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We investigated conversion of Co304 to Co nanoclusters through hydrogen reduction. Quantitative
analysis is performed on the conversion of Co304 to Co metal as a function of hydrogen-injection con-
ditions. Our results reveal that Co304 must be completely eliminated to avoid formation of the metal
phase in ZnCoO. We also propose a new M—T curve based method for detecting nano-sized Co clusters
which are below the detection limit of diffraction techniques. It is also found that the Co phase can be

transformed back to the Co304 phase through oxygen annealing and that, as a result, the ferromagnetism
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can be eliminated. These findings are discussed in the context of the origin of ferromagnetism in ZnCoO.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since room-temperature ferromagnetism (RTFM) in transition
metal (TM)-doped wide-band gap semiconductors has been theo-
retically predicted, TM-doped semiconducting oxides, such as ZnO
and TiOy, have attracted wide interest [1,2]. Several studies have
been attempted to realize RTFM in semiconducting oxides; how-
ever, realization of RTFM remains to be a challenge. Even though
ferromagnetism has been predicted in many systems, experimental
studies have produced inconsistent results and the origin of
ferromagnetism still remains unclear [3—9]. There have been some
reports on successful induction of ferromagnetism in ZnCoO
through hydrogen doping [10—17]. Hydrogen treatment has been
widely used to introduce hydrogen impurity or crystalline defects
in oxide semiconductor for studying on their effects on magnetic
properties of ZnCoO [18—21]|. However, it may promote chemical
reduction of oxygen bonding. S. Deka et al. reported that hydro-
genation process causes chemical reduction of Co—O bonding and
creates Co metallic phase which is an extrinsic ferromagnetic
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source [22]. For this reason, it is necessary to demonstrate absence
of ferromagnetic secondary phases to clearly identify the contro-
versial magnetic characteristics of ZnCoO [10—12]. However, as will
be shown later, it is difficult to detect nano-scale Co metallic clus-
ters even with high-resolution diffraction experiments.

Co in oxide semiconductors can chemically form various Co-
related secondary phases, such as CoO, Co,03, and Co304. Forma-
tion of these phases strongly depends on the sample fabrication
conditions (e.g. temperature or Co doping concentrations) [10,23].
Among those phases, CoO and Co304 were not considered to be
secondary phases of RTFM ZnCoO because these phases have
antiferromagnetism instead of ferromagnetism [12,24,25]. How-
ever, it is noted that Co oxides can be easily converted into a Co
metal phase in the post treatment process through chemical
reduction [12,26,27]. Therefore, one has to consider such possibility
in the study of RTFM in ZnCoO.

The purpose of the work in this letter is to investigate possi-
bility of ferromagnetism in ZnCoO originating from Co304. We
report on study of structural and magnetic changes in Co304
powder upon the hydrogen treatment. Our results suggest that
temperature-dependent magnetization measurement can be
employed in quantitative detection of nano-sized Co metal clusters
in small quantities which are currently undetectable by structural
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diffraction measurements. Given these findings, we assert that
Co304 phase should be carefully examined and removed prior to
the post treatments to prevent ferromagnetic contribution from Co
metal cluster in ZnCoO.

2. Experimental details

Co304 powder was fabricated by the sol—gel method, which is
conventionally used for fabricating ZnCoO, as described in our
previous reports [10—13]. Radio frequency (rf) plasma treatment
was used for the hydrogen injection process. Co304 powders were
exposed for 10 min per treatment to hydrogen plasma with varying
rf-power (20 ~ 80 W), using Ar:H; (9:1 vol%) mixed gas. X-ray
diffraction (XRD) was performed to examine change in crystallinity
as well as formation of secondary phases. Magnetization charac-
teristic was determined as a function of the applied magnetic field
(M—H) and temperature (M—T), using a vibrating sample magne-
tometer installed in the physical-property measurement system
(VSM: model 6000, Quantum Design, Inc.).

3. Result and discussion

Fig. 1 shows the M—H and M—T curves of Co304 powder sam-
ples, heat-treated at two different temperatures (300 °C and
500 °C). The XRD patterns of both Co304 samples correspond to
that of pure Co304 phase; no other Co-related secondary phases
were observed within the detection limit of the measurement,
irrespective of the heat-treatment temperature (not shown here).
The peak widths of both Co304 powder samples were almost the
same, which indicates similar particle sizes in the samples. M—H
curves of the Co304 sample heat-treated at 300 °C show a ferro-
magnetic hysteresis loop both at 300 K and 10 K (Fig. 1(a)). Its M—T
curve (Fig. 1(b)) shows a weak sign of an inflection temperature.
The temperature is close to the Neel temperature of Co30g4
(Tn = 40 K [24]), but the magnetic transition was not clear. It was
assumed to be related to coexistence of some ferromagnetic phases
and antiferromagnetic Co304. However, M—H curves of Co304 heat-
treated at 500 °C exhibits a linear behavior both at 300 K and 10 K
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(Fig. 1(c)). Besides, its M—T curve clearly shows a Neel temperature
at 40 K (Fig. 1(d)), which is the intrinsic behavior of Co304 [24]. The
magnetization of the sample heat-treated at 500 °C decreases to
about one sixth of that of the sample treated at 300 °C. Note that all
XRD patterns of samples treated at 300 °C correspond to single-
phase Co304; thus, it may be concluded that the ferromagnetism
is caused by Co organic compounds, nano size effect [28,29] or
ferromagnetic precipitates beyond the XRD detection limit which
can be eliminated by high temperature heat treatment.

