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Cr-doped GaN nanowires have been proposed to be ferromagnetic, resulting from a charge overlap between the N 2p and Cr
3d states and to be more robust than Mn-doped GaN nanowires.
We demonstrated the successful fabrication of single-crystalline GaN nanowires doped with Cr, which show ferromagnet-

ism at room temperature. The structural study shows that these
nanowires have diameters of several tens of nm to a few 100 nm
and are single crystalline with a Cr doping concentration of
about 2.06 at%.
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1 Introduction With the development of semiconductor technology, doping has been an important technique
for semiconductors. There are many kinds of doped
semiconductors that have revealed improved optical,
electrical, and magnetic properties. In particular, diluted
magnetic semiconductors (DMSs) have been of great interest
because of their applications in spintronics, which demands
the multifunctional use of charge and spin by manipulating
them at the nanoscale [1]. DMSs can be made by adding
ferromagnetic or paramagnetic dopants to host semiconductors. Many II–VI and III–V semiconductors including InAs,
GaAs, GaP, ZnO, and GaN have been proposed as host
materials to realize DMSs. Among them, GaN is an
important material for high-power electronics that has a
bandgap of 3.4 eV in the ultraviolet region with high stability
at room temperature. In addition, GaN has stimulated everincreasing interest for spintronics since the prediction of
room temperature ferromagnetism by Dietl et al. [2]
Recently, many studies on transition-metal-doped GaN have
been reported [3–8]. Besides Mn, other 3d transition-metal
dopants such as V, Cr, and Co have also been tried for the
realization of room temperature ferromagnetism [9]. Crdoped GaN bulk and thin film have recently been studied
[10–14]. With the development of nanoscience and nanotechnology, one-dimensional Cr-doped GaN nanostructures
such as nanowires may have extensive applications in

spintronic nanodevices. Theoretically, Wang et al. [15]
predicted that Cr-doped GaN nanowire has ferromagnetism
and is a more robust system than Mn-doped GaN nanowires.
Experimentally, however, there are only a few reports on Crdoped GaN nanowires and their ferromagnetic behavior.
Stamplecoskie et al. [16] and Tambo et al. [17] studied the
effect of transition-metal impurity on the growth of doped
GaN nanowire.
In this paper, we report on the fabrication of ferromagnetic Cr-doped GaN nanowires. Nanowires were synthesized
using Au catalyst. Au was chosen because it is not magnetic.
The morphological and structural investigation of Cr-doped
GaN nanowires show that the nanowires have a good
crystalline structures. Furthermore, ferromagnetic behavior
of Cr-doped GaN nanowires is demonstrated.
2 Experiments Cr-doped GaN nanowires were fabricated by a CVD method using a conventional horizontal
furnace system. The mixture of GaN and chromium chloride
powder was loaded onto an 8-cm long alumina boat. Then it
was placed inside an 1 in. diameter quartz tube that was
already inserted into a furnace. The nanowires were grown
on sapphire substrates that were washed and coated with a 2nm thick gold film at room temperature by thermal
evaporation. Before the nanowire growth, the gold film
was annealed without any source at 600 8C in an argon
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atmosphere. After the quartz tubes were pumped down to
10 mTorr, high-purity ammonia gas was fed into the quartz
tube at a flow rate of 80 standard cubic centimeters per
minute (SCCM). The furnace was heated to around 1000 8C
and held at this temperature for 60 min. After cooling the
furnace to ambient temperature, the samples were obtained
from the substrates.
The structural analysis was conducted using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and
transmission electron microscopy (TEM). The photoluminescence (PL) measurement was done using the third
harmonic of a Ti:sapphire laser at a repetition rate of
82 MHz. The output wavelength of the laser was 266 nm with
a pulse width of 100 fs. The magnetic properties were
investigated using a physical property measurement system
(PPMS, Quantum Design).
3 Results and discussion The morphology of Crdoped GaN nanowires was investigated by SEM as shown in
Fig. 1. As shown in Fig. 1a, the GaN nanowires densely
covered the whole substrate. In the enlarged images of the
nanowires in Fig. 1b and c, most of the nanowires had Au
particles at their tips. This indicates that the growth

