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Mn ions were implanted inp-type cubic GaN at doses from 0.6 to 2.431016 cm−2 at 200 keV
energy. A 200-nm-thick epitaxial layer, grown by molecular beam epitaxy on GaAs(001) substrate,
is used for the Mn implantation. The Mn implanted samples were subjected to an annealing at
950 °C for 1–5 min. The structural quality of the samples was investigated by high resolution x-ray
diffraction and Raman spectroscopy. The annealing procedure leads to a significant increasing of the
crystalline quality of the samples. Hysteresis loops were observed for all cubic GaMnN annealed
samples and ferromagnetism was detected up to room temperature. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1812590]

Group-III nitrides semiconductors have attracted much
interest due to their usefulness in short-wavelength optoelec-
tronics and high voltage, high-temperature, and high-
frequency electronic devices.1–4 Especially, cubic (zinc
blende) GaN has received much attention since the success-
ful fabrication of light-emitting diodes based on structures
built up using this material.5–10 On the other hand, since the
discovery of carrier induced ferromagnetism in InMnAs and
GaMnAs, the interest in diluted magnetic semiconductors
(DMS) has renewed. However, due to the low Curie tem-
perature,TC, presented by these compounds, new DMS ma-
terials should be developed to be used in practical applica-
tions. Theoretically, Dietlet al.11 using the Zener model, in
which the ferromagnetic interaction between the localized
moments is considered to be mediated by holes, calculated
the Curie temperature for different III–V and II–VI semicon-
ductors containing 5% of Mn and a hole concentration of
3.531020 cm−3. In particular, they predicted aTC above
room temperature for GaMnN. Several experimental results
on the magnetic properties of hexagonal.(wurtzite) GaN-
based DMS can be found in the literature.12–19Nevertheless,
the results are not conclusive, since a paramagnetic as well
as a ferromagnetic behavior has been observed, with a great
variation ofTC. The very few experimental studies of cubic
GaN-based DMS are restricted so far to the investigations of
structural and electrical properties of GaMnN layers.20,21Re-
cently,p-type conductivity in cubic GaMnN layers grown by
molecular beam epitaxy on GaAs(001) substracts was
observed.21 Also recently, in a theoretical work, ferromag-
netism in the metallic phase of cubic GaMnN layers was
studied by Monte Carlo simulations and Curie transition
temperatures high above room temperature were predicted.22

In this letter we report on the investigation of the mag-
netic properties of cubic GaN implanted with Mn ions. In
contrast with the stable hexagonal phase, the cubic samples

are free of spontaneous polarization and strain-induced pi-
ezoelectric field, which can provide much longer spin relax-
ation times. Moreover, for cubic GaN we expect a Curie
temperature 6% higher than for the wurtzite structure.11 The
cubic GaN sample was grown by plasma-assisted molecular
beam epitaxy, using a Riber-32 system, equipped with el-
emental sources of Ga and As, and an Oxford Applied Re-
search CARS 25 rf-activated plasma source. The 200-nm-
thick layer was grown on a GaAs(001) substrate at a
temperature of 720 °C. Details of the growth procedure were
reported in Ref. 23. Four pieces of the same sample were
implanted with four different doses of Mn ions as shown in
Table I. The energy and temperature of implantation were
kept constant at 200 keV and 350 °C, respectively. The im-
planted layer is estimated to be centered at approximately
110 nm from the surface and the implanted doses to corre-
spond roughly to Mn concentrations varying from 1% to 3%.
After implantation the samples were annealed up to 5 min at
950 °C under flowing nitrogen.

The structural quality of the samples was inspected by
high resolution x-ray diffraction and Raman spectroscopy.
The x-ray spectra show that after implantation and annealing
the samples conserved their cubic structure with no appear-
ance of hexagonal inclusions. This was also confirmed by the
Raman measurements as can be seen in Fig. 1 where the
spectra, obtained at 10 K, for the samples before implanta-
tion (460—thin solid line), 460B just after implantation(dot-
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TABLE I. Implantation dosessdd, annealing time at 950 °Cstd, and esti-
mated Mn concentrationsxd.

Sample d scm−2d t (min) x (%)

460 ¯ ¯ 0
460A 6.031015 1 0.7
460B 1.231016 1 1.4
460C 1.831016 1 2.1
460D 2.431016 5 2.8
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ted line), and 460B after 1 min of annealing(thick solid line)
are depicted. The Raman spectrum of the sample before im-
plantation shows the characteristic transverse-optical(TO)
and longitudinal-optical(LO) phonon frequencies of cubic
GaN at 555 and 741 cm−1, respectively.24 As can be ob-
served, just after implantation, the sample shows a curve
characteristic of an almost amorphous material, with all the
characteristic peaks being smeared out, including the peaks
related to GaAs, indicating that the substrate has also been
disturbed by the implantation. After 1 min of annealing the
crystalline quality has been partially recovered and, increas-
ing the annealing time, this improves. In all the spectra no
traces of hexagonal phase can be observed.

