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Origin of ferromagnetism in ZnO codoped with Ga and Co: Experiment and theory
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In view of the recent controversies on the above room-temperature ferromagnetism in pure ZnO and the
transition-metal doped ZnO, the present paper aims to shed some light on the origin of ferromagnetism by
investigating the detailed atomic structure of (Co, Ga)-codoped ZnO experimentally as well as theoretically.
Above room-temperature ferromagnetism in nonmagnetic Co-doped ZnO, nanoparticle powders prepared by
sol-gel technique were obtained by codoping with Ga. It is found that Co ions substitute Zn sites while Ga ions
were located at octahedral interstitial sites together with one O vacancy. Electrons from the Ga 4p' states
transform to the unfilled Co 3d* states. The strong hybridization between the charge carriers in the Co 3d and
Ga 4p states and electronic polarization for surrounding O ions at Co ions are detected. Finally, the Ga-4p
electrons merged with conduction band and polarized O ions act as medium for an indirect exchange between

the Co ions, which could be the origin of ferromagnetism in the (Co, Ga)-codoped ZnO.
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I. INTRODUCTION

In the field of spintronics, it is essential to develop semi-
conductors with ferromagnetically polarized carriers at room
temperature (RT) such that the spin as well as charge of the
carriers can be coupled with an external magnetic field to
control devices. Fascination toward the development of such
materials is due to their tremendous application potential,
which will have a huge effect on our day to day life. For
example, such types of material will be capable of integrat-
ing the electronics, magnetism, and optical functionalities in
a single material, leading to low cost, high-speed, and small
sized devices operating at very low power. The theoretical
prediction of such materials, “so-called diluted magnetic
semiconductor (DMS),” operational at RT by Dietl et al.! has
stimulated several experimental groups, which resulted in the
production of magnetic semiconductors in the various host
semiconductor materials (such as ZnO, TiO,, and In,03) by
doping with 3d transition metals.>~* For most of the experi-
mental results, doubts arose about the real origin of ferro-
magnetism (FM). For some cases, it was demonstrated that
the ferromagnetism is due to segregation of metallic clusters
while in some systems it is because of the transition-metal
elements with different valence states. Recently, it was re-
ported that the host material itself (without any magnetic
element doping) becomes magnetic when the size of the
crystallites is in nanometers.>® The capping of organic mol-
ecules onto the host nanoparticles without any magnetic im-
purities can also modify the electronic structure, giving rise
to FM-like behavior at RT.® Besides FM with Curie tempera-
tures ranging from low temperature to several hundred de-
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grees Celsius above RT, many groups reported the same ma-
terials as spin glass or even nonmagnetic. These
controversial results suggest that it is challenging to identify
particular atomic structure and electronic configuration,
which are responsible for the magnetism in such system and
can open a world of possibilities for their proper use in the
field of spintronics. In the present work, we uncover some of
the facts about the atomic and electronic structures of (Co,
Ga)-codoped ZnO DMS.

