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This paper reports that the (Ga, Co)-codoped ZnO thin films have been grown by inductively coupled plasma

enhanced physical vapour deposition. Room-temperature ferromagnetism is observed for the as-grown thin films. The

x-ray absorption fine structure characterization reveals that Co?t and Ga31 ions substitute for Zn?* ions in the ZnO

lattice and exclude the possibility of extrinsic ferromagnetism origin. The ferromagnetic (Ga, Co)-codoped ZnO thin

films exhibit carrier concentration dependent anomalous Hall effect and positive magnetoresistance at room tempera-

ture. The mechanism of anomalous Hall effect and magneto-transport in ferromagnetic ZnO-based diluted magnetic

semiconductors is discussed.

Keywords: diluted magnetic semiconductors, (Ga, Co)-codoped ZnO, anomalous Hall effect, mag-

netroresisance

PACS: 75.50.Pp, 75.70.-i, 75.70.Tj, 78.70.Dm

1. Introduction

Diluted magnetic semiconductors (DMSs) have
attracted great research interest in the past decade.
The charge and spin of electrons could be simultane-
ously manipulated in DMSs, which offers the poten-
tial application in spintronic devices combining stan-
dard microelectronics with spin-dependent effects.!*+2!
Room-temperature ferromagnetic semiconductors are
desired for practical devices. Among various types of
semiconductors, ZnO is one of the most widely studied
host compounds in order to realize intrinsic ferromag-
netism with high Curie temperature. It has been the-
oretically predicted that room-temperature ferromag-
netism could be realized in 3d transition-metals (TM)
doped ZnO.23 A variety of TM-doped ZnO DMSs
such as thin films, nano-materials and single crys-
tals have been reported. Although room-temperature
ferromagnetism was observed, the intrinsic ferromag-

netism origin still remains an issue.[*~12

The pos-
sibility of an extrinsic origin, such as ferromagnetic
impurity segregation, could not be ruled out in most

cases. This is because the often-performed character-
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ization measurements using a magnetometer are un-
able to distinguish the intrinsic ferromagnetic signal
from an extrinsic one, due to the characteristics of the
method to probe all the magnetization from the fer-
romagnetic sources. It is believed that x-ray absorp-
tion fine structure is a spectroscopic tool to provide
a ‘fingerprint’ of electronic states and local structure
of incorporated atoms in the host compounds even in
a dilute concentrations. Even tiny ferromagnetic im-
purity could be detected by this technique. However,
this could not exclude the possibility of ferromagnetic
coupling induced by defects. Bound magnetic polaron
(BMP) theory could give a reasonable explanation on
defects induced ferromagnetism in oxide-based DMSs,
but these materials are not the real DMSs.!'314 In
ideal DMSs, the intrinsic ferromagnetism is caused
by spin-polarised carriers that mediated ferromagnetic
interaction between distant localized spins of mag-
netic ions.['516] The ferromagnetic response caused
by carriers could be a direct manifestation of intrin-
sic ferromagnetism. A well-known ferromagnetic re-
sponse of carriers in DMSs is the anomalous Hall ef-
fect (AHE).'] But the AHE can not be regarded as
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the sufficient and necessary condition for demonstrat-
ing the intrinsic ferromagnetism in DMSs materials.
Therefore, in depth both local structure characteriza-
tion and AHE measurement will be useful tools for
investigating the intrinsic nature of ferromagnetism.
In this paper, we investigated the electronic state and
local environment of the doped Co and Ga by x-ray
absorption fine structure spectroscopy. The AHE and
magnetoresistance (MR) measurement was carried out
to reveal the spin-dependent transport properties.

2. Experimental details

The (Ga, Co)-codoped ZnO films were grown on
Si (100) substrate at 400°C by inductively coupled
plasma enhanced physical vapour deposition (ICP-
PVD) with magnetic confinement. The sputtering tar-
gets were fabricated by a standard solid-state reaction
method. '8 A prescribed amount of ZnO (99.99%),
Co0 (99.99%) and GayO3 (99.999%) were mixed, sin-
tered at 1000°C for 48 hours in air atmosphere. Mixed
plasma of Ar and Os was used for sputtering in or-
der to investigate the effect of oxygen pressure on the
physical properties. The oxygen pressure was varied
at 6.7x107° Pa, 1.3x1073 Pa and 1.3x10~! Pa and
the corresponding (Ga, Co)-codoped ZnO sample was
labeled as ZGCO1, ZGCO2 and ZGCO3 in the fol-
lowing descriptions, respectively. The x-ray absorp-
tion spectroscopy of near-edge structure (XANES)
and extended fine structure (EXFS) measurements
were performed on synchrotron radiation from the Na-
tional Synchrotron Radiation Laboratory (NSRL) in
the University of Science and Technology of China.
A quantum design superconducting quantum interfer-
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ence device (MPMS XL-7) magnetometer was used
to investigate the magnetic properties. The electrical
transport and AHE measurement were characterized
by a LakeShore Hall measurements system (9700A).

