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ABSTRACT

We report magnetism in Cu doped single-crystalline GaN nanowires. The typical diameter and the length of the Ga 1-xCuxN nanowires ( x )
0.01, 0.024) are 10−100 nm and tens of micrometers, respectively. The saturation magnetic moments are measured to be higher than
0.86 µB/Cu at 300 K, and the Curie temperatures are far above room temperature. Anomalous X-ray scattering and X-ray diffraction measurement
make it clear that Cu atoms substitute the Ga sites, and they largely take part in the wurtzite network of host GaN. X-ray absorption and X-ray
magnetic circular dichroism spectra at Cu L2,3 edges show that doped Cu has local magnetic moment and the electronic configuration of it
is mainly 3d 9 but mixed with a small portion of trivalent component. It seems that the ionocovalent bonding nature of Cu 3d orbital with
surrounding semiconductor medium makes Cu atom a mixed electron configuration and local magnetic moments. These outcomes suggest
that the Ga 1-xCuxN system is a room-temperature ferromagnetic semiconductor.

The concept of simultaneously manipulating both charge and
spin in a single-semiconductor medium leads to the exciting
area of spintronics.1,2 Semiconductors doped with transition
metal, so-called diluted magnetic semiconductors (DMSs),
are the most promising candidates for such applications.3,4

According to the principle of mean field theory,3 transition
metals such as Sc, Ti, V, Cr, Mn, Fe, Co, and Ni that have
partially filled d states can be doped for transforming spin-
frustrated semiconductors to ferromagnets. It has also been
predicted that room-temperature ferromagnetism, which
would be advantageous in many applications, could be
achieved in magnetic doped wide band gap semiconductors.5

Indeed, room-temperature ferromagnetism has been reported
from Cr, Mn, Fe, and Co doped GaN, ZnO, and TiO2.6-8

However, these transition metals with local magnetic mo-
ments may not be the best choice for the doping elements.
Magnetic secondary clusters have been shown to be ferro-
magnetic, arguing the motivation that the ferromagnetism
of the DMSs arises from magnetic secondary clusters.9-11

Namely, the origin of ferromagnetism in these DMSs is still
controversial due to the possibility of magnetic secondary
phases and uncertainty of magnetic interactions.

In the present study, we utilize a Ga1-xCuxN nanowire
system. Cu is anonmagneticelement. However, if it is doped
into a semiconductor as divalent states, the partially filled d
states of Cu+2 ions render it a candidate for achieving
ferromagnetism. Importantly, if ferromagnetism is realized,
there will be no need to consider the contribution of
controversial secondary phases because no ferromagnetic
compounds exist in this system. Nanowires also have a
number of advantages over thin films with respect to studying
ferromagnetism in DMSs. Specifically, they offer thermo-
dynamically stable features and are typically single-crystal-
line and defect free. They can thus safely exclude the effect
of defects and nonuniform distribution of dopants that are
typically observed in DMSs prepared by nonequilibrium
processing (e.g., molecular beam epitaxial process). The free-
standing nature of nanowires makes it possible to exclude
the effect of thermal and lattice mismatch of the substrate
and opens the possibility of determining theintrinsic
magnetism under fully relaxed states.12 Moreover, nanowires
could further fuel the development of ferromagnetism in
DMSs. For example, all spin rotations in the nanowire could
be limited to a single axis. In addition, the spin rotation
operators commute, predicting a progressive slowing and
finally a complete suppression of the spin relaxation.13

Possible tetragonal distortion and shape anisotropy in the
nanowires could also be helpful for the evolution of
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ferromagnetism.14,15Last, nanowires themselves are attractive
building blocks for electronic devices. Herein, we report
magnetism in Cu doped single-crystalline GaN nanowires.
The cusp at the CuK edge of anomalous X-ray scattering
(AXS) spectra indicates that Cu atoms substitute the Ga sites
and largely take part in the wurtzite network of host GaN,
which is also confirmed by the Bragg peak shift of X-ray
diffraction (XRD) pattern. It is clear that the doped Cu has
a local magnetic moment and a mixed valence state by
measuring the X-ray magnetic circular dichroism (XMCD)
and X-ray absorption spectroscopy (XAS) at CuL2,3 edges.
The room-temperature ferromagnetic Ga1-xCuxN nanowires
are expected to open a pathway toward a new class of
nonmagnetic doped diluted magnetic semiconductors.