We examined changes in structural and magnetic properties of
Co304 as a function of hydrogen injection with various degrees of rf
power and number of sample exposure to the plasma. Co304
powder fabricated at 500 °C was used for this study, which exhibits
the typical characteristics of Co304 with a Neel temperature. Fig. 2
shows XRD patterns from Co3z04 powders for various hydrogen-
treatment conditions. The numbers on the left and right sides of
the hyphen (-) in each label denote the rf-power and number of
hydrogen plasma exposure, respectively (e.g. H20-4 means Co304
powder treated at 20 W for 4 times.). The sample H40-1 showed
only the Co304 single phase within the XRD detection limit. The
samples hydrogenated at <40 W are not presented here because
they show results very similar to that of single phase Co30a.
However, additional peaks comparable to the background noise
level arise in the XRD pattern for H60-1. These correspond to CoO
and hexagonal Co metal phases (marked by the green asterisks in
the diffraction patterns for each sample), and are attributed to the
reduction of Co304 by hydrogen treatment [12]. Additional
diffraction patterns are more clear with the rf-power is increased as
shown in XRD pattern for H80-1. However, even in the logarithm
scale plot of the intensity for clear observation of the background
level, it is not easy to clearly identify them. It reflects the difficulty
in the detection of secondary phases in oxide semiconductors due
to the fact that their quantity and size are smaller than the detec-
tion limit of diffraction techniques.

We instead try to see the changes in magnetic properties as a
function of hydrogen injection. To do it, the M—H and M—T curves
were obtained for various hydrogen plasma conditions as shown in
Fig. 3. Fig. 3(a) shows M—H curves for H20-1 and H20-4 samples.
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Fig. 1. (a) Magnetization—applied magnetic field (M—H) characteristics and (b) magnetization—temperature (M—T) characteristics of Co304 after thermal treatment at 300 °C. (c)

M-H and (d) M—T characteristics of Co304 powder after thermal treatment at 500 °C.
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Fig. 2. X-ray diffraction (XRD) patterns of hydrogenated Co304 powders of H40-1, H60-
1, and H80-1 treated under 40 W, 60 W, and 80 W of rf power, respectively, where 1
stands for the number of plasma treatments. The green asterisks represent the addi-
tional peaks not corresponding to the Co3;04 phase. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

The curves obtained at 300 K exhibit a weak ferromagnetic hys-
teresis whereas 10 K data were much closer to that of a para-
magnetic material (inset of Fig. 3(a)). We may attribute the weak
ferromagnetism to creation of Co metal phase through chemical
reduction. However, it is rather anomalous to see that the sample
becomes paramagnetic at a low temperature even though it is far
below the Curie temperature (~ 1388 K). Therefore, we assumed
that the abnormality is related to formation of nano-sized
Co metallic phase. Clear Neel transition temperature observed in

2007

H20-1 and H20-4 (Fig. 3(b)) reflects the fact that the magnetic
contribution of Co30y is still dominant. Interestingly, in the M—T
curves, the magnetizations of H20-1 and H20-4 increase with
increasing temperature above 250 K. We will discuss this phe-
nomenon in detail, later. It appears that the weak ferromagnetic
behavior from the other phase is seen only above this temperature:
when magnetism from Co304 becomes very weak. We also note
that the magnetization increases with increasing number of
hydrogen treatments. The ferromagnetic behavior was more pro-
nounced for H40-1 (Fig. 3(c)) even though its XRD pattern showed
no clear secondary phase. This was also the case for H60-1 in which
the secondary phase was detected (Fig. 2), having 10 times larger
magnetization than that of H40-1. The M—T curves for H40-1 and
H60-1 no longer exhibit a Neel transition (Fig. 3(d)). These obser-
vations indicate that the ferromagnetism from Co phase become
much more dominant than the weak antiferromagnetism of Co304
as the number of treatment increases. The magnetization decreases
with increasing temperature overall, but weak and broad anoma-
lies near 150 K and 250 K were observed for H40-1 and H60-1,
respectively, which is assumed to be due to the existence of pha-
ses other than Co304 as well as magnetic interactions between
these phases.