3. Results and discussion

Figure 1(a) shows the room-temperature mag-
netization versus magnetic field (M—H) curves for
(Ga, Co)-codoped ZnO films grown at different oxy-
gen pressures. Typical behaviour of ferromagnetic
hysteresis loops is clearly observed with different sat-
uration magnetization (Mg). The sample has the
strongest ferromagnetism with an Mg of 75 emu/cm 3
and coercive field (H,) of 120 Oe (1 Oe=79.5775 A/m)
when grown at lower oxygen pressure of 6.7x107° Pa.
They decrease to 25 emu/cm~2 and 60 Oe, re-
spectively, when the oxygen pressure increases to
1.3x10~! Pa. Room-temperature Hall measurement
was carried out and shown in Fig. 1(b). It can be
seen that the oxygen pressure has an obvious effect
on the electrical properties. The resistivity varies
from 8.97x107% Q-cm to 5.26x1073 Q.cm, while
the electron density varies from 5.77x10%° cm~3 to
1.54x10%° ¢cm~3 with increasing the oxygen pressure
from 6.7x107° Pa to 1.3x10~! Pa. It has been re-
ported that oxygen-rich condition will increase the re-
sistivity and reduce the electron concentration in Ga-
doped ZnO films. The possible reason is the forma-
tion of compensating-defects such as oxygen intersti-
tials, zinc vancancy and their complexes in oxygen-
rich condition!*9-20] The variation in the M, and H, is
attributed to the changes of electrical property caused

by the oxygen pressure.
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Fig. 1. (a) Magnetization hysteresis curves of (Ga, Co)-codoped ZnO films grown at different oxygen pressure.

(b) Room-temperature resistivity and electron concentration of (Ga, Co)-codoped ZnO films grown at different

oxygen pressure.
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Although room-temperature ferromagnetism is
observed in the as-grown thin films, the extrinsic ori-
gins from BMP and ferromagnetic impurity segrega-
tion could not be excluded. The BMP theory pro-
posed that the ferromagnetism in oxide-based DMSs
was induced by defects.!'>14 We have reported that
the oxygen vacancy is the main defect in the Co-doped
ZnO films grown at high vacuum environment.?"
Therefore, it is quite necessary to elucidate the fer-
romagnetic origin in our observed samples. If the fer-
romagnetism is intrinsic, then the ferromagnetic ex-
change interaction among distant localized spins of
magnetic ions should be mediated by spin-polarised
carriers. A well-known ferromagnetic response of car-
riers in ferromagnetic semiconductors is the AHE. In
magnetic materials, the Hall resistance has two contri-
butions, the ordinary Hall effect (OHE) arising from
the classical Lorenz force and the AHE due to the
asymmetric scattering from the spin—orbit interaction
between the carrier and the ferromagnetically ordered
impurity. The Hall resistance of magnetic material is
expressed as

Ruan = Roug + Ranug = RoB + Rs(uoM), (1)

where Ry and B are the ordinary Hall coefficient and
the magnetic induction respectively, Ry and M are
the anomalous Hall coefficient and the magnetization,
respectively, uo is the free space permeability.