The electrical characteristics of the samples were mea-
sured at room temperature. The nonimplanted sample(460 in
Table I) displays an intrinsic hole concentration of 3.7
31017 cm−3. A slight improvement in the hole concentration
is observed after implantation and annealing. This could be
attributed to the introduction of the Mn ions, but, as it has
been reported,25,26 the energy level induced by Mn in GaN is
located deep in the gap, and thus would be an ineffective
acceptor dopant. On the other hand, since stoichiometry ef-
fects, crystal defects, unintentional impurities, and conduc-
tion through the substrate may control the final conductivity,
the annealing rather than the introduction of Mn could be
responsible for this improvement.

Magnetization measurements of the Mn implanted cubic
GaN, performed with a superconducting quantum interfer-
ence device, showed them to be ferromagnetic below room
temperature. In Fig. 2, we show the magnetic moment as a
function magnetic field, measured at 10 K, for the annealed
samples 460B, 460C, and 460D. We observe hysteresis loop
for all of our implanted samples and, as the implantation

doses increase, the magnetic moment at saturation increases
too. The reference sample(nonimplanted) shows only the
characteristic diamagnetic response, i.e., no hysteresis loop is
observed for this sample.

The magnetization versus magnetic field curves for the
highly Mn-implanted GaN epilayer, measured at 10 and 300
K, are presented in Fig. 3. At 300 K the magnetization in-
creases steeply at low fields, and saturates at approximately
2.5 kOe. The increase in magnetization at 10 K is less ac-
centuated, possibly due to a paramagnetic contribution. The
curves show hysteresis for both temperatures, with coercive
fields of 150 and 100 Oe for 10 and 300 K, respectively. This
hysteresis at low field, for the magnetization measured at 10
K, is shown in the inset of Fig. 3. A remanent magnetization
of about 0.1–0.2 emu/g can also be observed. From the satu-
ration value we can obtain the number of active Mn atoms,
NMn=MS/gmBS, whereMS is the magnetization at saturation,
g=2 is theg factor of Mn, mB is the Bohr magneton, and
S=5/2 if we consider Mn2+. TakingMS.0.8 emu/g we ob-
tain NMn=8.931019 cm−3, which correspond to an effective
Mn concentration of only 0.2%.

The temperature-dependent magnetization for the
sample implanted with 2.431016 cm2 Mn ions is presented
in Fig. 4. The shape of the curves is very similar to those
obtained from implanted hexagonal GaN,16 and may indicate
the presence of a paramagnetic phase at low temperatures, as
can also be inferred from the hysteresis loop at 10 K. We can
attribute the ferromagnetic behavior observed in our samples
to the presence of Mn in the GaN layer. Even with the GaAs
substrate being disturbed by the Mn implantation, as shown
by the Raman spectra, we can expect a negligiable contribu-
tion from the substrate to the magnetic characteristic of our
samples. With the doses and energy used for the implanta-
tion, we can expect a very small concentration of Mn at the
substrate, near the interface with the GaN layer. As shown by

FIG. 2. Magnetic moment as a function of magnetic field at 10 K for
samples 460B, 460C, and 460D.

FIG. 1. Raman spectra of sample 460(thin solid line) and 460B just after
implantation(dotted line) and after annealing of 1 min at 950 °C(thick solid
line). The vertical-dotted lines denote the transverse-optical(TO) and
longitudinal-optical(LO) cubic GaN phonon frequencies.

FIG. 3. Magnetization as a function of magnetic field at 10 and 300 K for
sample 460D. The inset shows the low field region magnetization, measured
at 10 K, where hysteresis can be observed.

FIG. 4. Field-cooled(FC) and zero field-cooled(ZFC) magnetization as a
function of temperature for sample 460D.
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Songet al.,27 the magnetization measured in GaAs implanted
with 7.531017 cm−2 Mn ions, which is 30 times larger then
the highest dose we have used, is two orders of magnitude
smaller then the magnetization we measured in our samples.

In conclusion, we show that cubic GaN films implanted
with Mn ions clearly exhibit ferromagnetism at room tem-
perature. At this point we are unable to clearly establish the
origin of ferromagnetism in our samples. It is certainly rea-
sonable to say that the origin of ferromagnetism in diluted
magnetic semiconductors based on GaN is still not totally
understood. However, ferromagnetism has been observed in
samples with hexagonal structure that have very low hole
concentrations, in insulating material, even inn-type mate-
rial. The expected fact that GaMnN with cubic structure also
exhibits interesting ferromagnetic properties is confirmed
here.
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