Subsequent to the early work on high-temperature FM in
Co-doped ZnO by Ueda et al.,” a number of groups reported
similar results.®!3 As mentioned above, antiferromagnetic
(AFM), nonmagnetic, and spin-glass behaviors were also
reported.!'"!3 These controversial results led to a debate
about the origin of FM in Co-doped ZnO.'*?” Mechanism
based on free charge carrier inducing Ruderman-Kittel-
Kasuya-Yosida (RKKY)-like interactions has been proposed
by Dietl et al.' However, Khare et al.'” reported that the
introduction of large number of carriers in Co-doped ZnO
have no effect on the FM. The RT FM is due to coupling
between 3d transition-metal impurities and localized charge
carriers (shallow donor electrons), supporting the impurity-
band exchange mechanism proposed by Coey et al.'® On the
other hand, Sluiter et al.!® showed that the nonmagnetic Co-
doped ZnO becomes ferromagnetic with the codoping of Li
(which introduces the extra holes) and the RT magnetization
increases as the Li concentration increases. Recently, similar
results were also reported by Liu et al.?’ by codoping with
Al. These results along with the magneto-optical measure-
ments on this system pointed out that the FM is carrier
induced.?'?* Again, Alaria et al.? reported that Al-doped
Zn; 9Co( ;0 showed no ferromagnetic properties in spite of
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the creation of free carriers. Recently, Behan et al.*® showed
that there are two distinct ferromagnetic mechanisms in
doped ZnO by varying carrier densities (e.g., produced by
Al): magnetic polarons and carrier-mediated exchange. At
low carrier densities, magnetic polarons give rise to ferro-
magnetism for the poor conducting films. At high carrier
densities, the magnetization depends on the carrier density,
as predicted by the theory of carrier-mediated exchange.
Thus, the origin of FM still remains controversial. To under-
stand the origin of FM in such system, one has to determine
the crystallographic and electronic structures of Co>* ions
and the codoped ions (Al, Li). X-ray absorption fine-
structure (XAFS) technique, which is a species-specific tool
providing local coordination information, can reveal the lo-
cal structure?’ but it is difficult for Al and Li ions. In the
present study, we substituted Al with Ga and successfully
synthesized homogeneous (Co, Ga)-codoped ZnO, exhibiting
room-temperature FM.

II. EXPERIMENT

The Co-doped and (Co, Ga)-codoped ZnO powders were
prepared from the acetate-derived precursors using the sol-
gel route. Zn(CH;C00,),-2H,0 (99.9%),
Co(CH;CO00,),-4H,0 (99.9%), and GaCl; (99.999%) were
first dissolved in a mixture of monoethanolamine (MEA) and
2-methoxyethanol at room temperature. The concentration of
doping ions was designed in such a way that the molar ratio
of MEA to metal cations in the solution was kept at 2 and the
concentration of total metal cations in the solution was 0.7
mol/l. The precursory solution was stirred at 70 °C for 1 h to
yield a purple solution in an alumina crucible. The solution
in the alumina crucible was then heated in a furnace at
125 °C for 1 h to evaporate the solvent and then kept at
300 °C for 2 h to remove organic residuals. The powders
were annealed at 500 °C for 30 min. The powders were
green after annealing. Lastly, the green powders were
washed using alcohol and centrifuged three times, and then
dried at 70 °C.

The structural analysis of the Co-doped ZnO and (Co,
Ga)-doped ZnO powders was carried out by x-ray diffraction
(Rigaku RINT—Ultima III, Cu K« radiation with accelerat-
ing voltage and current of 40 kV and 40 mA, respectively)
and high-resolution transmission electron microscopy (HR-
TEM) (FEI Technai G2, accelerated at 300 kV) with x-ray
energy-dispersive spectroscopy (EDS) (Oxford make). Mag-
netic properties were characterized by using a superconduct-
ing quantum interference device (SQUID) magnetometer
(Quantum Design MPMSR 5s). The electronic structural
measurements of Co and Ga atoms in the samples were per-
formed using x-ray photoelectron spectroscopy (XPS).
XAFS measurements, used to determine the atomic location
of dopants, were performed on beamline BL12C at the KEK
Synchrotron Radiation Facility in Japan.

In first-principles calculations, we first used ground-state
density-functional theory (DFT) calculations to relax the Co-
doped ZnO lattice with Ga ions at different positions, and
then used these relaxed coordinates as input to the ab initio
real-space full multiple-scattering code FEFF8 for the calcu-
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FIG. 1. (Color online) X-ray diffraction patterns of Co-doped
ZnO and (Co, Ga)-codoped ZnO. All the peaks match with the
XRD pattern of pure ZnO. The lines on the x axis correspond to the
peak positions for the pure ZnO.