Figure 2 shows the magnetic-field dependence
Hall resistivity (psy) for the (Ga, Co)-codoped ZnO
films. A Ga-doped ZnO film grown at 6.7x107° Pa
is also included in order to compare the difference be-
tween magnetic and non-magnetic films. The mag-
netic field was applied perpendicularly to the sam-
ple’s surface. For Ga-doped ZnO sample, p,, ex-
hibits linear behaviour with a negative slope in the
whole applied magnetic field as shown in Fig. 2(b).
This is a typical behaviour of non-ferromagnetic semi-
conductors with n-type conductivity. All the (Ga,
Co)-codoped ZnO films exhibit quite different be-
haviours. It can be seen that the p,, increases up
to 0.15 T with increasing magnetic field, and then lin-
early decreases with further increasing the magnetic
field as shown in the insets of Figs. 2(a) and 2(b).
This phenomenon reveals that the anomalous part of
Pzy (pame) which is proportional to magnetization,
is dominant in low magnetic field, whereas the or-
dinary part of pyy (poug), which is proportional to
the inverse of electron yielded negative linear slope,
overcomes the pagg and becomes dominant in the

high magnetic field, as the magnetization saturates
and pougr keeps increasing linearly with increasing
magnetic field. Although all (Ga, Co)-codoped ZnO
samples show clear AHE, it can be seen that the be-
haviour depends on electron concentration and ferro-
magnetic strength. The AHE slightly degrades with
the decrease in electron concentration and ferromag-
netism. In order to investigate the strength of AHE
in (Ga, Co)-codoped ZnO, Hall conductivity was used
to explain this, which has been proposed to quantita-
tively explain the AHE in group III-V ferromagnetic

5.[16,22]

semiconductor In this theory, Hall conductivity

is expressed as

Oy = Pay/ (Pry + P2y) (2)

which is thought to be an essential measure of AHE
strength. It was found that the anomalous part of
0gy strongly depends on carrier density. The cal-
culated oy, is 0.16, 0.038, and 2.7x1072 (Q-cm)™~*
for GCZO1, GCZO2 and GCZO3, respectively. The
AHE strength of (Ga, Co)-codoped ZnO is in agree-
ment with Co-doped TiOy or Cr-doped InsOgs, but

much lower than that in Mn-doped GaAs and
InAg.[16,17,22,23]
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Fig. 2. Anomalous Hall resistivity for (a) sample GCZO1
and GCZO02, (b) sample GCZO3 and Ga-doped ZnO film
grown at 6.7x10~° Pa. The insets show the magnification
around zero magnetic fields.

It should be mentioned that the AHE should not
be considered as the direct evidence of demonstrating
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intrinsic ferromagnetism in DMS material since super-
paramagnetic materials and ferromagnetic particles or
films may show such behaviour. However, it is a useful
tool for studying the intrinsic nature of ferromagnetic
order. The Hall conductivity is used to demonstrate
the strength of observed AHE.

The magneto-transport property was also carried
out at room temperature using the Hall measurement

system. Figure 3 shows the transverse MR,

MR = [p(H) = p(0)]/p(0), (3)
which is measured at room temperature. All the (Ga,
Co)-codoped ZnO films exhibit positive MR of 1.0%,
0.47% and 0.29% for ZGCO1 ZGCO2 and ZGCO3
samples, respectively. Yang et al.l?4 reported that the
MR in Co-doped ZnO thin films was strongly temper-
ature dependent with a positive magnitude from 2 K
to 5 K and a negative magnitude above 200 K. How-
ever, Wang et al.[?! found a large negative MR in Mn-
doped ZnO thin film at low temperature (< 5 K) and
a large positive MR above 5 K. The positive MR is at-
tributed to a giant spin splitting of band states caused
by a sp-d exchange interaction in DMSs,[26=29 while
the negative MR is from the third-order sp-d exchange
Hamiltonian of the spin scattering.*31 In our ex-
periment, the (Ga, Co)-codoped ZnO thin films show
room-temperature positive MR and carrier concentra-
tion dependent behaviour. The carrier concentration
dependence of the MR may be regarded as a sign of
intrinsic carrier mediated ferromagnetism. Low tem-
perature MR measurement may provide much more
information on the nature of mechanism and the re-
lated work is in progress.
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Fig. 3. Magnetic field dependence of magnetoresistance
for Ga-doped and (Ga, Co)-codoped ZnO films measured
at room temperature.