It is worthwhile to note that above 250 K for H20-1 and H20-4,
the magnetization increases with increasing temperature while the
antiferromagnetic material exhibits a negative magnetization slope
above the Neel temperature. The abnormal magnetic behaviors
observed in H20-1 and H20-4 (the linear behavior in M—H curves at
10 K and the small hysteresis loop at 300 K as well as positive slope
in M—T curves) support the conjecture of the inclusion of nano-
sized Co metallic phases. It has been reported that the absence of
magnetic anisotropy is related to the abnormal magnetic behavior
of the Co nano cluster [30,31]. Considering the fact that no addi-
tional phase was detected with XRD in H20 series, the quantity and
size of ferromagnetic precipitate have to be very small, a view that
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Fig. 3. (a) M—H curves of H20-1 and H20-4, which represent the hydrogen plasma-treated Co304 under rf power of 20 W once and four times, respectively, and (b) their M—T
curves. (¢) M—H curve and (d) M—T curves of H40-1 and H60-1 treated under an rf power of 40 W and 60 W once; ‘x5’ indicates that the curves have been re-scaled by a factor of 5
for a better view. All curves are for data at 300 K. The curve for Co304 in Fig. 1 is included as a reference for comparison. The inset of (a) shows the M—H curves of H20-1 and H20-4

measured at 10 K.
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Fig. 4. (a) Difference in the M—T curves for H20-1, H20-4, H40-1, and H60-1, before and after hydrogen treatment of the Co304 samples. (b) Reaction of H60-1 to oxygen annealing.
The Co metal precipitate is completely converted into Co304, and the ferromagnetism of the Co metal cluster disappears.

consistent with our conjecture. The small hysteresis loop with
small squareness ratio also reflects a ferromagnetic feature of nano-
sized magnetic precipitate due to its short-range ordering [10].

For a qualitative interpretation of the change in magnetization
attributed to the creation of Co precipitates, we calculated differ-
ences of the temperature-dependent magnetization between each
hydrogen-treated and untreated Co304. For a more precise esti-
mation, we should consider the amount of Co304 transformed to Co
phase, resulting in decrease in magnetization. However, it was not
counted because such decrease is negligible compared to the in-
crease accounted for by the ferromagnetism of the precipitates.
Fig. 4(a) shows the differences in the M—T curves for H20-1, H20-4,
H40-1, and H60-1 before and after hydrogen treatment. The size
and quantity of Co cluster should increase with increasing rf power
and number of hydrogen treatments. Specifically, the size of the Co
clusters in H40-1 and H60-1 is expected to be above the nanoscale,
approximately approaching the properties of the bulk. Billas et al.
reported that the M—T curve for a Co metal cluster composed of
50—600 atoms has a positive slope that decreases with an
increasing number of Co atoms [30]. As the positive tendency
cannot be observed in the bulk, it is regarded as a unique charac-
teristic of nano-sized Co clusters. Considering the fact that 1) the
difference in magnetization before and after hydrogen treatment
corresponds to an order of 10~% emu/g, 2) the reported magneti-
zation of the Co nano clusters [30] is on the order of 10% emu/g, and
3) total mass was counted for normalizing magnetization, the
amount of Co clusters is estimated to be much less than 0.01% of the
amount of Co304. The size of clusters was 50 nm at most. These
results are consistent with the results obtained from the XRD
measurements described above.

Gu et al. argue that the ferromagnetism of ZnCoO is caused by
oxygen defects, based on their result that ferromagnetism dis-
appeared after annealing process is carried out under oxygen [32].
However, as shown in Fig. 4(b), the ferromagnetic hysteresis loop of
H60-1 disappears completely after annealing process under oxygen
at 300 °C (H60-1:0) due to the oxidation of Co cluster. This result
indicates that special care on the formation of Co nano cluster
should be taken in investigating the magnetic contribution from
defects. S. Deka et al. attributed the ferromagnetism of ZnCoO
observed after hydrogen treatment to Co metal clusters formed by
chemical reduction of Co—O bonding during high-temperature
annealing [22]. These results suggest that the condition for post-
hydrogen treatment should be optimized and that it is necessary
to examine the existence of the Co304 phases prior to discussing

the ferromagnetic origin in ZnCoO. Most importantly, we find
that temperature-dependent magnetization measurement can be
employed to detect nano-sized Co clusters below the detection
limit of diffraction measurements.

4. Conclusion

Abnormal magnetic behavior attributed to nano size effects
enables detection of nano-sized Co metal clusters below the XRD
detection limit by measuring the temperature-dependent magne-
tization. The nano clusters were assumed to be ~50 nm in size and
to make up less than 0.01% of the host material in quantity. Post
hydrogen treatment to introduce crystalline defects or hydrogen
impurities promotes creation of Co clusters if Co304 phase exists.
The above results suggest that prior to the post treatment, it is
necessary to confirm the absence of Co304. Moreover, this will
provide a useful methodological approach to studying the ferro-
magnetic origin in Co-doped oxide semiconductors.
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