Single-crystallinedilutedmagneticsemiconductorGa1-xCuxN
nanowires forx ) 0.01 and 0.024 were synthesized using a
Ni catalyst depositedc-plane sapphire substrates in a
horizontal hot-wall chemical vapor transport system. Solid
metallic Ga (purity 99.99%) and CuCl (purity 99.99%)
powder were inserted into the center of a quartz tube at
intervals of 2 in., respectively. The substrates were placed
at a distance of 1 in. away from metallic Ga. The temperature
of the furnace was increased at a heating rate of 50°C min-1

to 800°C under flow of NH3 at a rate of 20 cm3 min-1 and
kept for 10 through 60 min and then cooled down to room
temperature.

Figure 1a shows a scanning electron microscopy (SEM)
image of typical nanowires grown on the substrate. The
diameter and length of these nanowires are from 10 to
100 nm and tens of micrometers, respectively, and they have
a triangular structure (inset in Figure 1a). The nanowires were
sonicated in ethanol and deposited onto molybdenum grids
for transmission electron microscopy (TEM) and energy
dispersive spectroscopy (EDS) analyses. Figure 1b shows a
high-resolution transmission electron microscopy (HRTEM)
image. Single-crystalline nature without defects or secondary
phases can be seen in all of the HRTEM images. The selected
area electron diffraction (SAED) pattern recorded on the
wire, as shown in Figure 1c, indicates that the nanowires
grow in the [11h00] direction, perpendicular to the (1000)
crystal plane. Figure 1d shows the representative Cu con-
centration, as determined by an energy dispersive spectros-
copy (EDS) analysis. The average Cu concentration measured
from ten nanowires was ca. 1% and 2.4%, respectively,
depending on the processing conditions. The catalyst Ni was
etched out clearly by the chloride vapors during the growth
of the nanowires in our process, as proved in our earlier
studies.16,17 It was also confirmed by XAS measurements at
Ni L2,3 edges (not shown). It is well-known that the sensitivity
of XAS atL edges on 3d transition metals is especially high
because the 3d atomic orbitals are well localized. For pure
Ni, the peak of XAS is 10 times higher than the background
continuum and the noise level is less than 0.1% of back-
ground. Therefore, the detection limit of XAS on Ni is about
0.01%, however, we found no peak for the NiL edges. The
synchrotron XRD patterns of the Ga1-xCuxN nanowires were
indexed to be a wurtzite structure and no detectable peaks

corresponding to any of the Cu/Ni-related secondary phases
were found (Figure S1, Supporting Information).

Figure 2 shows the magnetic properties measured with a
superconducting quantum interference device (SQUID) mag-
netometer. As shown in this figure, the Ga1-xCuxN nanowires
are ferromagnetic, with a Curie point exceeding room
temperature. Parts a and b of Figure 2 are the magnetization
versus magnetic field (M-H) curves forx ) 0.01 and 0.024,
measured at 5 and 300 K, respectively. The hysteresis loops
were obtained after appropriate correction for the diamagnetic
component arising from the sapphire substrate. The magne-
tization increases steeply at a low field and saturates at about
>2.0 KOe. A clear hysteresis loop at both temperatures was
observed, although the magnetization increases with Cu
concentration. The pure GaN nanowires grown on the
substrate using identical process showed diamagnetic be-
havior (inset in Figure 2a). A magnetic moment for

