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The GaN:Mn nanoparticles were synthesized successfully by DC arc discharge plasma without any catalyst or template. X-ray diffraction
patterns revealed that all peaks position of GaN:Mn nanoparticles were shifted towards larger angles, indicating the c lattice parameter of
GaN:Mn is smaller than that of GaN due to the lattice distortion. The growth mechanism explains the characteristic of morphology and
size. Room temperature photoluminescence (PL) of GaN:Mn nanostructure exhibits a relatively broad range of visible light absorption
due to dopant-induced energy levels within the band gap increasing the yield for electron-hole pair formation under illumination with
visible light. The magnetic property was investigated by VSM and Quantum Design MPMS SQUID. Mn doped GaN nanoparticles show
two prominent critical points corresponding to the magnetic phase transition, respectively. One is the classical thermally driven from
superparamagnetic (SP) to blocked SP, the other is the quantum tunneling of magnetization from magnetic long-range order to quantum
superparamagnetic (QSP) atate. The magnetism is derived from the Mn atoms, the magnetic coupling between Mn atoms depends on the
mediating of N.

Introduction GaN is well-known for its excellent optoelectronic properties
with direct and wide bandgap, high electron mobility, and
excellent thermal stability.'>'® It is one of the perspective
materials for the field of spintronics, which is based on the

so control of the spin. In the recent years, the synthesis,

characterization, and application of GaN DMSs nanostructures
such as nanotubes,17 nanorods,18 and nanowires'® 2 have attracted
considerable attention because of that the properties of
nanomaterials may have strong dependence on their size,
morphology, and shape.?" > Some GaN DMSs (doped Cr, Mn,
Mg) nanostructures have been synthesized by various
methods.”** Some transition metal doped GaN materials exhibit
the room temperature ferromagnetic ordering®®?®
paramagnetism.”*® To our knowledge, Mn doped GaN
nanoparticles with the quantum superparamagnetic have not yet
been reported in literature. It is natural to draw the attention to

GaN:Mn nanoparticles and to study their properties.

In this work, a simple, one-step, catalyst- and template-free
method has been used the synthesis of Mn doped GaN
nanoparticles; there 1is a chemical-vapor transport and
condensation process in DC arc discharge plasma. The structure,
morphology, size, optical and magnetic properties of GaN:Mn
nanoparticles have been analyzed by X-ray diffraction (XRD),

X-ray photoelectron spectroscopy (XPS), high resolution

transmission electron microscopy (HRTEM), photoluminescence

spectroscopy (PL), vibrating sample magnetometer (VSM) and

Quantum Design MPMS SQUID. The optical and magnetic

mechanisms have been investigated in detail. And the

characterization of magnetism reveals that the GaN:Mn

75 nanoparticles show two magnetic phase transition processes.

The diluted magnetic semiconductors (DMSs) are crucial in
spintronics - spin based electronics which utilize both the
semiconducting and magnetic properties of one material,"™ thus a
great attention has been devoted for preparation and study.”’
DMSs are semiconductors doped with transition metals or rare
earth exhibiting magnetic properties. And the appropriate doping
is to improve their performance in both electronic and
optoelectronic devices.® Doped nanoparticles of dimensions
below Bohr excition radius exhibit interesting optoelectronic and
magnetic properties due to remarkable quantum size effect and
the three-dimensional quantum confinement of electrons and
holes.”!” The most interesting aspects of magnetic materials in
modern times is that the observation of unusual properties
derived from macroscopic quantum tunneling of magnetization
(QTMs), which has continued to attract widespread attention.!!
Below a certain “critical size”, ferromagnetic material exhibit a
single domain in contrast to the usual multidomain structure of
bulk materials behaving the interesting superparamagnetic (SP),
which may have important consequences in determining the
lifetime of magnetic information stroage.'>'> However, the SP
disappears when the thermal fluctuation of the random spin
orientation is freeze. The SP state is transfer to a long-range
magnetic order. If the size is ultrasmall, the Quantum tunneling of
magnetization (QTM) take place as temperature further
decreases, the superparamagnetic state can be re-observe even
when the thermal energy is smaller than the barrier height.'' It is
denoted as quantum superparamagnetic (QSP), which offers a
very exciting possibility for computers using mesoscopic magnets
for memory."* To date, some effort has been put into study the
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Experimental

