0.02 nm/min.
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magnetic susceptibility per Mn ion at a high magnetic fields
�H�4 T�. The data were fitted to the Curie–Weiss law plus a
temperature independent constant, �M /�HH�4 T=NC / �T
−��+	0. Here, N is number of the magnetic ions, g is the g
factor, C= �g�B�2S�S+1� /3kB is the Curie constant, and 
 is
the Weiss temperature. Assuming S=5/2, a good fit was ob-
tained with N= �2.48±0.01��1015, �=−7.7±2.0 K, and 	0

= �−3.36±0.01��1016�B/T, indicating that the temperature
dependence of the susceptibility is caused by local magnetic
moments. The negative constant 	0 came from the sapphire
substrate and the GaN host. The negative Weiss temperature
indicates antiferromagnetic interaction between the local
magnetic moments. The number N corresponds to averaged
concentration 2.5�1020 cm−3�x�0.6%�. This value is
smaller than that obtained from the depth profile using XPS

FIG. 5. �Color online� Soft x-ray absorption spectra at the Mn L2,3 edge of
p-GaN:Mn. �a� XAS spectra compared with atomic multiplet calculations
for the d4 and d5 configuration in the tetrahedral crystal field. �b� XAS and
XMCD spectra in a magnetic field of 5 T at 30 K. The atomic multiplet
calculations for d4 and d5 are shown in the bottom panels. �c� Magnetic-field
dependence of the XMCD signal intensity. The inset shows XMCD spectra
recorded at different magnetic field.

FIG. 6. �Color online� Magnetization curves measured by a SQUID mag-
netometer. �a� Temperature dependence of magnetic susceptibility at high
field measured by SQUID. That estimated from XMCD at 30 K is also
shown as indicated by the square. �b� Magnetization curves of p-GaN:Mn at
various temperature. �c� Magnetization curves at 30 K of p- and n-GaN:Mn.
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�x�1%� �see Fig. 2�a��. This is probably due to the decreas-
ing Mn distribution toward deep region caused by thermal
diffusion and, hence, the higher Mn concentration near the
sample surface.11 Nevertheless, since this value fairly well
corresponds to that obtained from depth profile using XPS,
we attribute the local magnetic moments to those of Mn ions.
The magnetic susceptibility at 30 K estimated from XMCD
using XMCD sum rules24,25 is also shown in Fig. 6�a�. The
susceptibility per Mn atom obtained from the SQUID mea-
surement was larger than that obtained from XMCD by a
factor of �1.6. This discrepancy is probably due to the dif-
ference between the average Mn concentration detected by a
SQUID and that near the sample surface detected by XMCD
as mentioned earlier. Thus, the paramagnetic susceptibility
obtained from XMCD can be explained by the Curie–Weiss
law.

The sample prepared using the p-type GaN substrate �t
=350 min�, however, showed a weak hysteresis up to 300 K,
as shown in Fig. 6�b�. Here, the diamagnetic component has
been subtracted using 	0. Although the magnetic field depen-
dence of the XMCD signal in Fig. 5�b� should in principle
show the corresponding behavior, the ferromagnetic signal
was too weak to be detected in the present XMCD measure-
ment. Interestingly, hysteresis was not observed in the ther-
mal diffusion sample prepared using the Si-doped n-type
GaN substrate as shown in Fig. 6�c�. Although it has been
reported that intentionally hole-doped Ga1−xMnxN �through
Mg codoing,26 charge transfer,27 etc.� shows ferromagnetism
while conventional Ga1−xMnxN shows paramagnetism, it is
not clear at present whether the ferromagnetic component
was intrinsic or comes from a tiny amount of segregation
undetected in this study. Further systematic studies, particu-
larly, highly sensitive XMCD measurements are necessary to
clarify whether the ferromagnetism in the p-type GaN:Mn
was intrinsic or not.

V. CONCLUSION

We have performed an in situ depth profile study of Mn-
doped GaN prepared by the low-temperature thermal diffu-
sion method. From the depth profile studies using core-level
photoemission spectroscopy, it has been revealed that dilute
Mn ions were incorporated into GaN host in the deep region
while the surface region remained as the metallic layer con-
sisted of the Mn-Ga-N metallic compound. In the deep re-
gion, we have observed spectral feature of the localized Mn
3d state similar to that of the MBE-grown Ga1−xMnxN thin
film, showing the formation of the diluted magnetic semicon-
ductor Ga1−xMnxN in the deep region. In this region, the
XMCD spectra indicated no significant changes in the line
shape down to H=0.3 T and that the sample was primarily
paramagnetic. Nevertheless, SQUID measurements revealed
very weak ferromagnetic signals in the sample prepared on
the p-type substrate.
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