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1 MeV Cu2+ ion was implanted into GaN with a dose of 1�1017 cm−2 at room temperature. After
implantation, the samples were subsequently performed by rapid thermal annealing at 700, 800, and
900 °C for 5 min. Both nonmagnetic Cu ion implanted samples annealed at 700 and 800 °C exhibit
the ferromagnetism at room temperature, and the saturation magnetization of these samples is
estimated to be 0.057�B and 0.27�B per Cu atom from M-H curve, respectively. However, the
sample annealed at 900 °C does not show ferromagnetism due to clustering of Cu during the
annealing process. © 2007 American Institute of Physics. �DOI: 10.1063/1.2431765�

Recently, diluted magnetic semiconductors �DMSs�,
semiconductors that exhibit ferromagnetism by the substitu-
tional doping of transition metal �TM� ions in semiconductor
host, based on III-V semiconductors have attracted a great
deal of attention due to their application in spintronics device
as spin-field-effect transistors and spin-light-emitting
diodes.1 Among the various semiconductors, GaN and ZnO
doped by TM �V, Cr, Mn, Fe, Co, and Ni� have been widely
studied because their Curie temperature was reported to be
near or above room temperature both theoretically and
experimentally.2–9 Recently, it was reported that Fe and Ni
doped GaNs are intrinsic insulators.10 Therefore, Fe and Ni
doped GaNs could not be used for DMS materials unless
additional dopants are introduced. The most probable candi-
dates for DMS applications were predicted to be Co or Cu-
doped GaNs.10

Until now, it remains to be unclear whether the observed
ferromagnetism is from the magnetic substitutional ion in the
lattice or from the secondary magnetic phases and metal pre-
cipitates. The origin of ferromagnetism is still under debate
because commonly TM dopants themselves are intrinsically
magnetic, and thus their clusters or precipitates may also
contribute to the observed ferromagnetism.11 To avoid these
controversies, we have chosen Cu, a nonmagnetic element
itself, as a magnetic doping element in GaN. Since metallic
copper and all possible phases in Cu-doped GaN are not
ferromagnetic, Cu-doped GaN has no possibility of having
ferromagnetic precipitations. Cu-doped ZnO has been pre-
dicted to be ferromagnetic,12 and its ferromagnetic behavior

was reported by Buchholz et al.13 However, room-
temperature ferromagnetism in Cu-doped GaN has not yet
been experimentally reported although theoretically Cu-
doped GaN was recently predicted by Wu et al.11

It is presented here that Cu-doped GaN shows ferromag-
netic behavior at room temperature using implantation and
subsequent annealing processes.

A 2-�m-thick GaN was deposited on the sapphire
�0001� substrate using a metal organic chemical vapor depo-
sition at 1040 °C and 500 Torr. Prior to the 2-�m-thick GaN
growth, 35-nm-thick GaN was grown at 540 °C as a buffer
layer. Moreover, Rutherford backscattering spectroscopy/
channeling spectrum of the as-grown sample was measured
in order to confirm the crystallites �not shown in here�. The
channeling yield �min was 3.04% at the low energy edge of
the surface peak. It implies the high crystalline quality of
GaN. 1 MeV Cu2+ ion was implanted into GaN with a dose
of 1�1017 cm−2 at room temperature. The direction of the
incident ion beam was tilted by 7° to surface normal to pre-
vent possible channeling during ion implantation. By calcu-
lating the SRIM 2003 simulation code,14 the projected range
�Rp� of the implanted Cu ion is �480 nm and the Cu peak
concentration is �6.2 at. % around Rp, almost the same Cu
concentration predicted theoretically in the paper of Wu et al.
�6 at. % �. After implantation, the samples were subsequently
subjected to a rapid thermal annealing at 700, 800, and
900 °C for 5 min in nitrogen ambient at a pressure of 1 Torr.
The magnetic properties were measured by a superconduct-
ing quantum interference device �SQUID� magnetometer. An
atomic structure were investigated by x-ray diffraction
�XRD� measurement using the bending magnet 10C1 beama�Electronic mail: jhsong@kist.re.kr
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line at Pohang Accelerator Laboratory. Also, Hall-effect
measurements were performed for measuring carrier density
using the standard van der Pauw technique.