Figure 1 (a) Overview SEM image of Cr-doped GaN nanowires.
Enlarged images of (b) the pure GaN nanowires and (c) Cr-doped
GaN nanowires. (d) XRD of Cr-doped GaN nanowires. No secondary phase peak is observed.
ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mechanism of the as-grown GaN nanowires could be
vapor–liquid–solid (VLS) process. The average length of
GaN nanowires was several micrometers. The average
diameter of GaN nanowires ranges from several tens of nm
to a few 100 nm. The diameter distribution of a nanowire is
determined by the size of the Au nanoparticle at its tip.
Figure 1b and c show pure GaN and Cr-doped GaN
nanowires; there is little difference between them in
morphology. These pure GaN nanowires were fabricated
with the same fabrication process but without chromium
chloride powder in the source boat. This shows that the Au
catalyst plays a key role in the growth of the nanowires.
Figure 1d shows XRD pattern of Cr-doped GaN
nanowires. The diffraction peak positions, except for the
(0001) peak of sapphire, are similar to those of a pure bulk
GaN that has wurtzite structure (JCPDS card# 76-0703,
a ¼ 3.189 Å, c ¼ 5.186 Å). No diffraction peak of typical Cr
and chromium compound was observed. Their intensities,
however, are different from those of a pure bulk GaN. In
particular, the (0002) and (0004) peaks of as-grown Crdoped GaN nanowires are stronger than other peaks. In pure
bulk GaN, the (1011) peak is the strongest peak. This
indicates that as-grown Cr-doped GaN samples were
probably grown by the (0001) direction.
The nanostructure of a Cr-doped GaN nanowire was
further investigated by TEM. As shown in Fig. 2a, the Crdoped GaN nanowire has an Au tip and crystalline–
amorphous core–shell structure. The diameter of the core
was almost the same as that of the tip. This result confirms
our observation made in the SEM images of Fig. 1b and c.
The high-resolution TEM (HRTEM) image of the nanowire
in Fig. 2a and its fast Fourier transform (FFT) are shown in
Fig. 2b. From the lattice image, the d-spacings between
the nearest spots of the nanowire are 2.44 and 1.84 Å,
respectively. These results match to d1011 and d1012 of
hexagonal GaN. The growth direction of the nanowire can be
observed from the FFT image of the lattice image shown in
the inset of Fig. 2b. Both the HRTEM and FFT results
indicate that the zone axis of the FFT image is [5413], and the
growth direction and the side-wall direction of the nanowire
are (0111) and (1012), respectively. For the investigation of
the doping concentration, energy-dispersive spectroscopy
(EDS) of the nanowire was conducted by TEM. In Fig. 2c,
Cr–GaN nanowire consists of Ga, N, Au, and Cr. The atomic
percent (at%) of the Ga, N, and Cr is 43.52, 47.62, and 2.06%,
respectively. The summation of Ga and Cr is only 2% lower
than that of N. This means only a little Ga vacancy in the GaN
nanowire. The dopant concentration of Cr is 2.06%. This is a
relatively large amount of dopant compared to the result of
the previous study [16].
The PL spectrum of Cr-doped GaN nanowires measured
at room temperature is shown in Fig. 2d. The peak near
3.48 eV is the near band edge transition of GaN. The small
peaks observed around 3.2 eV have been also observed in
other investigations [18–20] where different elements were
doped in GaN. This peak may hence be considered as an
indicator that an impurity element is doped in the GaN
www.pss-a.com
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Figure 2 (a) TEM image of Cr-doped GaN nanowire. (b) HRTEM
image of Cr-doped GaN nanowire. (Inset is the corresponding FFT
pattern of Cr-doped GaN nanowire). (c) EDS spectrum of Cr-doped
GaN nanowire in (a). (d) PL spectrum of Cr-doped GaN nanowire.