lation of the simulated x-ray absorption spectra.”® Our total
energy and electronic structure calculations were performed
using the projector augmented wave?® (PAW) formalism of
density-functional theory, as implemented in the VASP
package.’ The default VASP PAW potentials with 12 valence
electrons for Zn (3d'%4s?), six for O (2p*2s?), nine for
Co (3d8"), and three for Ga (4s’4p') were used. We used an
energy cutoff of 500 eV for plane-wave expansion of the
PAWSs. The exchange-correlation functional is approximated
with the fully localized limit of the local spin-density ap-
proximation (LSDA)+ U method.?! Here we use typical val-
ues of U=5 eV on Co atoms.*? In order to achieve realistic
experimental dopant concentrations (~5% Co and ~3%
Ga), we used a periodic 3 X 3 X 2 wurtzite supercell of ZnO,
which consists of 72 atoms in a unit cell and substitute two
Co ions for two Zn atoms. We found that the two Co ions
with the nearest distance are the most stable configuration.
The Brillouin zone is sampled using a 3 X3 X2 I'-centered
k-point grid. For all geometry optimizations, we allowed the
volume of the supercell to be relaxed, as well as all the
internal coordinates, until the Hellmann-Feynman forces
were less than 0.01 eV/A.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction (XRD) patterns of
5 at % Co-doped ZnO (marked as Zng¢sCog(sO) together
with 3 at % Ga codoped (marked as Zng¢,Cog5Gag030)
powders. All the peaks correspond to ZnO-like phase with a
wurtzite structure (space-group P6s;/mmc). No secondary
phases can be detected on the resolution of XRD. However,
x-ray diffraction is insensitive to small precipitates of any
impurities. Thus, we cannot confirm the absence of Co or Ga
metal clusters or oxides if they are present in small quantity
while being detected by XRD. Thus, HRTEM measurements
were performed. The low magnification image of the par-
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FIG. 2. (Color online) Transmission electron microscopic obser-
vations of CogysZngyg,Gago30: (a) bright field image showing
nanoparticles with inset showing selected area diffraction pattern
(SADP) from one such particle, (b) atomic resolution image show-
ing absence of second phase or segregation of Co or Ga with inset
showing FFT of the image, and (c) EDS pattern obtained from the
particle with inset showing zoom of the portion indicated in the
figure

ticles of Zn, ¢,Coy 1sGag 30 is shown in Fig. 2(a). It clearly
reveals the presence of nanometer-sized (40-200 nm) par-
ticles. The inset of Fig. 2(a) shows selected area diffraction
pattern from one such particle along [0001] direction, reveal-
ing wurtzite crystal structure. Figure 2(b) shows atomic res-
olution image obtained from one of those nanometer-sized
particles with inset showing fast Fourier transform (FFT) of
the high-resolution image. No secondary phases (oxides) or
clustering of Co or Ga in the particle were detected. FFT
confirms the wurtzite structure of the particle. In addition,
FFT patterns obtained from about 20 high-resolution images
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do not reveal any diffraction spot corresponding to second
phase. In order to confirm the presence of different elements
in the nanometer-sized particles, Fig. 2(c) shows EDS pattern
from the same particle in Fig. 2(b), revealing the presence of
Zn, O, Co, and Ga. The Cu peaks are due to the carbon
coated Cu grid, which is used to mount the samples in trans-
mission electron microscopy (TEM) sample holder. Similar
results were also obtained for Zngg5C0y0sO and
7Zn 95Co( 05Gag 9;O. Thus, XRD and HRTEM results indi-
cate that the presence of any second phase or segregation
could not be detected in the investigated particles in the
samples studied.

