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a b s t r a c t

A series of high quality Zn1−xCoxO (x ≤ 0.10) flakes were synthesized by hydrothermal route. XRD and
TEM characterizations indicate that the as-prepared samples were crystalline with wurtzite structure
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and no metallic Co or other secondary phases were found. Optical absorption and Raman results further
confirm the incorporation of Co2+ ions in the ZnO lattice. Magnetic measurements indicate that the
Zn1−xCoxO (x ≤ 0.1) flakes show obvious ferromagnetic characteristics at room temperature. However,
at higher doping content of Co2+, the ferromagnetic behavior was suppressed and paramagnetic nature
was observed. The decrease of ferromagnetism with increasing doping concentration demonstrates that
ferromagnetism observed at room temperature is an intrinsic property of Zn1−xCoxO flakes, and does not

dary p
oom temperature ferromagnetism originate from any secon

. Introduction

Diluted magnetic semiconductors (DMS) that are formed by
he partial replacement of cations in semiconductors by magnetic
ransition-metal ions have drawn considerable attention because
f their potential for use in future spintronic devices [1,2]. The
ain challenge for practical applications of the DMS materials is

he attainment of ferromagnetism (FM) above room temperature
RT). Recently, transition-metal-doped ZnO DMS have been exten-
ively investigated since theoretical studies predicted their Curie
emperature (Tc) to be above room temperature [3]. Moreover,
nO has broadband gap, and possesses a large exciton binding
nergy of 60 meV and UV lasing properties at room temperature.
ombining the excellent optical properties with room temperature

erromagnetism, many magneto-optic devices could be made from
nO-based DMS. However, experimental observations of mag-
etism of the Co-doped ZnO synthesized by different methods
ave been controversial for both thin films and bulk samples.
number of groups observed no ferromagnetism in Zn1−xCoxO

4–6], while Kalyana Lakshmi et al. [7] and Maensiri et al. [8]
eported ferromagnetism in Co-doped ZnO powders. Kittilstved
t al. [9] and Rubi et al. [10] demonstrated that ferromagnetism

f n-type Zn1−xCoxO thin films and powders could be switched
n or off by chemical manipulation using nitrogen or oxygen,
espectively. Qiu et al. [11] reported room temperature ferromag-
etism (RTFM) of Co-doped ZnO prepared by a novel water-bubble

∗ Corresponding author. Tel.: +86 10 68913792; fax: +86 10 68913937.
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.086
hase.
© 2010 Elsevier B.V. All rights reserved.

template process. The origin of the observed FM in these sam-
ples is still debated. While many reports support the intrinsic
mechanisms such as carrier-mediated ferromagnetism [12] and
bound magnetic polaron (BMP) model [13], Co-metal clustering in
Zn1−xCoxO powders was argued to be responsible for the observed
ferromagnetism [14,15]. It is therefore imperative to fabricate Co-
doped ZnO under suitable conditions that diminish the extrinsic
uncertainties and study the influence of doping concentration on
ferromagnetism, and then effectively clarify the intrinsic origin of
ferromagnetism.

In this paper, we report the synthesis of high quality Zn1−xCoxO
flakes by hydrothermal route and investigate the doping concen-
tration dependence of ferromagnetism.

2. Experimental

Highly crystalline Zn1−xCoxO (x ≤ 0.15) flakes have been prepared by hydrother-
mal route. 2 mmol zinc nitrate (Zn(NO3)2·6H2O) and the required amount of cobalt
nitrate (Co(NO3)2·6H2O) were dissolved in de-ionized water to form a 40 ml solu-
tion. Certain amount of urea was introduced into the above solution under magnetic
stirring and the contents were transferred to a teflon-lined stainless steel autoclave
of 50 ml capacity and kept at 180 ◦C for 10 h. After the reaction, the products were
collected and thoroughly washed with distilled water and ethanol, and finally dried
at 120 ◦C for 10 h in vacuum. The series of Zn1−xCoxO flakes, light green in colour,
become darker with increasing Co content. The powders were characterized by X-
ray diffraction analysis (XRD, X’ Pert Pro MPD) with CuK� radiation (� = 0.15406 nm).
The morphology of the products was observed by scanning electron microscopy
(SEM), using a Hitachi TM-1000 scanning electron microanalyzer and transmission

electron microscope (TEM) equipped with selected area electron diffraction (SAED)
(Hitachi H-800 transmission electron microscope with a tungsten filament and an
accelerating voltage of 200 kV). The optical absorption spectra were measured in
the range 200–800 nm using a UV–vis absorption spectrometer (U-4100, Hitachi).
Micro-Raman scattering experiments were done using a micro-Raman spectrome-
ter with the 514.5 nm line of an Ar+ laser as excitation source (JY-T64000, France).