The x-ray absorption spectroscopy was used to
characterise the local electronic structure, since tiny

Co clusters or any secondary phase is highly sen-
sitive to this technique.3%33 Figure 4(a) shows the
XANES spectra at Co K-edge as well as those of the
Co metal and cobalt oxide for comparison. We also
performed Ga K-edge and Zn K-edge x-ray absorp-
tion spectra for sample ZCGO3 in order to investigate
the Ga position in the Zn-Ga—Co-O system. Both
Ga and Zn absorption edges were horizontally trans-
ferred in Fig. 4(a). The absorption edge will slightly
move for different Co valence state due to the electron
transition between different excited states. It can be
seen that the absorption edge of Co, CoO and Co203
moves to higher energy as the effective valence state
increases. The Co K-edge of (Ga, Co)-codoped ZnO
samples has close proximity to that of CoO, in con-
trast with those of Co and Co50s3.

that the Co ions are in +2 states.['!] However, the

This indicates

oscillations of (Ga, Co)-codoped ZnO films are quite
different from CoO in the near edge region due to the
completely different coordination. Similar oscillations
could be seen for the transferred Ga and Zn absorp-
tion edges. This indicates that Co and Ga have the
similar coordination as Zn in ZnO lattice. In order
to further clarify the local structures around the Co
and Ga atoms, EXFS spectra were analyzed as shown
in Fig. 4(b). We summarized the radial distribution
functions (RDFs) of EXFS spectra at Zn, Co and Ga
K-edge for (Ga, Co)-codoped ZnO samples as well
as reference samples from Co metal and cobalt ox-
ides. The first and second major peaks correspond
to the first nearest-neighbouring anions and second
nearest-neighbouring cations from the central scatter-
ing atoms. For the Co K-edge of CoO and (Ga, Co)-
codoped ZnO samples, they correspond to the near-
est oxygen and Zn (Co and Ga) from the central Co
atoms. We can clearly see that the oscillation charac-
teristic and the interatomic distance in RDF's is very
close to each other except for Co metal and cobalt ox-
ides, which means that Co and Ga ions have similar
local structures as Zn ions in ZnO. No existence of tiny
secondary phases like Co metal clusters, cobalt oxides
or Ga oxides could be observed when the films were
grown at different oxygen pressures. The XANES and
EXFS results reveal that Co?t and Ga?* ions substi-
tuted for Zn?* ions in ZnO lattice rather than being

segregated or interstitial.

037501-4



Chin. Phys. B Vol. 20, No. 3 (2011) 037501

7690 7700 7710 7720 7730 7740

Normalized absorption coefficient

FT/(K?z)

Zn K-edge
~ NS Ao - ZGCO3
SOVAN/ANW NS

ZGCO1

\’\/\/\’\/\/\/—&—I&ed—g——‘
0 0.2 0. 0.6 0.8 1.0
R/nm

Fig. 4. (a) Normalized x-ray absorption near edge spec-
tra of the (Ga, Co)-codoped ZnO films at Co Ga, and Zn
K-edge, and reference samples of Co, CoO and Co203 at
Co K-edge. (b) The RDFs of Co, Ga and Zn from Fourier
transformed amplitude of EXFS.

4. Conclusion

In summary, (Ga, Co)-codoped ZnO thin films
have been grown by ICP-PVD. Room-temperature
ferromagnetism was observed in the as-grown thin
films. The local structure characterization revealed
that Co?T and Ga3t ions substituted for Zn?* ions in
the ZnO lattice and excluded the possibility of extrin-
sic ferromagnetism from secondary phases. The ferro-
magnetic (Ga, Co)-codoped ZnO thin films showed ob-
vious carrier concentration dependent AHE and pos-
itive MR. The local structure characterization and
magneto-transport properties indicated that intrin-
sic ferromagnetism was obtained in (Ga, Co)-codoped
ZnO, which provides not only a useful proof to realize
room-temperature ferromagnetic semiconductors but
also an important clue towards the realization of spin-
tronic devices based on DMSs materials.

Acknowledgement

The x-ray absorption fine structure (XAFS) mea-
surements were performed on synchrotron radiation
from beam line U7c at the NSRL in University of Sci-
ence and Technology of China. The authors would
like to thank Dr. Bo He for the XAFS measurement.

References

[1] Wolf S A, Awschalom D D, Buhrman R A, Daughton J M,
Molnar S V, Roukes M L, Chtchelkanova A Y and Treger
D M 2001 Science 294 1488

[2] Dietl T, Ohno H, Matsukura F, Cibert J and Ferrand D
2000 Science 287 1019

[3] Sato K and Yoshida H K 2000 Jpn. J. Appl. Phys. 39
L555

[4] Kim JH, Kim H, Kim D and Ihm Y E 2002 J. Appl. Phys.
92 6066

[5] Yu Z, Li X, Long X, Cheng X W, Liu Y and Cao C B
2009 Chin. Phys. B 18 3040

[6] Fouchet A, Prellier W and Mercey B 2006 J. Appl. Phys.

