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Ferromagnetic properties of „Ga,Mn…N nanowires grown
by a chemical vapor deposition method
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Department of Materials Science and Engineering, Pohang University of Science and Technology, Pohang,
Kyungbuk 790-784, Korea
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FerromagneticsGa,MndN nanowires were grown on sapphire substrates at 900 °C by a chemical
vapor deposition. Synchrotron radiation photoemission spectroscopy revealed that no secondary
phases were found in the grown nanowire, meaning the dissolution of Mn atoms to form a solid
solution in GaN nanowire. Fermi level was apart by 3.0 eV in the GaN nanowiresn-typed, and it
shifted toward the valance band maximum with ammonia flow rate. The Ga–to–N ratio decreased
with the increase of ammonia flow rate, leading to the increase of Ga vacancies. From this, it is
suggested that both increases in magnetic moment and Curie temperature with ammonia flow rate
originated from the solid solution of Mn and Ga vacancies.© 2005 American Vacuum Society.
fDOI: 10.1116/1.1880212g

I. INTRODUCTION

Diluted magnetic semiconductorssDMS’sd based on
III–V semiconductors such as GaAs and GaN can be fabri-
cated by incorporating a high concentration of magnetic ions
into III–V semiconductors by molecular-beam epitaxy
sMBEd or ion implantation.1–4 It was theoretically suggested
that sGa,MndN films with a high Mn concentration
s,5 at. %d and a high hole concentrations,1020 cm−3d
could yield a high Curie temperatureTcsù300 Kd.5 This al-
lows spintronic devices to be operated at room temperature.
Recently, a Mn-doped GaN film showing ferromagnetic be-
havior above room temperature was successfully grown on
sapphires0001d by MBE.4 The ferromagnetic property was
also achieved by implanting Mn ions into GaN and subse-
quent annealing.3 Most of the work to obtain ferromagnetic
properties has focused on the microcrystalline,2 bulk,6

epitaxial,4 Mn-implanted,3 and Mn-diffused sGa,MndN.7

However, no results on ferromagnetic properties of
nanometer-sizedsGa,MndN materials have been reported.

There has been research which discusses the origin of
ferromagnetic properties insGa,MndN semiconductor. It was
proposed that the ferromagnetic properties might be due to
the solid solution of sGa,MndN,4,7 while the secondary
phases such as Ga–Mn and Mn–N compounds could be ori-
gin of ferromagnetism.3 A number of competing theoretical
models8–10 for sGa,MndN including the mean-field Zener
model5 were also developed. Despite a number of works
mentioned above, however no works on origin of ferromag-
netic properties in nanosized DMS’s were investigated.

In this work, we study magnetic properties ofsGa,MndN
nanowires with microstructural change by controlling ammo-
nia flow rate in the growth by chemical vapor deposition.
The morphology of nanowires is analyzed using field emis-
sion scanning electron microscopysFESEMd and high reso-
lution transmission electron microscopysHRTEMd. Synchro-

tron x-ray diffraction sXRDd and synchrotron radiation
photoemission spectroscopysSRPESd are employed to
identify secondary phases and chemical bonding states in
nanowires.

II. EXPERIMENT

A s0001d sapphire substrate was used as a starting sub-
strate. Before the growth of GaN nanowire, the substrate was
cleaned with acetone, methanol, and deionized water. A thin
layer of 30-Å-thick Au was evaporated to enhance the for-
mation of GaN nanowire.11

A s2:1d mixture by weight of pure Ga and MnCl2 powders
s99.95%d was introduced into the middle of the quartz boat.
The quartz boat was then placed in a horizontal furnace,
evacuated to 10 mTorr and purged with a constant nitrogen
flow of 500 sccm. Then, the furnace temperature was in-
creased to 900 °C. Then, a high purity NH3s99.995%d was
introduced into the reaction chamber. In order to find the
effect of atomic stoichiometry of GaN on ferromagnetic
properties ofsGa,MndN nanowires, the NH3 flow rate was
changed from 50 to 150 sccm. The reaction was maintained
for 2 h under a pressure of 1 atm. After the furnace was
cooled to room temperature, a layer of light-yellow products
was visible on the surface of the substrate in the quartz boat.

High-resolution XRD and SRPES using synchrotron ra-
diation were carried out at the 3C2 and 8A1 beamlines at
Pohang Accelerator LaboratorysPALd, respectively. For
high-resolution XRD measurements, the wavelength of inci-
dent x ray was set at 1.488 Å by a double bounce Sis111d
monochromator. For SRPES measurements, a hemispherical
electron energy analyzer with 16 energy-detecting channels/
windows was used, and the energy separation/resolution per
window was 0.05 eV. An incident photon energy of 700 eV
was used for measurement of the core-level spectra of Ga 3d
and Mn 2p. The binding energy of the core-level spectrum
was calibrated using the Au 4f core level of Au foil. The
Fermi level was determined by linearly extrapolating the
sloped region with a base line in the valence-band spectrum
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of the Au foil. The FESEM with a high spatial resolution of
1.5 nm was used to characterize the morphology of the prod-
ucts. The HRTEM images were collected using a JEOL
2010F operated with 200 KV. Its spatial resolution was 0.19
nm. Magnetization measurement was carried out using a su-
perconducting quantum interference device magnetometer
sMPMSXL, Quantum Design Co., Ltd.d.