The dc magnetic-field-dependent magnetization curves
M(H) for Zn0'95COO~050 and Zn0‘92C00'05Ga0.03O pOWderS re-
corded at 5 and 300 K are shown in Figs. 3(a) and 3(b). A
linear variation in magnetization with field can be noticed in
the case of Zn ¢sCoy 50, indicating the absence of FM [Fig.
3(a)], which is consistent with our previous results.?' Intro-
duction of only 3 at % of Ga resulted in a drastic change in
the M(H) curve shape in Fig. 3(b). S-shaped curves with a
finite value of coercivity (H,) and remanence (M,) were ob-
tained at 5 and 300 K (H.x~672 Oc M,k
~408 emu/mole Co; H 300k~ 555 Oe, M 500k
~248 emu/mole Co), indicating that Zn, ¢,C0( 05sGag 30 is
ferromagnetic with the Curie temperature above RT. It is
found that the value of H. is high in the present case as
compared to other DMS systems (H,~ 100 Oe). The origin
for high H,. is not clear yet. Appreciable difference in the
temperature dependent dc susceptibility (y) measured in the
zero-field cooled (ZFC) and field cooled (FC) states under
low magnetic fields (of 500 and 1000 Oe) was observed for
Zn( 9,Cop95Gag 30 [Fig. 3(d)]. However, we did not observe
such difference in ZFC and FC for Zn ¢5Coy (sO [Fig. 3(c)].
The temperature dependent susceptibility is similar to the
paramagnetic materials. The temperature dependence of x
for paramagnetic materials is governed by the Curie-Weiss
law,
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FIG. 3. (Color online) (a) Hysteresis loops for
Zn( 95C0g 05O sample measured at 5 and 300 K,
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FIG. 4. (Color online) (a) Co and (b) Zn 2p core-level XPS spectra for Zng 95C0g 95O and Zng ,Cog 05Gag 030 samples, and (c) Ga 2p

core-level XPS spectra for Zn( ¢,Co ¢5Gag 3O sample.
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where C is Curie constant, w is magnetic moment, Ny
=6.0221 X 10?* mol™! is the Avogadro number, kz=1.3807
X 107! erg K~! is Boltzmann’s constant. The y vs T data for
7n 9sC0y 05O was fitted by Eq. (1) [Fig. 3(c)] and gives C
=1.65 emu K/mol Co, ®=-1.25 K. The negative value of
O is usually observed in the case of local atomic antiferro-
magnetic interaction. The value u for Co®* can be estimated
from Eq. (1). The calculated value of u=3.6uz/Co is close
to the expected value of w=4.8uy for high-spin Co**. This
value is calculated for x=0.05 (5% doping of Co in ZnO);
any deviations from this nominal value may account for the
observed discrepancies. These magnetic characteristics indi-
cated that the Ga doping turned nonmagnetic Co-doped ZnO
into magnetic at RT.

The magnetism in Co-doped ZnO reported in literature
could be the result of Co segregation or the effect of defected
structure of the host ZnO nanoparticles, which itself behaves
like a ferromagnet. However, these possibilities can be ruled
out in the present work. The nonmagnetic behavior of pure
Co-doped ZnO observed here, together with XRD and HR-
TEM results mentioned above, indicate absence of any me-
tallic Co segregation, which is consistent with our previous
work.?” The saturation magnetization of the host ZnO nano-
particles or the defect induced magnetization in ZnO is of the
order of ~107° emu/g,>® which is negligible as compared to
~0.9 emu/g (~1458 emu/mole Co) obtained in the present
study for the (Co, Ga)-codoped ZnO. The magnetic proper-
ties of (Co, Ga)-codoped ZnO samples are similar to (Co,
Li)-codoped ZnO, where Li doping induce room-temperature
FM in nonmagnetic Co-doped ZnO.!” However, the RT mag-
netization under the magnetic field of 1 T for
7Zn( 9,Cog 05Gay 30 is an order of magnitude higher (M@,
~ 1458 emu/mol CO) than the Zn0'90C00_05Li0_050 (Ms@lT
~97 emu/mol Co), indicating Ga is a better choice for
codoping. Also M =xN,, using M 7=1458 emu/mol Co,
x=0.05 yields u=0.26ug/Co site for Znjq,Coyo5Gag 30
sample. This value of w is considerably smaller than u
=1.7up for metallic Co®. However, it is common that only
fraction of Co spins contributes to the ferromagnetism and