Figure 1. Synthesis and structural characterization of Ga1-xCuxN
nanowires. (a) Typical SEM image of Ga1-xCuxN nanowires grown
on the sapphire substrate. Inset is TEM image of the nanowire
showing a triangular structure. The scale bars in (a) and inset are
5 µm and 50 nm, respectively. (b) HRTEM image of a nanowire
with diameter of 50 nm. The scale bar is 2 nm. (c) SAED pattern
of the nanowire, recorded on the [0001] zone axis. (d) EDS spectra
collected from different positions within the Ga1-xCuxN nanowires
as marked withO. Inset is a TEM image of a nanowire. The spectra
show essentially the same compositions without any evidence of
phase inhomogeneity.
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Ga0.976Cu0.024N nanowires in Figure 2b is 0.86µB (1 µB ×
10-24 Am2) per Cu atom at 300 K. The temperature-
dependent magnetization (M-T) curve further shows the
nonzero magnetization up to room temperature (Figure 2c),
and temperature-dependent resistance of an individual nanow-
ire was not observed any anomalous behaviors in range of
5-300 K (Figure S2, Supporting Information).18,19 From
these measurements, it becomes clear that the ferromagnetism
of Ga1-xCuxN nanowires is robust even above the room
temperature.

To investigate whether Cu dopants are incorporated in the
crystalline lattice of GaN nanowires or not, we measured
AXS for the Ga1-xCuxN nanowires around CuK absorption
edge. AXS measurements were carried out at the beamline
5A of the Pohang Light Source (PLS). For the AXS
measurements, the diffraction intensity was measured as a
function of momentum transfer at incident X-ray energy and
the scattering intensity was monitored as the X-ray energy
was varied through the CuK absorption edge. Good counting
statistics were ensured in data collection. Figure 3 shows
the AXS spectra, taken by measuring diffraction intensity
as a function of photon energy while keeping the scattering
vector q at the Bragg peak. The diffused fluorescence
background was also measured simultaneously and sub-
tracted. In AXS, the anomalous form factors change near
the absorption edge. If the element is associated with Bragg
peak, then elemental absorption causes a decrease in the

Figure 2. Magnetic properties of Ga1-xCuxN nanowires. (a,b)
Magnetization vs magnetic field (M-H) of nanowires (x ) 0.01
and 0.024) measured at 5 and 300 K, respectively. Inset shows
magnetic properties of pure GaN nanowires indicating diamagnetics.
(c) Temperature-dependent magnetization (M-T) of at 200 G
(diamonds) and 5000 G (circles) for Ga1-xCuxN nanowires. The
curves show the nonzero magnetization up to room temperature.

Figure 3. Structural and chemical information of Ga1-xCuxN
nanowires. (a) AXS spectra of pure GaN and Ga1-xCuxN nanowires
for x ) 0.01 and 0.024 measured at the (101h0) and (0002) Bragg
peak position across theK absorption edges for Cu at 8.979 keV,
respectively. (b) Normalized XANES spectra of Cu in Ga1-xCuxN
nanowires, Cu2O, and CuO powders as reference samples measured
at 300 K, respectively. The spectra of the nanowires well correspond
to the CuO in their pre-edge regions, whereas Cu2O denotes the
pre-edge peak at 8980.4 eV.
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Bragg intensity at its absorption edge, and a cusp caused by
the interference between the Thomson scattering amplitude
and the real part of the anomalous scattering amplitude
appears in the energy scan of the Bragg peak.20 Such behavior
was observed for the Ga1-xCuxN nanowires forx ) 0.01
and 0.024. As shown in Figure 3a, Cu in the nanowires was
found to be associated with the Bragg peak, showing that
the spectra exhibit an intensity cusp at the CuK edge.
However, it is clearly absent for pure GaN. It certainly
indicates that doped Cu atoms participate in the wurtzite
network of host GaN. It is supported by the result from XRD
measurements (Figure S1, Supporting Information). The
Bragg peaks are shifted without noticeable broadening when
Cu is doped. It indicates the change of lattice parameters
due to the incorporation of Cu into the GaN lattice. We found
that the valence count of doped Cu is primarily 2+ by
measuring the CuK-edge X-ray absorption near-edge
spectroscopy (XANES). In Figure 3b, the spectra for Cu
doped nanowires are compared with that of CuO (d9) and
Cu2O (d10), which have been measured at the same time.
They are mainly the dipole transition from Cu 1s to 4p, with
a small contribution of quadrupole transition from Cu 1s to
3d. The spectra for both nanowires are identical and the
overall line shape is similar with that of CuO, but they are
largely different from Cu2O.21,22 Especially the position of
absorption edge has a coincidence with CuO. It indicates
that the doped Cu is largely in a 2+ charge state.