III. RESULTS AND DISCUSSION

Figures 1sad and 1sbd showed the morphology of
sGa,MndN nanowires grown at an ammonia flow rate of 150
sccm. The scanning electron microscopy images revealed
that the nanowires exhibited a length of a few micrometers
and a mean diameter of 95 nm. The cross-sectional TEM
image and high-resolution image of the nanowires were also
shown in Figs. 1scd and 1sdd. The selected area electron dif-
fraction sSAEDd patterns from a single nanowire confirmed
that the nanowire is a single-crystalline wurzite structure.
The growth direction of thesGa,MndN nanowire wasf002g
direction. No Mn-related secondary phases were found in the
sGa,MndN nanowires. The microstructure of nanowires such
as diameter, length, and SAED patterns were independent of
ammonia flow rate.

Figure 2 shows magnetization curves at 10 K for
sGa,MndN nanowires as a function of ammonia flow rate.
The diamagnetic background of sapphire substrate was sub-
tracted. Hysteresis loops of all samples showed clear ferro-
magnetic behavior. The ferromagnetic signal became strong
with increasing ammonia flow rate. The saturation magnetic
momentsMsd increased from 4.1310−6 to 8.5310−6 emu as
the flow rate increased from 50 to 150 sccm. The coercive

field sHcd also increased to 145 Oe at the flow rate of 150
sccm. Temperature dependence of the magnetic moment is
also plotted in the inset of Fig. 2. TheTc showed the highest
value s,120 Kd at an ammonia flow rate of 150 sccm. No
superparamagnetic property was observed in the nanowires.

Figure 3 shows XRD profiles ofsGa,MndN nanowires
with ammonia flow rate. Only two peaks corresponding to
GaN s100d and GaNs002d were observed in all samples. In
our previous works,12 nanosized secondary phases such as
Mn3N2 and Mn6N2.58 were produced in Mn-implanted GaN
after annealing at 900 °C. These compounds were observed
in XRD measurements, as shown in the inset of Fig. 3. How-
ever, no diffraction peaks corresponding to the Mn precipi-

FIG. 1. sad FESEM image ofsGa,MndN nanowires with random orientation.
The expanded image of a smaller part insad is shown insbd. Cross-sectional
TEM imagescd and high-resolution imagesdd of sGa,MndN nanowires. Cor-
responding electron diffraction patterns are also shown in the inset.

FIG. 2. Magnetization curves at 10 K forsGa,MndN nanowires with ammo-
nia flow rates of 50, 100, and 150 sccm. The temperature dependence of the
magnetic moment is plotted in the inset.

FIG. 3. Change of XRD scans forsGa,MndN nanowires with ammonia flow
rate of 50, 100, and 150 sccm. The incident photon energy of 8 keVsl
=1.55 Åd was used in the measurements. XRD profile of Mn-implanted
GaN annealed at 900 °C is also shown.fP: GaNs100d, j: GaN s002d, s:
Al 2O3s001d, m: Mn3N2s103d .: Mn6N2.58s002dg.
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tates or Mn-related secondary phases were observed in the
nanowires. This confirmed the formation of solid solution of
Mn atoms in GaN nanowires.

Figure 4 displays the SRPES spectra of Ga 3d and Mn 2p
core levels forsGa,MndN nanowires. The peak of Ga 3d
spectrum shifted about 0.22 eV toward lower binding ener-
gies with increasing ammonia flow rate from 100 to 150
sccm, indicating that the Fermi energy level moved toward
the valence band maximumsVBM d. The relative atomic ratio
of Ga–to–N was determined from the atomic concentrations
of each element, calculated from the integral peak intensities
of Ga 3d and N 1s spectra, summarized in Table I. The ratio
measured at a detection angle ofu=90 deg in GaN nanowire
was set to 1.0 for reference. The Ga/N ratio decreased with
the increase of ammonia flow rate. This means that the sur-
face of nanowire changed to the Ga-deficient surface with
the increase of ammonia flow rate. In the meanwhile, the
peak intensities of Mn 2p3/2 and Mn 2p1/2 spectra in the Mn
2p spectrum increased, indicating that the dissolution of Mn
atoms in the nanowires enhanced. No additional chemical
bonds due to Mn-related secondary phases were found in Mn
2p spectrum, consistent with synchrotron radiation x-ray dif-
fraction results that no secondary phases were observed.