A room-temperature ferromagnetism of Cu implanted
GaN samples was investigated by the SQUID, as shown in
Fig. 1. Figure 1�a� shows the magnetization-field �M-H�
curves at room temperature �300 K� of as-implanted and an-
nealed samples after implantation into GaN. M-H curves
were corrected for the diamagnetic background of substrate.
The as-implanted, unannealed, sample does not have ferro-
magnetic hysteresis within the resolution of the measure-
ments. On the contrary, the annealed samples at 700 and
800 °C exhibited the ferromagnetic behavior, and the calcu-
lated magnetic moments from the saturation magnetization
�Ms� are �0.057 and 0.27 Bohr magnetons ��B� per Cu atom
at 6 kOe, respectively. The magnetic moment tremendously
increased about five times as an annealing temperature in-
creases. The coercive field is approximately 77.5 Oe, while
the sample annealed above 900 °C does not show ferromag-
netic properties. Figure 1�b� shows the temperature depen-
dence of the magnetization under a magnetic field of 500 Oe
for the 800 °C annealed sample. The two curves remain
separated throughout the entire temperature range

�5–300 K�. The two curves coincide at the Curie tempera-
ture TC, when the hysteresis disappears.15 It means that TC is
at least higher than room temperature �300 K�.

In order to exclude possible effects of contamination and
ion beam induced damage, samples were fixed to the copper
substrate holder using the silicon wafers during implantation
and were cleaned with an acetone prior to measurement by
SQUID. In addition, an implantation technique is well
known as a clean process. Venkatesan et al.16 and
Hong et al.17 reported about d0 magnetism assumed to cause
defects or oxygen vacancies that might lead to a source of
magnetism. Therefore, to confirm the damage effects, defects
or vacancies, created by ion beam on the magnetism, arsenic
ion implantation with an energy of 1 MeV was performed.
Arsenic ion, non-TM, was chosen due to its atomic mass
similar to Cu and the amount of damage caused by the im-
planted Cu ion. Arsenic ion implanted GaN does not exhibit
magnetism. Consequently, the ferromagnetism of Cu im-
planted GaN is not caused by the effect of damage. The
ferromagnetism in Cu implanted GaN was confirmed
through several repetitive experiments. Cu implantation in
GaN was performed three times for testing reproducibility,
and it was confirmed that all samples annealed at 800 °C
show a ferromagnetic behavior.

The magnetic property depends on annealing tempera-
ture. In other words, the damage recovery and an atomic
structure after the annealing process affect the magnetic
property. Wu et al. reported that Cu-doped GaN favors fer-
romagnetic ground state by p-d hybridization mechanism
when Cu atoms substitute Ga sites.11 XRD was measured to
find the damage recovery and atomic structure. As can be
seen in the XRD result �Fig. 2�a�� Ga peaks appear due to the
decomposition of GaN and GaN �0002� peak shifts to a low
angle after Cu implantation, indicating that the crystal lattice
has been slightly expanded due to implanted Cu ions in in-
terstitial sites. After subsequent annealing at 700 and
800 °C, Ga peaks gradually disappear and GaN �0002� peak
shifts to a high angle. Therefore, it can be assumed that a
certain portion of decomposed Ga and implanted Cu replaces
the host Ga site in GaN during the annealing process. As
previously mentioned in SQUID, these subsequently an-
nealed samples show the ferromagnetism. These SQUID and
XRD results agree with the theoretical result of Wu et al.
although the value of the magnetic moment in the Cu-
implanted sample �0.27�B /Cu atom� did not reach the value
of the magnetic moment in the prediction of Wu et al.
�2�B /Cu atom� due to different concentrations in a depth and
the existence of unsubstituted Cu atoms to the Ga site. How-
ever, an unidentified phase peak �2�=43.9° � in the sample
annealed at 900 °C was shown in Fig. 2�b�. It is conceivable
that this peak is associated with a clustering of implanted Cu
ions due to a relative high annealing temperature compared
with annealed samples at 700 and 800 °C. Therefore, a
sample annealed at 900 °C did not show ferromagnetism due
to Cu metal clustering during the annealing process. And
three peaks, GaCu2 peaks,18 appear after Cu implantation.
This secondary phase, CuGa2, is not ferromagnetic. If the
CuGa2 phase is ferromagnetic, the as-implanted sample must
show the ferromagnetic behavior regarding to XRD spectra.
However, the ferromagnetism was not observed from the as-
implanted sample. It is noted that the ferromagnetism of an-
nealed samples does not result from a secondary phase.

FIG. 1. �Color online� �a� Magnetization-field �M-H� curves at room tem-
perature �300 K� for the as-implanted sample, and 700 and 800 °C annealed
samples after the Cu implantation into high quality GaN. �b� Temperature
dependence of magnetization at field-cooled �FC� and zero-field-cooled
�ZFC� conditions at a magnetic field of 500 Oe for the 800 °C annealed
sample.
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All samples were n type from the Hall-effect measure-
ments. The carrier density of the as-implanted sample
�7.6�1019 cm−3� increases more than two orders compared
with that of the as-grown sample �1.1�1017 cm−3� due to
defects created by implantation. However, the carrier density
of samples annealed at 700, 800, and 900 °C decreases to
1.1�1019, 3.1�1018, and 5.5�1018 cm−3 owing to the dam-
age recovery after annealing, respectively.