the rest of the spins are still in paramagnetic state in diluted
magnetic semiconductors. This is well supported by the ex-
istence of strong exponential increase in magnetization simi-
lar to nonmagnetic Co-doped ZnO (Fig. 3). The low-
temperature part (~up to 150 K) of field cooled xy vs T
curve shown in Fig. 3(d) can be fitted to the Curie-Weiss law
[Eq. (1)], giving C=1.46 emu K/mol. It is worth pointing
out that the shape of the y (or magnetization) vs T curve
measured under an in-plane magnetic field of 1 T for
Zn0'92C00_05Ga0.03O is similar to the Zn0'95C00_050. Fit to the
Curie-Weiss law gives C=1.46 emu K/mol, which is ex-
actly the same obtained in case of measurement performed
under low magnetic field [Fig. 3(d)].

To understand the mechanism of FM in
Zn 9,Coy 95Gay 030, the local crystallographic and electronic
structures of the Co and Ga dopants in the samples were
characterized by x-ray photonelectronic spectroscopy (XPS)
and XAFS together with first-principles calculations. Figure
4(a) shows the Co2p core-level XPS spectra of
Zn 95Co( osO and Zn ¢,Coy 15Gag 030 samples. Comparison
of the shapes and positions of peaks for the two samples with
standards (metallic Co, CoO, and y-Co0,05 in Ref. 22) re-
veals that Co ions in the samples are indeed Co?* valence,
while no indication of Co’ and Co** ions were detected
within the resolution of the technique. The spectra are char-
acterized by a Co 2p3), peak at ca. 781.7 eV and a Co 2p),
peak at ca. 797.2 eV for Zn( 95C0g (sO. Similar binding en-
ergies of these peaks are found in Zng¢,Coy(sGag 30
sample. The difference between the binding energies of these
peaks is about 15.5 eV consistent with Co0,**3* indicating
that Co ions in both samples are in high-spin divalent state.
Broadening of Co2p core-level is detected in
7Zn; 9»Co( 05Gay 030 sample, as compared to Zng¢5Cog (50
sample, which indicates the existence of interaction between
Ga and Co ions. The Zn 2p core-level XPS spectra of two
samples are shown in Fig. 4(b). The binding energy of the
Zn,, electron in Znj¢5Coy 5O is about 2.3 eV higher than
that in pure ZnO,% indicating the decrease in valence elec-
tron density of Zn ions. This shift most likely resulted from
the high electronegativity of Co (~1.88), which is higher
than that of Zn (~1.65). The valence electron density of Zn
in the Zn-O-Co bond in Zn 95Cog o50O should be lower than
that in the Zn-O-Zn bond in pure ZnO. Interestingly, it is
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FIG. 5. (Color online) Fourier transforms of the experimental (a) Co K-edge and Zn K-edge XAFS signals for Zng5Cog 50O sample.
Fourier transforms of the experimental (b) Co K-edge and (c) Ga K-edge XAFS signals for Zng 9,Co( 05Gag 30 sample.