To study the valence of 3d states more precisely CuL2,3

edges XAS were also measured because they will present
the dipole transition probability from Cu 2p to Cu 3d and
provide the information on the 3d states more directly than
K edge. Figure 4a shows theL edge spectra for Cu doped
nanowires and CuO for comparison. Cu spectra for both
nanowires are identical and the largest peak locates at the
same energy 931 eV with 3d9 ground state of CuO. And
there is another smaller peak at 3.5 eV higher energy. There
is no corresponding peak in divalent or monovalent Cu
compounds.23,24 It is common in XAS spectra that higher
valent states of 3d transition metals appear at 2-4 eV higher
energy because of reduced Coulomb energy between core
hole and valence electrons of the final state. Accordingly,
we expect that it is associated with trivalent state. The
identical line structure is reproduced atL2 region. Therefore
it is confirmed again that the electronic configuration of
doped Cu is mainly 3d9. The formal ionic valence of Cu at
cation site of GaN is trivalent, but it seems that the locally
divalent state is preferred by the covalent bonding with
nitrogen, suggesting that the ionocovalent bonding nature
of the Cu 3d orbital with the surrounding semiconductor
medium makes Cu atom a mixed electron configuration.

If it is, the spins of the 3d orbital are not paired and the
doped Cu should have local spin magnetic moment. To check
whether the local spin moments align ferromagnetically or
not, we also measured XMCD spectra of CuL2,3 absorption
edges. XMCD measurements were carried out at the 2A1-
EPU beamline of PLS. For the XMCD measurement, the
degree of circular polarization of the incident light was set
to be 95% and a 5000 G magnetic field produced by an

electromagnet was applied along the surface normal of the
substrate to align the spin moment. All of the spectra were
obtained in a total electron yield (TEY) mode. As shown in

Figure 4. Ferromagnetic origin of Ga1-xCuxN nanowires forx )
0.01 and 0.024. (a) XAS spectra at the CuL2,3 edge for CuO powder
and Ga1-xCuxN nanowires measured at 300 K. The spectra are
largely separate into 2 regions ofL3 andL2, which is caused by the
spin orbit splitting of core level. It is well-known that the 931 eV
peak of CuO corresponds to 3d9 ground state (from 2p to 3d dipole
transition) and the other peak around 7 eV higher energy is
associated with 3d10 ground states (from 2p to 4s dipole transition).
(b) XMCD data (F+-F-) from the difference between the CuL23

edge XAS spectra for the different spin directions (F+ andF-) of
nanowires measured at 10 K, which were normalized by the photon
flux. Inset is measurement setup with respect to magnetic field
(5000 G) at 30° relative to the surface normal. (c) Temperature
dependence of the dichroism for the nanowires forx ) 0.024.
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Figure 4b, the dichroism signal is measured successfully.
Accordingly, it is proven that the doped Cu provides the local
magnetic moment and it is the origin of the room-temperature
ferromagnetism of Ga1-xCuxN nanowires forx ) 0.01 and
0.024. In this system, no XMCD dichroism signals at Ni
L2,3 edge in the same samples were observed such as in the
metallic or secondary phase of Ni catalyst employed in the
wire fabrication process (Figure S3, Supporting Information).
As shown in Figure 4c, the temperature dependence data
for x ) 0.024 reveal the ferromagnetic ordering temperature
of ∼300 K. A substantial tail in the dichroism persists up to
the 300 K ordering temperature, in agreement with a Curie
point above room-temperature seen in the temperature-
dependent magnetization curve of SQUID measurements.
This further suggests that the nanowires are room-temper-
ature ferromagnetic and the induced host moments are clearly
associated with the ferromagnetic phase in Cu doped GaN
and argue strongly against a role of any secondary phase
and impurity in the origin of ferromagnetism.