The synthesis of Mn doped GaN nanoparticles were carried
out in an improved DC arc discharge plasma setup. High-purity
Mn (purity 99.99%) and Ga,0; (purity 99.99%) were mixed and
used as target raw materials. NH; (purity 99.999%) gas and N,
gas (purity 99.999%) were used as nitrogen sources. The mixing
column was used as both the evaporation source and deposition
substrate. Before the DC arc was ignited, the chamber was
evacuated to less than 5 pa of pressure, and then N, gas and NH;
gas were introduced into the chamber at a pressure of 40 kPa.
When the DC arc was ignited, the input current was maintained at
100 A and the voltage was a little higher than 25 V. The process
of the GaN:Mn nanoparticles formation in the device involves the
evaporation of Mn and Ga,0;, decomposition of NH; and N,
nucleation of GaN, and instead of Ga. In the process, Ga,0O; plays
a key role in the growth of GaN cryatal, as an oxide-assisted
growth. The reaction time and the N, pressure is controlled
accurately in order to the growth of the sphere-shaped
nanostructure of GaN:Mn. After about 5 min of reaction, the
substrate was covered with a larger number of samples. Finally,
the products were passivated for about 24 h in pure Ar gas at 50
kPa.

The crystal structure and composition of GaN:Mn were
characterized by the powder X-ray diffraction (XRD) patterns of
using a Rigaku D/Max-A diffractometer with Cu Ka radiation,
and X-ray photoelectron spectroscopy (XPS) using ESCALAB
MK II. The morphology and microstructure were recorded by a
field emission scanning electron microscopy (SEM) using XL 30
ESEM FEQG, and a transmission electron microscopy (TEM) and
a high resolution transmission electron microscopy (HRTEM)
using a JEOL 2100 TEM operated at 200 kV and point to point
resolution of 0.14 nm. The photoluminescence spectrum was
measured with a sapphire laser as excitation source. The magnetic
properties were measured using a vibrating sample magnetometer
(VSM) and Quantum Design MPMS SQUID.

Results and Discussions

After the synthesis, the yellow powder was collected. The crystal
structure of the products was examined by X-ray diffraction
(XRD) measurements. Fig. 1 shows the X-ray diffraction patterns
of GaN and GaN:Mn sample. The diffraction peaks are assigned
to be hexagonal GaN phase according to the JCPDS Cards
(JCPDS card No. 50-0792) except the asterisk. The XRD data
confirms that Mn ions were incorporated in GaN to form
GaN:Mn without changing the hexagonal structure. But all peaks
position of the GaN:Mn shifted slightly toward larger angle
(lower d value), indicating the c lattice parameter of GaN:Mn (C
GaN:mn =0.5129 nm ) is smaller than that of GaN (Cg,y = 0.5184
nm).*" Thaler et al. also showed a decrease in c lattice parameter
at low Mn concentration.*® It is suggested that the GaN:Mn has
been synthesized, and the substitution of Mn ions can lead to
lattice distortion. The ionic radius of Mn is only slightly smaller
than that of Ga, and the Ga positions can be easily substituted by
Mn under certain conditions, so Mn as dopant is more effective in
practice than using other dopants.® This same phenomemon has
been observed in others studies.™ It implies that Mn ions are
atomically doped inside the GaN:Mn nanostructure. The dopant
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content of sample was 4% and 7% measured by EDS testing, the
sample can be written as GagosMnguN and Gagoe3sMngp;N.
Furthermore, the asterisk is assigned to be O, coming from the
intermediate product, which should be chemisorbed on the
surface. As shown in Fig. 1, the O, peak of GaN:Mn is stronger
than that of pure GaN. It indicates that the surface of GaN:Mn
adsorbs more oxygen. As everyone knows that dopant-induced
lowering of the vacancy formation energy of substituted ions can
cause a substantial surface restructuring.’® Here, the Mn doping
increased surface defects and expanded surface uneven force field,
which can seriously affect chemisorbed oxygen.
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Fig. 1 XRD patterns of GaN and GaN:Mn nanoparticles. It shows the

peak position of the GaN:Mn nanoparticles shifted slightly toward larger
angle with the Mn addition.
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Fig. 2 XPS spectra of the GaN:Mn nanoparticles. The peaks of the core
level of Ga 2p, N Is, Mn 2p, O 1s are shown in the Fig. 2 (a-d),
respectively.

