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a b s t r a c t

Strongly enhanced room temperature ferromagnetism with saturate magnetization (Ms) of 0.98 emu/g

(0.71 mB/Co) has been obtained in Zn0.98Co0.02O powders after annealing in H2 atmosphere at 500 1C

for 2 h. Co3O4 has been clearly resolved in the as-prepared Zn0.98Co0.02O powders, and significantly

suppressed by the hydrogenation. The structural characterizations have confirmed the incorporation of

the interstitial H, and excluded the reduction of Co ions to the metallic state. Our results clearly

demonstrate the ferromagnetic mediation between the neighboring Co ions by the interstitial H ions.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Diluted magnetic semiconductors (DMS) have attracted much
interest for the potential applications in semiconductor spintronics [1].
It is important to achieve the room temperature (RT) ferromagnetism
in DMS for the practical applications. After Dietl’s theoretical predic-
tion of RT ferromagnetic ZnO [2], intensive researches have been done
on ZnO by 3d transition metal (TM) doping [3]. Generally, Zener–
RKKY free-carrier exchange or bound magnetic polarons models are
always used to explain the observed ferromagnetism in ZnO-based
DMS [4]. However, lack of ferromagnetism has been reported in
epitaxial Co-doped ZnO films with wide electron concentration range,
indicating that the itinerant conduction band electrons alone are not
sufficient to induce ferromagnetism [4,5]. Furthermore, only para-
magnetic signal has been observed for the doped Co ions by X-ray
magnetic circular dichroism in ferromagnetic Co-doped ZnO [6,7],
excluding the possible ferromagnetic exchange interaction between
the doped Co ions.

The interaction between the neighboring 3d TM ions doped in
ZnO through O2� is superexchange antiferromagnetic. To obtain
ferromagnetism, the ferromagnetic exchange interaction between
the neighboring Co ions is required. Park and Chadi has predicted
that the interstitial H in ZnO may provide ferromagnetic mediation
between the neighboring 3d TM ions doped in ZnO [8]. Several
works in experiments have demonstrated the enhanced ferromag-
netism in Co-doped ZnO by annealing in H2 atmosphere [9–11], but

the mechanism is still under debate, since the defects might be
induced, and even metallic Co might precipitate during the hydro-
genation [10,11]. In this work, we prepared Zn0.98Co0.02O powders
by the sol–gel method. Strongly enhanced RT ferromagnetism has
been observed after annealing in H2 atmosphere at 500 1C for 2 h.
By careful structural characterization, we conclude the ferromagnetic
mediation between neighboring Co ions by the interstitial H ions.

2. Experimental details

Zn0.98Co0.02O powders were synthesized by the sol–gel method.
Proper amount of (Zn(Ac)2) (AR) and Co(NO3)2 (AR) were dissolved
in de-ionized water. Citric acid monohydrate (C6H8O7 �H2O, AR) and
ethylene glycol (HOCH2CH2OH, AR) were added to the solution. The
obtained solution was dried at 80 oC, then calcined at 300 1C in air
for 12 h. After that, the obtained powders were sintered in air at
500 1C for 24 h. The annealing of Zn0.98Co0.02O powders were
performed in H2 (ZnCoO–H) flow at 500 1C for 2 h to prevent the
formation of metallic Co [11]. The structure was studied by X-ray
diffraction (XRD) measurements with y–2y scans using a Cu Ka
source, Photoluminescence (PL), Raman and X-ray photoelectron
spectroscopy (XPS) with Al Ka X-ray source (hn¼1486.6 eV). The
magnetization was measured by a physical property measurement
system (PPMS-9, Quantum Design) at 300 K.

3. Results and discussion

Fig. 1 shows the XRD patterns of ZnCoO and ZnCoO–H powders.
All the peaks can be indexed to the pure wurtzite structure.
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The diffraction peak became asymmetric after the hydrogenation, as
shown by the (103) peaks. The hydrogenation might modify the
structure of the outer regions of the crystallites, and the core–shell
structure might be formed. The shift of diffraction peak to higher
angles is consistent with our previous studies on ZnO and Zn0.98

Cu0.02O annealed in H2 [12,13] and can be attributed to the decrease
of the concentration of O vacancies [14].

Fig. 2(a) shows the magnetic hysteresis (M–H) loop of ZnCoO
and ZnCoO–H measured at 300 K. It is obvious that the ZnCoO
powders are paramagnetic. The ferromagnetic contribution can be
obtained by subtracting the paramagnetic contributions from the
high field linear part. The saturate ferromagnetic magnetization
(Ms) is about 1.0�10�4 emu/g, which is close to the senstivity
limit of the PPMS-9. After the hydrogenation, clear magnetic
hysteresis loop can be observed, as shown in Fig. 2(b). The Ms is
strongly enhanced to 0.98 emu/g (0.71 mB/Co).