The ferromagnetic nature of the nanowires can be further
confirmed by magnetoresistance (MR) measurement of
individual Ga1-xCuxN nanowires. Because direct observation
of magnetization in nanostructures is difficult, MR measure-
ments on an individual nanowire can be used as a sensing
tool to determine the magnetization reversal process of an
individual nanowire. For MR measurements, the nanowire
was prepared on an oxidized Si substrate. The patterns for
electrical leads were generated via electron beam lithography
onto the selected nanowire and metal electrodes (Ti/Au
bilayer, 45/35 nm) were then deposited on the contact area
by electron beam evaporation. Figure 5a shows an SEM
image of a Ga1-xCuxN nanowire. From an individual nano-
wire contracted with two nonmagnetic Ti/Au electrodes to
prevent influence of the contact structures on the magnetiza-
tion reversal process (Figure 5a). We carried out MR
measurements in a He4 cryostat at a temperature ofT )
4.2 K. A magnetic field up toH ) (1 T was applied to the
sample in the parallel and perpendicular directions with
respect to the long axis of the nanowire, respectively. As
shown in parts b and c of Figure 5, the resistance curves
exhibited clear hysteretic behavior with two resistance
minima at the switching fields for both parallel and perpen-
dicular directions of the applied magnetic field with respect
to the wire axis, which were considered coersive fields.
Different behaviors (negative and positive MR) observed for
the two different magnetic fields indicate that the magnetiza-
tion in the remanent state lies mostly along the axis of the
Ga1-xCuxN nanowires. Furthermore, at a switching field of
H ) (200 G, the resistance sharply increases in both
sweeping directions. Observations of hysteretic MR and
switching fields clearly demonstrate the ferromagnetism of
the Ga1-xCuxN nanowires.

In summary, ferromagnetism was achieved from Cu doped
wide band gap GaN semiconductor nanowires. As shown in
our magnetic measurements, the Curie point of this magnetic
semiconductor is much higher than room temperature.
Importantly, magnetic secondary phases are not responsible
for the observed room-temperature ferromagnetism because

no such phases exist in the system. Instead, it may be
attributed to p-d hybridization between Cu and N ions,
which induces delocalized magnetic moments and long-range
coupling. It should be noted that theoretical calculations and
limited experiments involving Cu doped oxide systems (e.g.,
ZnO and TiO2) have also shown room-temperature ferro-
magnetism.25-29 In these systems, however, the Cu ions are

Figure 5. Current-driven spin response of a single Ga1-xCuxN
nanowire measured at 4.2 K. (a) SEM image of a typical Ga1-xCuxN
nanowire with twononmagneticTi/Au electrodes. Magnetoresis-
tance of the nanowire forx ) 0.01 (b) andx ) 0.024 (c) with bias
voltages of 0.6, 2.0, and 6.3 mV with magnetic field applied
perpendicular and parallel to the wire axis, respectively.
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strongly localized and hybridized with oxygen 2p orbitals,28,29

suggesting that carrier-induced ferromagnetism for manipu-
lating the spin and charge of a single-semiconductor medium
may be difficult to realize without additional doping for the
carrier generation. In the Cu doped GaN system, on the
contrary, Cu+2 ions induce long-range coupling of unpaired
spins, and thus the system can be regarded as a new class of
DMSs that realize room-temperature ferromagnetism by
coupling between carriers and local moments of nonmagnetic
spins.
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