Figure 3 (a) Magnetization as a function of temperature of Crdoped GaN nanowires under a magnetic field of 5000 Oe.
(b) Dependence of magnetization on the magnetic field of Cr-doped
GaN nanowires (square symbol) and pure GaN nanowires (triangle
symbol) at 300 K.

nanowires, or Ga vacancies exist to a certain degree, as
shown in the EDX result.
The magnetic properties of Cr-doped GaN nanowires
were investigated using PPMS. Figure 3a shows the
magnetization of Cr-doped GaN nanowires as a function of
temperature. The measurement was carried out under an
applied magnetic field of 5000 Oe. Near 10 K, the strong
temperature dependence of magnetization comes from
paramagnetic defects of the GaN nanowires. At a low
temperature, paramagnetic behavior is stronger than ferromagnetic behavior. This coexistence of a paramagnetic-like
and a ferromagnetic-like in DMS GaN samples was reported
elsewhere [21]. Above 300 K, the nanowires still have
magnetization. This indicates that Tc (Curie temperature) is
higher than 350 K, which is the temperature limit of the
PPMS. Figure 3b shows the dependences of magnetization of
Cr-doped GaN nanowires on the magnetic field at 300 K
(square symbol). In Fig. 3b, the diamagnetic background
from the substrate has been subtracted. The hysteresis loop
clearly indicates that the Cr-doped GaN nanowires have
ferromagnetism with a remanence of 1.7  106 emu and
coercive force of 632 Oe. To compare hysteresis loops
between Cr-doped GaN nanowires and pure GaN nanowires,
we also carried out the magnetization measurement with

pure GaN nanowires. The images of pure GaN nanowires are
shown in Fig. 1b. The only difference in the fabrication
procedure between Cr-doped and pure GaN nanowires is
whether chromium chloride powder is contained in the
source boat or not. The hysteresis loop of pure GaN
nanowires is also shown in Fig. 3b for easy comparison
with that of Cr-doped GaN nanowires.
With respect to the origin of the ferromagnetism of
current Cr-doped GaN nanowires, Wang et al. [15] proposed
that the double-exchange mechanism between two Cr atoms
via the N atom could develop ferromagnetism in Cr-doped
GaN nanowires. Theoretical calculation shows that the N 2p
and Cr 3d orbitals overlap so that the N 2p orbitals are
polarized antiferromagnetically with respect to Cr 3d
orbitals. Then, one Cr atom that substitutes on the Ga site
makes a long-range ferromagnetic ordering with another Cr
atom via an antiferromagnetic N atom. In our Cr-doped GaN
nanowires, there are no secondary phases like chromium
oxide or chromium nitride. This indicates that Cr dopants are
well scattered and interstitially incorporated inside the GaN
nanowires. The double-exchange mechanism may be the
origin of ferromagnetism of the current Cr-doped GaN
nanowires. Extended X-ray absorption fine structure
(EXAFS) or X-ray magnetic circular dichroism (XMCD)
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measurements may be helpful to the investigation of the
origin of the ferromagnetism.
4 Conclusion In summary, Cr-doped GaN nanowires
have been successfully grown by a Au-catalyzed CVD
approach. The length and diameters of Cr-doped GaN
nanowires range from several tens of nm to a few 100 nm and
a few micrometers, respectively. PL spectrum shows a strong
luminescence peak at near band edge. The EDS result reveals
that the Cr dopants concentration is 2.06%. The hysteresis
loops of Cr-doped and pure GaN nanowires were measured,
showing that as-fabricated Cr-doped GaN nanowires have
the room temperature ferromagnetism and one of the
fascinating candidates for room temperature DMS spintronics application.
Acknowledgements This work has been supported by the
Steel Science Program of POSCO through the National Center for
Nanotechnology, BK21 project funded by the Korean Research
Foundation, and the Global Research Laboratory Program (grant no.
2009-00439).

References
[1] H. Ohno, Science 281, 951 (1998).
[2] T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand,
Science 287, 1019 (2000).
[3] G. T. Thaler, M. E. Overberg, B. Gila, R. Frazier, C. R.
Abernathy, S. J. Pearton, J. S. Lee, S. Y. Lee, Y. D. Park, Z. G.
Khim, J. Kim, and F. Ren, Appl. Phys. Lett. 80, 3964 (2002).
[4] M. L. Reed, N. A. El-Masry, H. H. Stadelmaier, M. K.
Ritums, M. J. Reed, C. A. Parker, J. C. Roberts, and S. M.
Bedair, Appl. Phys. Lett. 79, 3473 (2001).
[5] P. V. Radovanovic, C. J. Barrelet, S. Gradečak, F. Qian, and
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