The detailed information/composition of the GaN:Mn
nanoparticles was further investigated by using XPS. As shown
Fig. 2(a), the peaks of Ga 2p;, and Ga 2p;,, are located at the
binding energies of 1118.1 eV and 1145.0 eV. The core level of
Ga has a positive shift comparing to the Ga 2p,;, peaks from
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elemental Ga.>”* The binding energy of N 1s is located at 397.4
eV and the full-width at half maximum is about 3.3 eV in the Fig.
2(b). The width and slight asymmetry of the N 1s peak could be
due to the chemisorbed elemental N in the as-synthesized GaN.>’
The sites in binding energies of Ga and N confirms the bonding
between Ga and N excluding the elemental Ga. Fig. 2(c) shows
the peaks of Mn 2p;, and Mn 2p;, located at the binding
energies of 641.7 eV and 653.4 eV. The peak of the nanoparticles
appears in the lower energy region compared to that of MnO, due
to the lower electronegativity of N. Therefore, the peaks would be
expected to originate mainly from the Mn (II)-N bonding
structures. This bonding energy of Mn 2p;,, is higher level than
that of metallic Mn, indicating rare Mn clusters.®® The XPS
spectra of the Mn 2p core levels indicate that Mn ions exist in the
crystal structure after the substitution of the Ga sites. The O 1s
peak centered at 531.2 eV is given in Fig. 2(d). The binding
energy of chemisorbed O, on the surface has been observed in the
region of 531.4 eV.* Therefore, the O 1s peak is attributed to
chemisorbed O, in the Fig. 2(d). In short, the analysis of XPS
spectra can match with the result of XRD pattern, and it is
suggestted that the composition of the sample is GaN:Mn without
other impurities.

Fig. 3 the morphology images of GaN:Mn sample. (a) and (b) scanning
©
microscopy (TEM). (d) high-resolution transmission electron microscopy
(HRTEM), the Fast Fourier transforms (FFT) of HRTEM images (insert
in Fig. 3d).

The morphology and structural characterization of the
GaN:Mn nanostructure are shown in Fig. 3. It is shown a
scanning electron microscopy (SEM) image of typical GaN:Mn
hexagonal nanoparticles about 8-70 nm in diameter in the Fig. 3a
and 3b. The smaller particles exhibit almost spherically shaped
corresponding to the initial state of the particle growth, and a
prolonged treatment also lead to the formation of bigger
hexagonal particles. The size of nanoparticles can be controlled
by the reaction time; the samples prepared by a short treatment

electron microscopy (SEM) image. transmission electron
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having significantly smaller size. Interestingly, the GaN:Mn
nanoparticles are not independent, the GaN:Mn nanoparticles try
to approach each other forming chains stacked by self-assembly
(Fig. 3b). It is seemed as natural magnetic stacked together with
each other.

The detailed microstructures characterization of the
GaN:Mn nanoparticles was performed by transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM). The low resolution image displays the
morphology of the prepared samples is mainly spherical in shape
and stick together to form a chain, and the size varying from 8 nm
to 70 nm. A representative HRTEM image of the GaN:Mn
nanoparticles in the Fig. 3d. The Fast Fourier transforms (FFT) of
HRTEM images (insert in Fig. 3d) corresponds to the X-ray
diffraction pattern, and confirms the hexagonal structure of
GaN:Mn. The spacing of 0.2564nm measured from the lattice
fringe corresponds to the d-spacing of the (0002) plane. The d
spacing obtained from HRTEM confirms the XRD data. To the
best of our evidence, we can believe that we successfully
prepared the GaN:Mn nanoparticles.

Fig. 4 the scheme of the growth of the GaN:Mn nanoparticles.

