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Abstract Zn1−xCoxO (x = 0, 0.02, 0.04, 0.06, 0.08, 0.10)
nanorods have been synthesized by the hydrothermal meth-
od. XRD patterns show that all samples are wurtzite struc-
ture without impurity. The magnetization measurements
show that the pure ZnO is diamagnetic, while paramag-
netism dominates in Zn1−xCoxO nanorods. Paramagnetism
increases linearly with an increasing Co concentration. The
magnetic moment calculated from the magnetic susceptibil-
ity is around 4 μB/Co, which is close to the theoretical value
of Co ions with L = 1.07 and S = 3/2 in all Zn1−xCoxO
nanorods, indicating the Co atoms are mostly isolated. All
the samples exhibit weak ferromagnetism. However, the sat-
uration magnetization of the ferromagnetic contribution in
Zn1−xCoxO almost keeps constant with increasing Co con-
centration. We conclude that the weak ferromagnetism in
Zn1−xCoxO might be due to the high concentration of de-
fects.

Keywords Diluted magnetic semiconductors · Co-doped
ZnO · Ferromagnetism

1 Introduction

Recently, diluted magnetic semiconductors (DMS) with si-
multaneous control of charge and spin, have attracted inten-
sive interests for the potential applications in spintronics [1].
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For the daily applications, the Curie temperature should be
higher than room temperature (RT). Dietl [2] has predicted
the possible above RT ferromagnetism (FM) in Mn-doped
p-type ZnO and GaN.

There have been already a lot of researches on ZnO-based
DMS reporting the RT FM by doping with 3d transition
metals [3, 4]. But various magnetic properties such as para-
magnetism has also been found in the doped ZnO, thus the
origin of FM is still under debate [5–8]. FM has been ob-
served in Co-doped ZnO by superconducting quantum inter-
ference device (SQUID), but only the paramagnetic signal
for Co ions observed by X-ray magnetic circular dichroism
(XMCD) [9–11]. Thus, it is argued that the FM has to be
attributed to the defects such as oxygen vacancy instead of
the doped transition metal. In this paper, we prepared sin-
gle phase Zn1−xCoxO nanorods. Pure ZnO nanorods ex-
hibit diamagnetism and Zn1−xCoxO nanorods show para-
magnetism, while weak FM has been observed in all sam-
ples. We conclude that most doped Co atoms in ZnO are
isolated; the observed weak FM in Zn1−xCoxO nanorods
might be due to defects.

2 Experimental Details

Zn1−xCoxO nanorods were synthesized by the hydrother-
mal method [12]. All chemicals are analytical grade (AR)
and purchased from commercial sources without further
treatment. In a typical procedure, 0.0015 mol of Zn(NO3)2·
6H2O and different mole ratios of Co(NO3)2·6H2O were
added into 30 ml absolute ethanol, and the solution was then
subjected to magnetic stirring at RT for 0.5 h. 0.0075 mol
NaOH was completely dissolved into 15 ml absolute ethanol
with magnetic stirring, and the obtained solution was slowly
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Table 1 The Co concentration
measured by EDS and the lattice
parameters calculated from the
XRD data in Zn1−xCoxO
nanorods

Nominal Co concentration (%) 0 2 4 6 8 10

Co concentration measured by EDS (%) 0 1.8 3.6 4.9 6.7 10.1

Lattice constant (Å) a 3.253 3.253 3.254 3.250 3.250 3.252

c 5.211 5.211 5.205 5.207 5.211 5.198

Fig. 1 XRD patterns of Zn1−xCoxO nanorods (x = 0, 2%, 4%, 6%,
8%, 10%) with intensity on log scale

dripped into the former solution at RT under stirring un-
til the precipitate was formed. The mixture was then trans-
ferred into a Teflon-lined autoclave (50 ml) and maintained
at 393 K for 24 h. The products were collected and washed
first with distilled water and then with alcohol, and finally
dried at 393 K for 24 h.

The structures of samples were analyzed by X-ray dif-
fraction (XRD) using a Cu Kα source with step size of 0.01°.
The morphology and size were characterized by a trans-
mission electron microscope (TEM, FEI Tecnai S20), and
the purity of the samples were confirmed by the attached
energy-dispersive X-ray spectrometer (EDS). The accuracy
of EDS is dependent on the preparation of samples and test
condition, etc., and it is within ±0.5% for our samples. No
impurity ions other than O, Co, Zn, and C have been ob-
served, indicating the high purity of our samples. The actual
Co concentration in all Zn1−xCoxO samples is measured by
EDS, and close to the nominal concentrations, as shown in
Table 1. For simplicity, we use a nominal concentration of
Co to denote the samples, and the measured Co concentra-
tions were used in the calculations. The magnetic properties
were characterized by a physical property measurement sys-
tem (PPMS, Quantum Design Inc.) at 300 K.