The origin of the ferromagnetism of Cu implanted GaN
is not clearly explained. However, it is proven in this letter
that ferromagnetic property is not caused by the effect of
damage and secondary phase. According to Bozdog et al.,
Cu2+ �d9� has been observed in Cu-doped GaN as a substitute
on the Ga sublattice.19 Cu2+ �d9� can play a role of magnetic
ion in GaN with a total spin of 1 /2 by Hund’s rule. To
confirm an electronic state of implanted Cu, x-ray magnetic
circular dichroism, near edge x-ray absorption fine structure
spectroscopy, etc. must be measured. However, unfortu-

nately, an electronic state of Cu was not observed for our
samples from those analyses due to a large penetration depth
of implanted Cu ion and a damage created by 1 MeV Cu
implantation. Experimental work is in progress to clarify an
origin of ferromagnetism in this system using a growth of
Cu-doped GaN.

In summary, this is the experimental report of room-
temperature ferromagnetism of Cu implanted GaN. Nonmag-
netic Cu ion with an energy of 1 MeV was implanted into
GaN. After subsequent annealing process at 700 and 800 °C,
the ferromagnetism was observed at room temperature. This
ferromagnetism was not caused by the secondary phase and
the defects induced by ion irradiation. On the other hand,
sample annealed at 900 °C did not show ferromagnetism due
to Cu metal clustering. Further investigation is needed to find
the origin of ferromagnetism.

This research was supported by the Mid- and Long-term
Nuclear R&D Program �M20505040007-05A0904-00710�
and the KIST project on “Massive Scientific Calculation
Technology for Modeling of Nano-Process and Devices”
with Contract No. 2E19190.

1H. Ohno, Science 281, 951 �1998�.
2T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287,
1019 �2000�.

3K. Sato and H. Katayama-Yoshida, Jpn. J. Appl. Phys., Part 2 40, L334
�2001�.

4P. Sharma, A. Gupta, K. V. Rao, F. J. Owens, R. Sharma, R. Ahuja, J. M.
Osorio Guillen, B. Johansson, and G. A. Gehring, Nat. Mater. 2, 673
�2003�.

5S. J. Pearton, D. P. Norton, K. Ip, Y. W. Heo, and T. Steiner, J. Vac. Sci.
Technol. B 22, 932 �2004�.

6Kenji Ueda, Hitoshi Tabata, and Tomoji Kawai, Appl. Phys. Lett. 79, 988
�2001�.

7S.-J. Han, J. W. Song, C.-H. Yang, S. H. Park, J.-H. Park, Y. H. Jeong, and
K. W. Rhie, Appl. Phys. Lett. 81, 4212 �2001�.

8Masahico Hashimoto, Yi-Kai Zhou, Masahito Kanakura, and Hajime
Asahi, Solid State Commun. 122, 37 �2002�.

9V. A. Chitta, J. A. H. Coaquira, J. R. L. Fernandez, C. A. Duarte, J. R.
Leite, D. Schikora, D. J. As, K. Lischka, and E. Abramof, Appl. Phys.
Lett. 85, 3777 �2004�.

10S.-C. Lee, K.-R. Lee, and K.-H. Lee, Solid State Phenom. 124, 847
�2007�.

11R. Q. Wu, G. W. Peng, L. Liu, Y. P. Feng, Z. G. Huang, and Q. Y. Wu,
Appl. Phys. Lett. 89, 062505 �2006�.

12Xiaobing Feng, J. Phys.: Condens. Matter 16, 4251 �2004�.
13D. B. Buchholz, R. P. H. Chang, J. H. Song, and J. B. Ketterson,

Appl. Phys. Lett. 87, 082504 �2005�.
14J. F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping and Ion Range

of Ions in Solids �Pergamon, New York, 1985�, Vol. 1; SRIM program for
PCs available from J. F. Zieglerand www.srim.org.

15S. Dhar, L. Perez, O. Brandt, A. Trampert, and K. H. Ploog, Phys. Rev. B
72, 245203 �2005�.

16M. Venkatesan, C. B. Fitzgerald, and J. M. D. Coey, Nature �London�
430, 630 �2004�.

17Nguyen Hoa Hong, Joe Sakai, Nathalie Poirot, and Virginie Brize,
Phys. Rev. B 73, 132404 �2006�.

18Soon-Jik Hong and C. Suryanarayana, J. Appl. Phys. 96, 6120 �2004�.
19C. Bozdog, K. H. Chow, G. D. Watkins, H. Sunakawa, N. Kuroda, and A.

Usui, Phys. Rev. B 62, 12923 �2000�.

FIG. 2. �Color online� XRD spectra of as-grown and Cu implanted GaN
samples.
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