The valence band spectra were shown in Fig. 5. The sur-
face band bending ofsGa,MndN nanowires changed with
ammonia flow rate. The position of VBM was determined by
the kink point given by two solid lines, extracted from the
background and straight onset in valence band spectrum. The
EF was decided from the Fermi edge of the Au foil loaded on
the same sample holder. TheEF was apart by 3.0 eV from the

VBM for the GaN nanowires. This showed that the
nanowires aren-type properties because the band gap of
wurtzite GaN is about 3.44 eV. As Mn atoms were incorpo-
rated into GaN nanowires, the Fermi level shifted about 0.10
eV toward the VBM in comparison with the GaN nanowires.
Mn impurities in GaN act as deep acceptors for electrons.1

The electron density decreased with increasing Mn doping
concentration to the GaN nanowires, resulting in the shift of
the Fermi level toward the VBM. When ammonia flow rate
increased to 150 sccm, the Fermi level shifted about 0.32 eV
toward the VBM. This means that net hole concentration
increased due to the increase of number of Ga-vacancies,
consistent with the change of Ga/N ratio in Table I.

The observed weak ferromagnetic behaviors of the
sGa,MndN nanowires could arise from the formation of
nanosized Ga–Mn and Mn–N compounds insGa,MndN
DMS. In the previous work,13 a weak ferromagnetism was
found below 100 K in a Mn3Ga bulk material. The Mn4N
showed a ferromagnetic property at temperatures higher than
300 K.14 In the Mn-implanted GaN,12 Mn–Ga and Ga–Mn
bonds were found in Mn 2p and Ga 3d spectra, respectively.
This means the production of a binary phase of Ga–Mn,
playing a role to producing ferromagnetic properties. Mean-
while, no chemical bonding of the Ga–Mn magnetic phase
was observed in the GaN nanowire, as shown in Fig. 4. No
second phases were also found in HRTEM imagefFig. 1g.
From these results, it was concluded that the ferromagnetic
properties of thesGa,MndN nanowires were due to a solid
solution of Mn ions in GaN, not the nanosized Ga–Mn and
Mn–N compounds.

The magnetic moment and Curie temperature of
sGa,MndN nanowires increased with increasing ammonia
flow rate, as seen in Fig. 2. The enhancement of magnetic
properties could be explained with the SRPES results in
Figs. 4 and 5. The decrease in Ga/N ratio with the increase
of ammonia flow rate means that the concentration of Ga-
vacancies increased. This was evident by the shift of Fermi

FIG. 4. SRPES spectra of Mn 2p and Ga 3d core levels forsGa,MndN
nanowires with ammonia flow rates of 100 and 150 sccm.

TABLE I. Change of Ga/N atomic ratio. The numbers in parentheses imply
ammonia flow rates in sccm.

Sample Ga/N ratio

GaN nanowiress100d 1
sGa,MndN nanowiress100d 0.90
sGa,MndN nanowiress150d 0.77

FIG. 5. Change of valence band spectra forsGa,MndN nanowires with am-
monia flow rates of 50, 100, and 150 sccm.
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level toward the VBM with increase of ammonia flow rate in
Fig. 5. Incorporation of Mg in GaN significantly depends on
the stoichiometry of the growth surface.15 Mg concentration
in GaN increases with an increase of the number of Ga va-
cancies because the Mg is incorporated into substitutional Ga
sites.16 Similarly, in the growth ofsGa,MndN nanowires, Mn
ions can also occupy at Ga vacancies,1 resulting in the in-
crease of Mn concentration, as shown in Mn 2p spectra of
Fig. 4sad. The Mn atoms occupying Ga sites insGa,MndN
magnetic semiconductors provide the localized spins.1 Mean-
while, the nanowires showedn-type properties, meaning that
the observed ferromagnetic properties might be related to
electrons, not to holes. This could be explained by the bound
magnetic polaron model.17 Therefore, the enhancement of
ferromagnetic properties insGa,MndN nanowires with in-
creasing ammonia flow rate originated from the increase of
Mn concentration dissolving in GaN.

IV. CONCLUSION

N-type sGa,MndN nanowires were grown on sapphire
substrates by a chemical vapor deposition using a mixture of
Ga and MnCl2 powders and ammonia gas. No secondary
magnetic phases were found in the nanowires. This supports
that the solid solution of Mn ions in GaN nanowires played a
major role in producing the ferromagnetic properties. Mn
concentration dissolving in GaN and Ga vacancies simulta-
neously increased with increasing ammonia flow rate, result-
ing in the increases of ferromagnetic signal and Curie tem-
perature. ThesesGa,MndN nanowires will offer opportunities
for investigations of fundamental science and be very useful
in the development of future nanoscale spintronic semicon-
ductor devices.
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