To explore the formation mechanism of the GaN:Mn
nanostructures, it is essential to know the growth model. In this
work, no metallic particle catalyst or template was used, the
formation of the individual GaN:Mn nanoparticles should be
related to the vapor-solid (VS) mechanism due to the intrinsic
properties of GaN:Mn, such as the anisotropy of its hexagonal
structure. Based on the above observation, the growth of the
GaN:Mn nanostructures can be illustrated schematically in Fig. 4.
As the processing temperature increases up to 3000-5000 C, the
thermal decomposition of N, and NH; and the evaporation of
Ga,05 and Mn column result in the formation of Ga, Ga,O, O,,
Mn, N, NH, and H, vapors, which are transported by N, carrier
gas to a zone with an appropriate temperature for the growth
GaN:Mn crystals through the following reaction: N + Ga +Mn—
GaN:Mn or Ga,0 + NH, + Mn— GaN:Mn + H,O +H,. It is well
known that the process of high-temperature nitriding reaction can
obtain high quality GaN crystal without Ga,O; and other phase of
Ga, due to lattice defects and improvement of crystallization.
During this step, the heat convection and temperature gradient
produced by DC arc plasma provide a chemical-vapor transport
and condensation process, which is responsible for the nucleation
of GaN:Mn. On the basis of the above observations, we believe
that the growth of GaN:Mn crystals could be a homogeneous
nucleation process for the primary GaN:Mn nanoparticles formed
at an early reaction stage. Then some crystal nucleus movement
to the low temperature area with the circular flow, and in this area
the slow evaporation of Ga, Ga,O and Mn and a shortage of N
and NH, vapors. The degree of supersaturation of GaN:Mn vapor
decreases, and it is not enough to provide the growth of GaN:Mn
microboxes forming spherically shaped particles. However, at the
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higher temperature area the flashing evaporation of Ga, Ga,O and
Mn and enough of N and NH, vapors, and the energetic growth of
GaN:Mn microboxes forms the bigger hexagonal particles. So the
GaN:Mn nanoparticles are the inhomogeneity size, this
phenomenon agrees with the morphological characterization.

Fig. 5 shows the PL spectrum of GaN:Mn nanoparticles
excited using a frequency tripled Ti Sapphire laser as excitation
source at room temperature. The excitation photon energy was set
at 4.8 eV. The PL feature of GaN:Mn nanoparticles shows three
broad emission bands centered at about 467 nm, 580 nm and 658
nm. According to the equation E,/eV=1240/ A , the peaks
corresponds to E,= 2.65 eV, 2.13 eV, 1.88 eV, respectively. The
spectrum of GaN:Mn shows a relatively broad range of visible
light absorption. This is due to dopant-induced energy levels
within the band gap increasing the yield for electron-hole pair
formation under illumination with visible light. The peak at 467
nm (2.65 eV) is most likely due to transition from deep donorlike
states due to the Mn dopant to the covalent band states; other
emission peaks are also related to some impurity level. The doped
is conducive to visible light absorption activity.*' The intensive
PL emission spectrum indicates that the existence of Mn in the
structure influences the optical property.

¥

= Lon

. .

Z | e »
05 L ] ..

= |¢ ’,

W | [

ety

E y %

s Y ITY
400 500 €00 700

Wavelength (nm)

Fig. 5 Photoluminescence spectra (PL) of GaN:Mn nanoparticles using a
frequency tripled Ti Sapphire laser as excitation source at room
temperature.

In depth analysis of the magnetic properties is the central
point of a DMS study. The magnetic measurements were
performed at room temperature. In order to avoid getting
false-positive magnetism signals due to high-sensitivity devices,
it tested the undoped and Mn-doped GaN using the vibrating
sample magnetometer (VSM). The Fig. 6a shows a hysteresis
loop about the M-H curves of the pure GaN and GaN:Mn with
different dopant concentration at 300 K. The undoped GaN
nanoparticles show an almost zero hysteresis loop in Fig. 6a,
implying the undoped GaN is non-magnetic. However, the M-H
curves of the GaN:Mn nanoparticles show a hysteresis loop. The
saturation magnetization of the GaN:Mn hexagonal nanoparticles
are 0.013 emug™' and 0.016 emug™', and the coercive field are 103
Oe and 185 Oe for the samples with Mn concentrations of 4%
and 7%, respectively. It is seen that the hysteresis loops are
irreversible, while the irreversibility of the hysteresis loops are
extremely small, indicating the presence of ferromagnetic or
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superparamagnetic-like which is the characteristic of the
ferromagnetic particle with small size.** In addition, the
saturation magnetization increases with increasing doped
concentration. Since neither Ga®* nor Mn** ions are magnetic
ions, the observed magnetism is an intrinsic property of GaN:Mn
and relate to the doped Mn ions.