100 013901

[7] Sharma V K and Varma G D 2009 J. Appl. Phys. 105
07C510

[8] Liu X C, Lu Z H and Zhang F M 2010 Chin. Phys. B 19
027502

[9] Liu Y L and Macmanus-Driscoll J L 2009 Appl. Phys.
Lett. 94 022503

[10] Venkatesan M, Stamenov P, Dorneles L S, Gunning R
D, Bernoux B and Coey J M 2007 Appl. Phys. Lett. 90
242508

[11] Rode K, Mattana R, Anane A, Cros V, Jacquet E, Con-
tour J P, Petrof F and Fert A 2008 Appl. Phys. Lett. 92
012509

[12] Gao L and Zhang J M 2009 Chin. Phys. B 18 4536

[13] Coey J M D, Venkatesan M and Fitzgerald C B 2005 Nat.
Mater. 4 173

[14] Liu X J, Song C, Zeng F and Pan F 2007 J. Phys.: Con-
dens. Matter 19 296208

[15] Ohno H 1998 Science 281 951

[16] Toyosaki H, Fukumura T, Yamada Y, Nakajima K,
Chikyow T, Hasegawa T, Koinuma H and Kawasaki M
2004 Nat. Mater. 3 221

[17] Philip J, Punnoose A, Kim B I, Reddy K M, Layne S,
Holmes J O, Satpati B, Leclair P R, Santos T'S and Mood-
era J S 2006 Nat. Mater. 5 298

[18] Liu X C, Shi E W, Chen Z Z , Zhang H W and Song L
X 2006 Acta Phys. Sin. 55 2557 (in Chinese)

[19] Osada M, Sakemi T and Yamamoto T 2006 Thin Solid
Films 494 38

[20] Park S M, Ikegami T, Ebihara K and Shin P K 2006 Appl.
Surf. Sci. 253 1522

[21] Liu X C, Shi E W, Chen Z Z, Chen B Y, Zhang T, Song
L X, Zhou K J, Cui M Q, Yan W S, Xie Z, He B and Wei
S @Q 2008 J. Phys.: Condens. Matter 20 025208

037501-5



Chin. Phys. B Vol. 20, No. 3 (2011) 037501

22]

23]

24]

[25]

[26]

Jungwirth T, Niu Q and Macdonald A H 2002 Phys. Rev.
Lett. 88 207208

Jungwirth T, Sinova J, Wang K Y, Edmonds K W, Cam-
pion R P, Gallagher B L, Foxon C T, Niu Q and Macdon-
ald A H 2003 Appl. Phys. Lett. 83 320

Yang Z, Biasini M, Beyermann W P, Katz M B, Ezekoye
O K, Pan X Q, Pu Y, Shi J, Zuo Z and Liu J L 2008 J.
Appl. Phys. 104 113712

Wang J, GuZ B, Lu M H, Wu D, Yuan C S, Zhang S T,
Chen Y F, Zhu S N and Zhu Y Y 2005 Appl. Phys. Lett.
88 252110

Andrearczyk T, Jaroszynski J, Grabecki G, Dietl T, Fuku-
mura T and Kawasaki M 2005 Phys. Rev. B 72 121309
R)

27]

28]
[29]
[30]
[31]
(32

33]

037501-6

Xu Q, Hartmann L, Schmidt H, Hochmuth H, Lorenz M,
Schmidt-Grund R, Spemann D and Grundmann M 2006
J. Appl. Phys. 100 013904

Masuko K, Shida A, Yoshimura T and Fujimura N 2009
Phys. Rev. B 80 125313

Sawicki M, Dietl T, Kossut J, Igalson J, Wojtowicz T and
Plesiewicz W 1986 Phys. Rev. Lett. 56 508

Gacic M, Jakob G, Herbort C and Adrian H 2007 Phys.
Rev. B 75 205206

Reuss F, Frank S, Kirchner C, Kling R, Gruber T and
Waag A 2005 Appl. Phys. Lett. 87 112104

LuZ L, Zou W Q, Xu M X and Zhang F M 2010 Chin.
Phys. B 19 056101

Murakami M, Matsumoto Y and Hasegawa T 2004 J.
Appl. Phys. 95 5330