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 2. SEM (a) and TEM (b) images of Zn0.9Co0.1O crystallinity of the flakes. The
inset of (b) is an electron diffraction pattern which indicates high crystallinity of the
Fig. 1. X-ray diffraction patterns of Zn1−xCoxO flakes (x ≤ 0.15).

agnetic measurements were done using Lake Shore 7300 vibrating sample mag-
etometer (VSM) at room temperature.

. Results and discussion

The XRD patterns of different Zn1−xCoxO (x ≤ 0.15) flakes are
hown in Fig. 1. These XRD patterns show that no other impurity
hases exist for doping concentration below x = 0.1. The Co-doping
oes not change the wurtzite structure of ZnO. With increasing
o-doping concentration to 0.15, the diffraction pattern displays
weak undesired peak of Co3O4 (labeled by *). The lattice parame-

ers calculated from the XRD data demonstrate that their values are
lose to but slightly smaller than those of pure ZnO (see Table 1).
n addition, it is noticeable that the variation of the lattice parame-
ers with Co concentration is not monotonic. The above results are
nderstandable, because the effective ionic radius (0.58 Å) of Co in
etrahedral configuration is close to that of Zn2+ (060 Å) [16,17].

The SEM and TEM images corresponding to the sample
n0.9Co0.1O are shown in Fig. 2. As shown in Fig. 2a, large quan-
ities of flake structures are observed. The TEM image shows the
urface of the flake to be porous and rough (Fig. 2b). The corre-
ponding selected area electron diffraction (SAED) pattern shown
n the inset of Fig. 2b reveal that Zn0.9Co0.1O flakes are highly crys-
alline, showing their wurtzite structure in agreement with the XRD
esults.

Fig. 3 shows optical absorbance spectra of ZnO and Zn1−xCoxO
akes. Compared to the spectrum of ZnO, the band edge of the
o-doped ZnO samples is shifted to the lower energy side. The
ed-shift of the band gap Eg edge with increasing Co concentra-
ion into ZnO has been observed [18,19] and interpreted as mainly
ue to the sp–d exchange interactions between the band elec-
rons and the localized d electrons of the Co2+ ions substituting
n ions [19,20]. The s–d and p–d exchange interactions lead to a
egative and a positive correction to the conduction band and the
alence band edges, resulting in a band gap narrowing [21]. In addi-
ion, with increasing Co concentration up to 0.08, three absorption
eaks were also observed around 570, 610 and 660 nm wavelength,
hich are indicated by arrows in Fig. 3, respectively. These peaks

re related to the d–d transitions of the tetrahedrally coordinated
o2+ ions and attributed to the 4A2(F) → 2E(G), 4A2(F) → 4T1(P), and
A2(F) → 2A1(G), respectively [22]. The UV–vis spectra give another

2+ 2+
trong evidence for the partial substitution of Zn cations by Co
n tetrahedral sites of the wurtzite structure.

In order to check the insertion of Co ions into the ZnO lattice and
ue to the limited sensitivity of the XRD technique, Raman scatter-

ng experiments were carried out at room temperature. The room

nanocrystals.
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Table 1
The lattice constants calculated from the XRD data of Zn1−xCoxO (x ≤ 0.15).

Zn1−xCoxO x = 0 x = 0.03

Lattice constant (Å) a 3.252 ± 0.001 3.237 ± 0.006
c 5.212 ± 0.003 5.187 ± 0.009

t
(
T
t
t
w
t
i
a
m
R
5
a
i
o
I
p

F
fl

Fig. 3. UV–vis spectra of undoped and doped Zn1−xCoxO flakes.

emperature Raman spectra of the undoped ZnO and Zn1−xCoxO
x ≤ 0.10) samples ranging from 100 to 800 cm−1 are shown in Fig. 4.
he sharpest and strongest peak around 437 cm−1 can be assigned
o the nonpolar optical phonon E2 (high) mode of ZnO. It is related to
he motion of oxygen atoms and is a typical Raman active branch of
urtzite ZnO [23,24]. The presence of the E2 (high) mode in all the

hree samples indicates the hexagonal wurtzite structure, which
s in consistence with the TEM and XRD observations. The peaks
t 330 and 379 cm−1 are assigned to the second-order vibration
ode and the A1 (TO) mode, respectively. In comparison to the

aman spectrum of undoped ZnO, the mode of AM1 centered at
40 cm−1 can be assigned to the quasi-LO phonon mode due to the
bundant shallow donor defects, such as oxygen vacancies or zinc

nterstitials bounded on the tetrahedral Co sites [25]. The existence
f this mode manifests the incorporation of Co in the ZnO lattice.
n addition, with increasing Co concentration, there appears a little
eak located at about 484 cm−1. The similar peak (475 cm−1) was

ig. 4. Room temperature Raman spectra of the Zn1−xCoxO (x = 0, 0.03, 0.08, 0.1)
akes.
x = 0.08 x = 0.10 x = 0.15