To gain insight into the magnetic property for GaN:Mn
nanoparticles, the temperature dependence of magnetization
ZFC-FC curves were measured. Fig. 6b shows the
zero-field-cooling (ZFC) and field-cooling (FC) curves of the
GaN:Mn nanoparticles (7%) measured in a temperature range
between 5 and 400 K at an applied magnetic field of 500 Oe. The
Mn-doped GaN shows a distinct splitting between ZFC and FC
measurement, implying the presence of a magnetic transition
temperature. The ZFC magnetization increases as the temperature
reduces from 400 K and reaches a maximum at 166 K, which is
the phase transition point called the blocking temperature (Tg).
The classically thermal-assisted superparamagnetic is blocked at
the Tp, forwarding the phase transition from superparamagnetic
state to magnetic long-range order.'' The exponential decrease of
the magnetization when increasing the temperature is a typical
signature of superparamagnetic. Moreover, there is the existence
of irreversibility between the FC and ZFC branches of the
susceptibility below the Tg, presenting the typical behavior of
superparamagnetic particles. The larger difference between ZFC
and FC data indicates a large anisotropic field within the GaN:Mn
nanoparticles.*’ The ZFC magnetization decreases from the T,
but the magnetization starts increases when the temperature
reduces to 70 K. This temperature is T, which is the renarkable
transition point giving a clear-cut evidence of Quantum tunneling
of magnetization (QTMs) from magnetic long-range order to QSP
state in the GaN:Mn nanoparticles. This phenomenon is
consistent with reports of such behavior at the nanoscale.'"*** Tt
is suggested that the dramatic increase in surface to volume ratio
causes a stronger surface anisotropic field to frustrate and
disorder the surface spin, which provides channels for quantum
tunneling between spin-glass and quantum paramagnet, thus the
quantum phase transition from magnetic long-range order to QSP
state can be observed.'?

The GaN:Mn nanoparticles possesses the complicated
magnetism: the classical thermally driven from SP to blocked SP
and the quantum phase transition from magnetic long-range order
to QSP state. This phenomenon can be ascribed to the smaller
size of GaN:Mn nanoparticles. The magnetic behavior is
attributed to the Mn ions. A nonhomogeneous distribution of Mn
favors the formation of Mn enriched and some isolated areas, the
magnetic coupling between the Mn atoms depend on this
distribution. The Mn-Mn and Mn-N distances are two important
factors. The Mn-N distance may play a more crucial role than the
Mn-Mn distance in dictating the magnetic coupling between the
two Mn atoms.** The role of N mediates the magnetic coupling
between Mn atoms. When the Mn-N distance exceeds some
critical value, the magnetic coupling is ferromagnetic. Otherwise,
the Mn-Mn (Mn-N) distances of the antiferromagnetic coupling
are smaller than that of ferromagnetic coupling. Some theory
studies show Mn atoms prefer to stay as close as possible to each
other in the lattice.*> When the high concentration of Mn in the
GaN:Mn nanoparticles, the Mn-N distances of the ferromagnetic
couping should be more. At the same time, the Mn-Mn (Mn-N)
distances of the antiferromagnetic couping also be more. The
accumulation of ferromagnetic and antiferromagnetic has
determined the intensity of saturation magnetization. The
superposition of result is that the sample shows ferromagnetism.
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The increase of saturation magnetization is not proportional to the
change of Mn content. Thus, Fig. 6a shows that the saturation
magnetization of Mn content 7% is only bigger than that of Mn
content 5%. In short, the magnetism of GaN:Mn is contributed by

s the Mn doped, the magnetic coupling between Mn atoms in GaN
depends on the Mn-N —Mn distances.
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Fig. 6 (a) Magnetization hysteresis loop of the undoped and Mn doped
GaN nanoparticles at room temperature. (b) ZFC and FC curves of the
10 GaN:Mn nanoparticles.

Conclusions

In summary, a DC arc discharge plasma method
synthesized the GaN:Mn nanoparticles of sizes about §-70 nm
have been developed. The Mn doped GaN nanoparticles have

15 been studied structurally, morphologically by XRD, XPS, SEM,
and HRTEM. The growth mechanism decides the characteristic
of morphology and size. The intensive PL emission spectrum
indicates that the existence of Mn in the structure and influencing
the optical property. The complicated magnetic behavior of

20 GaN:Mn nanoparticles has been testified via the experiment
measurement, the classical thermally driven from SP to blocked
SP and the quantum phase transition from magnetic long-range
order to QSP state are observed in GaN:Mn nanoparticles. The

magnetism is due to the Mn atoms, the magnetic coupling
25 between Mn atoms in GaN depends on the Mn -Mn distances.
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