3 Results and Discussions

Figure 1 shows the XRD patterns of Zn1−xCoxO. All the
diffraction peaks can be indexed into wurtzite ZnO (pow-
der diffraction standard cards, JCPDS 36-1451) and no peak
corresponding to any other impurity phase was observed,

consistent with the EDS results. Table 1 shows that the lat-
tice parameters calculated from the XRD data, which are a
little smaller than those of pure ZnO, due to the smaller ra-
dius of Co ion (0.072 nm) than that of Zn ion (0.074 nm).
In addition, it is noticeable that the variation of the lattice
parameters with Co concentration is nonmonotonic, similar
to the results reported by Xu et al. [13]. From the XRD pat-
terns of Zn1−xCoxO, the width of diffraction peaks is almost
identical when Co concentration is from 0% to 2%, and from
4% to 10%. But they are much narrower when Co concentra-
tion increases from 2% to 4%, indicating a sudden decrease
of crystallinity. The grain size D of nanorods is calculated
by the Debye–Scherrer formula:

D = 0.89λ/β cos θ (1)

where λ is the wavelength of X-ray (0.154 nm), θ the Bragg
angle of X-ray diffraction, β the FWHM (full width at
half maximum) for the corresponding peak. Table 2 shows
the grain size calculated from (100) and (002) peaks in all
Zn1−xCoxO and former are much smaller than latter. For
each peak, the grain size changes slowly with Co concen-
tration increasing from 0% to 2%, and from 4% to 10%. It
changes abruptly when the Co concentration increases from
2% to 4%.

Figure 2 shows the TEM images of Zn1−xCoxO. For
pure ZnO, some are elliptic and the others tend to be
rodlike. They have wide size distribution with diameters
of 20–100 nm and lengths of 40–200 nm. The size of
Zn0.98Co0.02O is not much different from that of ZnO, but
the morphology is more likely to be rodlike. When Co con-
centration increases from 2% to 4%, Zn1−xCoxO are mostly
nanorods and their size are much smaller. The morphology
does not change with further increasing Co concentration.
They show diameters mainly around 10 nm and an aspect
ratio of 2–5. With XRD results together, we can conclude
that crystal grows along the c-axis direction and the Co con-
centration influences the grain size and morphology of ZnO
prominently.

Figure 3 shows the M–H curves at 300 K for Zn1−xCoxO
nanorods. Pure ZnO nanorod is diamagnetic while
Zn1−xCoxO nanorods are all paramagnetic. But weak fer-
romagnetism can be seen in all Zn1−xCoxO nanorods after
the paramagnetic and diamagnetic contributions in high field
are separated out [14].
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Table 2 D calculated from
(110) and (002) peaks of
Zn1−xCoxO nanorods (x = 0,
2%, 4%, 6%, 8%, 10%)

Co concentration (%) 0 2 4 6 8 10

D in the direction of (100) (nm) 37.4 37.4 9.0 8.7 9.0 9.8

D in the direction of (002) (nm) 46.2 49.1 22.4 27.1 23.8 23.8

Fig. 2 TEM images of Zn1−xCoxO nanorods ((a) x = 0, (b) 2%,
(c) 4%, (d) 6%, (e) 8%, (f) 10%)

In order to analyze the influence of Co concentration on
the magnetic properties of Zn1−xCoxO samples, suscep-
tibility χ of the samples is fitted by the method of least
squares in high field (H > 8000Oe orH < −8000Oe). Sus-
ceptibility χZnO measured in pure ZnO is negative, indicat-
ing the diamagnetic properties of bulk ZnO. χ in Co-doped
ZnO has two contributions: diamagnetic susceptibility χZnO

for bulk ZnO and paramagnetic susceptibility χCo caused
by doped Co. χCo is obtained by subtracting χZnO from χ

measured in all Zn1−xCoxO nanorods at high fields. Fig-
ure 4 shows the variation of χCo with Co concentration. It
can be seen that χCo almost increases with Co concentration
linearly.

Magnetic moment μJ per Co atom in Zn1−xCoxO can
be calculated from paramagnetic susceptibility χCo, the
value is 3.2 μB/Co for the Zn0.98Co0.02O, 4.4 μB/Co
for the Zn0.96Co0.04O, 4.1 μB/Co for the Zn0.94Co0.06O,
3.7 μB/Co for the Zn0.92Co0.08O, and 3.5 μB/Co for
the Zn0.90Co0.10O, respectively. The substituted Co2+ ions
might have two states, one with L = 3 and S = 3/2, and

the other with L = 1.07 and S = 3/2, and the moment
per Co is 4.1 μB/Co (L = 1.07, S = 3/2) or 6 μB/Co
(L = 3, S = 3/2) [15]. The magnetic moment μJ we get
from Zn1−xCoxO nanorods are very close to the former
(L = 1.07, S = 3/2), which has been reported by Barla
that the L/S is close 0.7 with S = 3/2 [10]. Thus, we can
conclude that Co atoms are mainly isolated in Zn1−xCoxO
nanorods. The dispersive Co ions substituted Zn ions and the
orbital moments were quenched by the crystalline field from
the surrounding ZnO crystal lattice. The dominant interac-
tions in Zn1−xCoxO and Zn1−xMnxO samples are antifer-
romagnetic [7, 17]. The slight difference between the exper-
imental and theoretical value of magnetic moment might be
due to the weak antiferromagnetic interaction among the Co
ions.