Fig. 3(a) shows the PL spectra of ZnCoO and ZnCoO–H. Two
dominant emission peaks are observed: the near-band-edge (NBE)
emission centered at 375 nm and the broad yellow emission centered

at around 500 nm. The stronger NBE emission after the hydrogena-
tion can be attributed to the excitions bound to the incorporated H
[15]. The broad yellow emission has been attributed to the presence
of OH groups [16]. The PL results clearly confirm the incorporation of
H in ZnCoO–H by the hydrogenation.

Fig. 3(b) shows the Raman spectra of ZnCoO and ZnCoO–H. The
peaks at about 327 and 435 cm�1 can be observed in both spectra,
corresponding to the phonon modes of the wurtzite ZnO structure
[17]. Three strong peaks at 488, 523 and 622 cm�1 were observed in
the spectroscopy of ZnCoO, but nearly absent in that of ZnCoO–H.
The peak at 488 cm�1 corresponds to Eg and the peaks at 523 and
622 cm�1 correspond to F2 g phonon modes of the Co3O4 [17],
which cannot be revealed by XRD due to the senstivity limit. The
results indicate that the hydrogenation strongly suppresses the
formation of Co3O4. Furthermore, there are two more peaks, one
broad peak located at around 551 cm�1, and the other sharp peak
located at 714 cm�1. These two peaks can be attributed to Co–O
bonding due to the Co doping [17], which confirms the substitution
of Co in ZnO. The peak at 713 cm�1 has been strongly suppressed
after the dydrogenation, this can be understood by the incorpora-
tion of H in ZnCoO–H and Co–H bonds instead of Co–O bonds are
formed.

To check the possible metalic Co after the hydrogenation,
Co 2P XPS spectra of ZnCoO and ZnCoO–H were taken, referenced
to the surface impurity C 1 s binding energy (284.8 eV) [18], as
shown in Fig. 4. The Co 2P3/2 in ZnCoO is 780.48 eV, and shifts
slightly to the lower energy in ZnCoO–H (780.29 eV). The binding
energies of Co 2P3/2 in both Co3O4 and CoO are at around 780 eV,
and that of the metallic Co is at around 778 eV [19]. Thus the
possible metallic Co formed during the hydrogenation can be
excluded, which is further confirmed by the satallite peaks marked
by arrows in Fig. 4. Since the energy position of Co 2P3/2 in Co3O4 is a
little larger than that in CoO, the slight shift of the Co 2P3/2 to lower
energy is consistent with the Raman results that the Co3O4 was
significantly suppressed by hydrogenation.

Based on the above structural results, the metallic Co impurity
can be excluded, and the observed ferromagnetism can be consid-
ered to be intrinsic. To further confirm ferromagnetic mediation by
the interstitial H, and not from other defects, we annealed ZnCoO
powders in Ar atmosphere at 500 1C for 2 h (ZnCoO–Ar). ZnCoO–Ar
exhibits clear paramagnetism, as shown in right inset of Fig. 2(a).
And only weak ferromagnetic contribution (Ms�0.0025 emu/g) has
been observed, which is much smaller than that of ZnCoO–H. Our
results clearly demonstrate that the enhanced ferromagnetism can
be attributed to the neighboring Co ions mediated by the interstitial

Fig. 1. XRD patterns of (a) ZnCoO and (b) ZnCoO–H. The inset shows the enlarged

view of (103) peaks.

Fig. 2. M–H curves of (a) ZnCoO and (b) ZnCoO–H. Insets of (a) shows ferromag-

netic magnetization of ZnCoO (left), the M–H curves of ZnCoO–Ar and ZnCoO–H-

air (right). Insets of (b) show the ferromagnetic magnetization of ZnCoO–H (left),

ZnCoO–Ar and ZnCoO–H-air (right).

Fig. 3. (a) PL and (b) Raman spectra of ZnCoO and ZnCoO–H.
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H ions. We further annealed the ZnCoO–H in air at 500 1C for 2 h
to check the thermal stability. Drastic drop of ferromagnetism
was observed (right inset of Fig. 2(a)). The Ms is only about
0.0075 emu/g, which is about 2 orders smaller. Hao et al. reported
that the magnetization is nearly unchanged after the reannealing in
O2 at 400 1C [9]. The interstitial H can only stay in ZnO stably up to
400 1C [16], and the strongly suppression of the RT ferromagnetism
can be attributed to the removal of the interstitial H during the
annealing in air.

4. Conclusion

The as-prepared Zn0.98Co0.02O powders are paramagnetic at RT,
and strongly enhanced RT ferromagnetism with Ms of 0.98 emu/g
(0.71 mB/Co) has been obtained after annealing in H2 atmosphere at
500 1C for 2 h. The structural characterizations have confirmed the
incorporation of the interstitial H, and excluded the reduction of Co

ions to the metallic Co. The ferromagnetic contribution from defects
has been excluded. Our results clearly demonstrated that the
enhanced ferromagnetism originates from ferromagnetic mediation
between the neighboring Co ions by the interstitial H ions.
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