found that the binding energy of the Zn,, electron decreases
with doping Ga into Zng¢5C0o( 05O, as shown in Fig. 4(b).
This result strongly suggests that Ga doping does affect the
electronic structure of Zn ions. Assuming that a Zn-O-Ga
bond is formed, the binding energy of the Zn,, electron
should increase but the fact is opposite. The decrease sug-
gested a compensation effect for the valence electron density
of Zn for the presence of Ga atoms, i.e., interaction between
Co and Ga, which causes the binding energy of the Zn,,
electron shifts, but that the Cozl, electron does not. A “shoul-
der” on the right side of the Zn 2p5,, peak is observed for
7Zn 9,Coq 05Gag 30 sample. This is presumably due to the Zn
ions having defects as nearest neighbors in the sample. These
defects might be O vacancies and interstitial Ga ions (details
are given below). Ga ions in the samples are indeed Ga**
valence by comparing the shapes and positions of peaks for
the sample in Fig. 5(c) with standard Ga,05.3® The binding
energy of Ga2p;, peak at ca. 1118.8 eV is about 0.9 eV
higher than that of pure Ga,05. This reveals a decrease in the
valence electron density of Ga, which may be caused by
electron transformation from the host Ga 4p' states to the
unfilled Co 34! states. A similar explanation was also re-
ported in Ref. 34. This interaction could strongly link with
the high-temperature FM in Zng ¢,Coy (sGagy 3O sample.
Figure 5(a) shows the radial distribution function (RDF),
i.e., Fourier transform amplitude of Co K-edge and
Zn K-edge XAFS spectra for Zng ¢sCop(sO sample, respec-
tively. It is clear that the atomic environment of Co is similar
to that for Zn in Zng¢5C0y0sO sample, indicating that Co
ions do substitute for Zn ions in the wurtzite ZnO lattice,
which is consistent with our previous study.?’ Figs. 5(b) and
5(c) show the Fourier transforms of the Co K-edge and
Ga K-edge XAFS spectra for Zng 9,C0q 05Gag 30 sample to-
gether with FEFF (Ref. 37) fits. It is found that although Co
ions also substitute for Zn ions in the wurtzite ZnO lattice,
difference  in RDF  between Zng¢sCoy0sO  and
Zny 9,Cog 05Gag 030 is detected, which is caused by the pres-
ence of Ga ions in the latter. Several atomic models were
considered to fit the Ga K-edge XAFS pattern, i.e., (1) sub-
stitution site and (2) interstitial sites. After many trials, we
found that it is impossible to get a reasonable fit to XAFS

data when one assigns Ga ions at substitution sites. For in-
terstitial sites, a few atomic models were further considered,
such as, presence of vacancy of Zn or O and tetrahedral
interstitial site or octahedral interstitial site. The final atomic
model is found, as shown in Fig. 6(a), in which two Co ions
are located at Zn sites along a-b plane in the wurtzite struc-
ture. Ga ions are located at octahedral interstitial sites to-
gether with one O vacancy. This atomic model can simulta-
neously fit both Co K-edge and Ga K-edge XAFS spectra
well for Zng ¢,Co 05sGag 30 sample in Figs. 5(b) and 5(c).
The first-shell Co-O is composed of about 3 =0.5 oxygen
ions, located at 1.96 A. The substitution of Co results in the
contraction of the first shell around the Co to be in agreement
with the slight small radius of Co**, as compared to Zn ions.
For pure ZnO, four O ions are located around Zn ions. The
decrease in the first-shell coordination number of Co indi-
cates the presence of O vacancies in (Co, Ga)-codoped ZnO
sample. The fit further reveals a second-shell coordination of
2+0.5 Zn and Co atoms at 2.51 A, a third-shell coordina-
tion of 1+ 0.5 Ga atoms at 2.79 A, and a fourth-shell coor-
dination of 5+0.5 Zn and Co atoms at 3.19 A. However,
only from XAFS data, we are not able to determine the exact
coordination number of Zn and Co ions separately. Around
Ga ions, we found (1) Ga-O at 2.51 A with coordination
number of about 3.3+0.5 and at 3.49 A with coordination
number of 1. We also found (2) Ga-Zn at 2.43 A with coor-
dination number of about 2.2 0.5, at 2.94 A with coordi-
nation number of 2.6 £ 0.5, and at 3.47 A with coordination
number of 1. Furthermore, we found (3) Ga-Co at 2.69 A
with coordination number of about 1.4+ 0.5. Based on the
atomic structure in Fig. 6(a), thus, it is not unreasonable to
explain the shoulder in the Zn 2p core-level XPS spectra in
Fig. 4(b) for Zn ions surrounded by Ga ions at interstitial
sites and O vacancies in Zn ¢,Co o5Gag 030 sample.