The ferromagnetic contribution in Zn1−xCoxO nanorods
can be clearly seen after subtracting the diamagnetic or
paramagnetic contribution, as shown in the inset in Fig. 3.
Though our XRD and EDS analysis has ruled out the sec-
ondary phase, we should be careful that there might be very
faint traces of impurity phases under the detection limit.
Knut et al. studied the possible impurities in Co-doped ZnO
and concluded that ZnCo2O4 might be more stable than
Co3O4, and ZnCo2O4 is expected to be nonmagnetic when
n doped and ferromagnetic when p doped [17, 18]. How-
ever, the almost constant saturation magnetization of the
ferromagnetic contribution with increasing Co concentra-
tion excludes the possible ferromagnetic contribution from
ZnCo2O4. CoO is paramagnetic above the Néel temperature
of 291 K and ferromagnetic behavior at 300 K might not be
explained in terms of the formation of the CoO [19]. So, we
can eliminate the effect of all these impurities. Furthermore,
in the ZnO, powders prepared from the same chemicals by
sol-gel method only exhibit diamagnetism at RT [20], ex-
cluding any other FM impurities from the source materials.
Thus, the observed weak FM in Zn1−xCoxO nanorods might
not be due to the ferromagnetic impurities.

Figure 5 shows saturation magnetization (Ms) of the fer-
romagnetic contribution almost maintains in the same mag-
nitude as that of pure ZnO when Co concentration increases
from 2% to 10%, indicating that Co does not influence the
FM in Zn1−xCoxO nanorods. We can conclude the FM in
Zn1−xCoxO has the same origin as that in pure ZnO. The
origin of FM was often considered to be from oxygen va-
cancies [6, 9] or defects on Zn sites [21] in ZnO. Barla has
excluded the possible origin of FM from 3d electronic shells
of the cations (Co and Zn in Zn1−xCoxO) [10]. Tietze sug-
gested oxygen vacancies as the intrinsic origin for RT FM
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Fig. 3 M–H curves of
Zn1−xCoxO nanorods
((a) x = 0, (b) 2%, (c) 4%,
(d) 6%, (e) 8%, (f) 10%). The
inset shows the ferromagnetic
contribution

Fig. 4 The variation of χCo (full curve) and μJ (dotted curve) with Co
concentration

in doped ZnO [11]. Recently, Straumal reported that the FM
originated from the vacancies locating at the grain bound-
aries above the threshold concentration [22]. This can be ex-
cluded since the single crystalline grain of our Zn1−xCoxO
nanorods. Sundaresan [23] found that FM is a universal fea-
ture of inorganic nanoparticles and it may be related to the
surface FM of nanoparticles associated with point defects in
DMS, which was confirmed recently by Khalid that ferro-

Fig. 5 The variation of saturation magnetization of the ferromagnetic
contribution Ms with Co concentration

magnetic mass concentrated in the near-surface region re-
lated to defects [24]. Thus, the origin of FM observed here
might be due to the large number of defects, e.g., oxygen
vacancies or zinc vacancies, at the surface of nanoparticles.

4 Conclusions

Zn1−xCoxO nanorods were synthesized at low temperature
by the hydrothermal method. All the samples have good
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crystallinity with preferential growth orientation along thec-
axis without impurities. The particle shape changes from el-
liptic to rodlike and the particle size decreases abruptly with
increasing Co concentration from 2% to 4% in Zn1−xCoxO.
Pure ZnO is diamagnetic, while paramagnetism dominates
Zn1−xCoxO nanorods at room temperature. Magnetic mo-
ment μJ per Co atom is close to the theoretical value of
4.1 μB/Co with L = 1.07 and S = 3/2 in all Zn1−xCoxO
nanorods, indicating that most Co atoms are isolated in
Zn1−xCoxO nanorods. All the samples exhibit weak FM;
the saturation magnetization of the ferromagnetic contribu-
tion in Zn1−xCoxO also maintains the same magnitude as
that of pure ZnO with Co concentration increasing from
2% to 10%. We conclude that the weak FM in Zn1−xCoxO
might be due to the large number of defects, e.g., oxygen
vacancies or zinc vacancies, at the surface of nanoparticles.
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