3.242 ± 0.004 3.239 ± 0.001 3.242 ± 0.003
5.194 ± 0.006 5.189 ± 0.001 5.193 ± 0.006

also observed in Co2+ doped, Li+ and Na+ codoped, and Co2+ and
Al3+ codoped ZnO and this vibration was not specific to the dopant
and its intensity increased by adding doping contents [26,27].

The magnetic properties of the flakes were measured at room
temperature. As shown in Fig. 5, the hysteresis (M−H) loops
of Zn1−xCoxO (x = 0.03, 0.08, 0.1) exhibited obvious ferromag-
netic characteristics. The coercive fields (Hc) are 72.47 ± 0.06,
106.78 ± 0.28 and 73.65 ± 0.15 Oe (see the insets) for x = 0.03, 0.08
and 0.1, respectively. The coercive field (Hc) first increases and then
decreases with increasing Co concentration. This is similar to the
results reported by Diaconu et al. [28]. Saturation magnetization of
0.0118 and 0.0082 emu/g can be observed for x = 0.03, 0.08, respec-
tively. When Co concentration is raised to 0.1, hysteresis loop does
not show maximum saturation magnetization (Ms). However, no
hysteresis loop was observed in the M−H curves of Zn0.85Co0.15O
(not shown here). This result may be caused by the enhanced anti-
ferromagnetic coupling between Co ions.

Regarding the possible origin of ferromagnetism in Zn1−xCoxO
(x ≤ 0.1), the formation of secondary phase such as Co-metal clus-
ters or Co-oxide precipitates should be considered. Concerning
Co-related materials, only Co-metal exhibits high-temperature fer-
romagnetism with Tc of 1400 K [29,30]. While, in the present
work, metallic Co is an unlikely source of ferromagnetism because
the synthesis of Zn1−xCoxO samples is performed in air where
metallic Co is unable to form. Since there are no Co-related impu-
rities contributing to the room temperature ferromagnetism in the
Zn1−xCoxO flakes, we believe that the observed ferromagnetism at
room temperature is an intrinsic property of Co-doped ZnO flakes.
The carrier-induced ferromagnetism [12,31,32] that is frequently
reported in II–IV semiconductors as well as III–V semiconductor
can be the other possible origin of ferromagnetism. In this mecha-
nism, the free carrier concentration is vital to determine whether
the material is paramagnetic or ferromagnetic. According to Kittil-
stved et al. [9], as the Co concentration increases, the free carriers
should decrease and Co atoms come close to each other, which

imply the presence of some Co2+ ions with Co2+ nearest neighbors.
The superexchange interactions between these neighboring Co2+

ions are antiferromagnetic. Therefore, increasing Co concentration
will increase the volume fraction of Co2+ ions with Co2+ nearest

Fig. 5. Magnetization of Zn1−xCoxO (x = 0.03, 0.08, 0.1) as a function of applied field
measured at room temperature. The inset shows the zoom-in hysteresis loops.
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eighbors. As a result, the enhanced antiferromagnetic interaction
uppresses ferromagnetic coupling. Besides, when Co2+ concen-
ration x reaches 0.15, Co3O4 phase forms, which contributes to
ntiferromagnetism. So the ferromagnetism in ZnCoO system is
uppressed, and then a large paramagnetic effect is observed. The
eduction in ferromagnetism with increasing doping concentration
s similar to the result of Co-doped ZnO nanorods reported by Yang
t al. [33].

. Conclusions

In summary, we have synthesized the Zn1−xCoxO flakes
hough hydrothermal route. Structural analysis indicate that the
n1−xCoxO flakes are highly crystalline with wurtzite structure,
nd no other secondary phase was found at x ≤ 0.1, which shows
he doped Co2+ cations are substituted at the Zn2+ sites. The M−H
urves taken at room temperature indicate that they have obvi-
us ferromagnetic characteristics. The decrease in ferromagnetism
ith increasing Co concentration demonstrates that ferromag-
etism observed at room temperature is an intrinsic property of
n1−xCoxO flakes.
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