In the first-principles calculations, using the atomic model
illustrated in Fig. 6(a), it is found that the FM configuration
of the system [Fig. 6(a)] is more stable by 0.75 eV than AFM
configuration. The coupling appears rather strong, which is
consistent with experimental observation in Fig. 3. To further
understand the origin of the high-temperature FM, density of
states (DOS) and electronic structure of the system were
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Co-3d states in the atomic configuration (a) with the two Co atoms as ferromagnetic (the upper panel) and antiferromagnetic (the lower

panel).

simulated. By comparing the total DOS of AFM with that of
FM configuration in Fig. 6(b), it is found that for the AFM
configuration the system is clearly metallic, and the DOS of
the AFM configuration around the Fermi level mainly comes
from the Ga-4p states. For the FM configuration, the system
is semiconducting with the band gap about 1.5 eV. Ga-4p
states are hybridized with Co-3d states from the partial DOS
of Co-3d and Ga-4p states [as shown in Fig. 6(b)]. The hy-
bridization causes the delocalization of Co-3d states. By
comparing the partial DOS of Co-3d states for the AFM state
with FM state, the Co-3d band is more delocalized for the
FM. Thus, the kinetic energy is lowered distinctly. Further-
more, it is found that oxygen ions surrounding Ga and Co
ions are polarized to different degrees depending on their
distances to the Co atoms with the same polarization direc-
tion of Co atoms. In Fig. 6(a), the magnetic moments on Ol,
02, 03, 04, 05, 06, and O7 atoms are 0.106ug, 0.047 up,
0.044 g, 0.045up, 0.040up, 0.036 5, and 0.049 up, respec-
tively. This suggests that the magnetic coupling between two
Co pairs belonging to different supercells nearby is, most
likely, mediated by the delocalization of electronic polariza-
tion across O atoms.

The spin-split donor impurity-band model,'®3*38 which is
caused by the strong hybridization between the charge carri-
ers at the Fermi level in the gap, was suggested to explain the
high-temperature FM in TM-doped ZnO DMS (e.g., TM
=Co). However, in the present case, Co-doped ZnO is non-
ferromagnetic at RT. Moreover, no impurity band at the
Fermi level in the gap from the partial DOS of Co-3d and
Ga-4p states [as shown in Fig. 6(c)] was detected. Thus, we
believe that the spin-split donor impurity band cannot be the
origin of FM in present studied samples. Based on our ex-
perimental and first-principles calculation results, we suggest
that the hybridization between the Ga-4p and Co-3d states
and O vacancies act as a catalyst for the indirect ferromag-
netic exchange interaction between two magnetic ions (Co

ions here). Furthermore, one magnetic ion (Co ions here)
pair is ferromagnetically coupled with surrounding magnetic
ion (Co ions here) pair, mediated by the delocalization of
electronic polarization across O ions. Finally, (Co, Ga)-
codoped ZnO sample becomes diluted strong ferromagnetic
semiconductor.

IV. CONCLUSIONS

The origin of high-temperature ferromagnetism in (Co,
Ga)-codoped ZnO has been investigated. It is found that
atomic and electronic structures of Co ions in Co-doped ZnO
are modified by doping Ga ions. High temperature (above
room temperature) ferromagnetism is observed in
7Zn; 9»Co( 05Gayg30 sample while nonmagnetic behavior
down to 5 K is detected in Zng¢5C0g(sO sample. Co ions
with two plus valences and high-spin state prefer to substi-
tute Zn ions in both Znj¢5Co( (5O and Zng ¢,Coy o5Gag 30
samples. The Ga dopant with three plus valences are located
at octahedral interstitial site together with one O vacancy,
surrounding Co ions. Results obtained here from both experi-
mental studies and first-principles calculations for
7Zn.9,C0p 05Gag 030 sample reveal (1) electron transforma-
tion from the Ga 4p' states to the unfilled Co 3d' states, (2)
strong hybridization between the charge carriers in the Co 3d
and Ga4p states, and (3) electronic polarization for sur-
rounding O ions at Co ions. The Ga-4p electrons merged
with conduction band, and polarized oxygen ions act as
bridge and/or medium for an indirect ferromagnetic ex-
change interaction between Co pairs, resulting in the ferro-
magnetism for the (Co, Ga)-codoped ZnO sample.
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