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Coexistence of superparamagnetism and ferromagnetism
in Co-doped ZnO nanocrystalline films
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Pure ZnO and Zn0.95Co0.05O films were deposited on sapphire substrates by pulsed-laser deposition. We confirm that the
magnetic behavior is intrinsic property of Co-doped ZnO nanocrystalline films. Oxygen vacancies play an important mediation role
in Co–Co ferromagnetic coupling. The thermal irreversibility of field-cooling and zero field-cooling magnetizations reveals the
presence of superparamagnetic behavior in our films, while no evidence of metallic Co clusters was detected. The origin of
the observed superparamagnetism is discussed.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Dilute magnetic semiconductors (DMSs) have
attracted increasing attention in the past decade due to
their promising technological applications in the field
of spintronic devices [1]. Transition metal (TM)-doped
ZnO is one of the most attractive DMS candidates
because of its outstanding properties, including room-
temperature ferromagnetism. However, the origin and
mechanism of the observed ferromagnetism is far from
being clearly understood, since experimental and theo-
retical studies on the magnetic properties of TM-doped
ZnO show a number of contradictions. Although the
ferromagnetic properties of Co-doped ZnO were ob-
served in many reports [2–4], the paramagnetic and anti-
ferromagnetic behaviors have also been demonstrated in
Zn1-xCoxO samples [5,6]. Several studies claim that the
ferromagnetic properties arise from the formation of
Co clusters or secondary phases; whereas others suggest
that the Co clusters are correlated to the superparamag-
netism and make no contribution to the observed ferro-
magnetism [7–9].

The magnetic properties of Co-doped ZnO remain a
controversial topic. Detailed researches are required to
provide experimental evidence of the mechanism of the
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magnetic properties in this system. In this work, the cor-
relation between the structural features and magnetic
properties of Co-doped ZnO films was clearly
demonstrated.

The Zn0.95Co0.05O films were deposited on sapphire
(000 1) substrates by pulsed-laser deposition using a
KrF excimer laser (k = 248 nm) operating at 5 Hz and
200 mJ pulse–1. The deposition was performed at
550 �C under oxygen partial pressures of 2 � 10�4 and
10 Pa. For comparison, a pure ZnO film was also pre-
pared under identical growth conditions with an oxygen
partial pressure of 2 � 10�4 Pa. The deposition time was
20 min and the thickness of the films detected by the sty-
lus surface profiler was �280 nm. The crystal structures
and chemical valence states were characterized by
18 kW rotating anode X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS), respectively.
Positron annihilation spectroscopy and Raman spec-
troscopy were used to investigate the defective condition
in the films. For further insight into the structural prop-
erties, high-resolution transmission electron microscopy
(HRTEM) and mapping analysis were also performed.
Vibrating sample magnetometry (VSM) with an accu-
racy of 10�7 emu was used to determine the magnetic
properties.
sevier Ltd. All rights reserved.
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Figure 1. The XRD patterns of Zn0.95Co0.05O and pure ZnO thin
films. Inset: (002) peak of pure ZnO and Zn0.95Co0.05O prepared under
an oxygen pressure of 10 pa.
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The XRD patterns (Fig. 1) clearly show that only the
(002) and (004) wurtzite hexagonal peaks of ZnO can
be observed. No extra second-phase diffraction peaks
corresponding to Co-related secondary phases or impu-
rities are detected within the XRD detection limit, indi-
cating that the Co-related clusters typically comprise no
more than 1% within the ZnO lattices [10]. Also visible
in the inset is the full width at half-maximum (FWHM)
comparison of the ZnO (002) peak of pure ZnO and
Zn0.95Co0.05O film prepared under 10 Pa. A slight left
broadening of the FWHM from 0.21� to 0.23� indicates
that the Co-doped films are well crystallized with the
Co2+ ions incorporated into the ZnO lattices.

The magnetic properties of pure ZnO and
Zn0.95Co0.05O films measured by VSM are displayed in
Figure 2. The diamagnetic background of the substrate
was subtracted from all the curves. Despite the identical
growth conditions, pure ZnO film shows diamagnetic
behavior at room temperature, while Co-doped ZnO
films exhibit relative magnetization with S-shaped
Figure 2. (a) Hysteresis loops measured at 300 K for pure and Co-
doped ZnO films. (b) Hysteresis loops measured at 5 K for
Zn0.95Co0.05O film prepared under 2 � 10�4 Pa. Temperature-
dependent magnetization measured in field-cooling and zero field-cooling
(FC/ZFC) under 500 Oe for (c) Zn0.95Co0.05O film prepared under
10 pa and (d) Zn0.95Co0.05O film prepared under 2 � 10�4 Pa.
curves, as shown in Figure 2a. This result confirms that
intrinsic defects such as VO, VZn or Zni do not introduce
visible magnetic behavior in our samples, although
defect-induced magnetism was demonstrated in previous
studies [2]. Thus, the magnetization observed in Co-
doped films is inevitably considered to be due to the
presence of Co ions. The Co–ZnO film prepared under
an oxygen pressure of 10 Pa showed a slight S-shaped
M–H curve. However, no apparent coercive field (HC)
and discernible saturation magnetization (MS) was ob-
served. The M–T curves measured in field-cooling/zero
field-cooling (FC/ZFC) under 500 Oe display analogous
behavior and rapidly decrease with temperature from
5 to 50 K, and are then almost flat with temperature
above 50 K, as shown in Figure 2c. This indicates that
the dominant magnetic behavior in this sample is para-
magnetism, and that a very weak ferromagnetism may
coexist with this. For the Zn0.95Co0.05O film prepared
under 2 � 10�4 Pa, the ferromagnetism was clearly ob-
served at room temperature and the magnetization is
much larger than that of Zn0.95Co0.05O film prepared
under 10 Pa, which is in agreement with previous reports
[11]. The HC shown in the inset of Figure 2a is nearly
zero (�20 Oe) at 300 K. However, the M–H curve mea-
sured at 5 K (Fig. 2b) displays a considerable hysteresis
loop with the HC value of 460 Oe, and the MS increased
from 0.72 to 1.51 lB per Co as the temperature de-
creased from 300 to 5 K. This implies that the film con-
tains both ferromagnetic and paramagnetic behavior at
room temperature. Figure 2d shows an irreversible FC/
ZFC curve of M–T with Tirr �30 K and the peak of
MZFC at about 15 K, which is typical for superparamag-
netic behavior arising from nanoscale grains. The in-
crease of coercive field and saturation magnetization
with the temperature from 300 K down to 5 K indicates
a magnetic transition from superparamagnetism to fer-
romagnetism [12]. The transition temperature is depen-
dent on the grain size. As shown in Figure 2d, the
average value of the transition temperature in our film
is about 15 K, which is in good agreement with the dis-
crepancy between the magnetization loops measured at
5 and 300 K.

In order to reveal the mechanism of ferromagnetism
and the cause of the magnetic difference between
Zn0.95Co0.05O films prepared at 10 and 2 � 10�4 Pa, as
well as the origin of the observed superparamagnetism,
a series of experimental analyses on the structure and
defects of films were performed as shown in Figure 3.

As a sensitive tool for detecting negatively charged
and neutral vacancy-type defects in materials, positron
annihilation spectroscopy was employed to detect
VZn-related defects in our films. The concentration of
VZn was characterized by the Doppler broadening
parameter, S, which is defined as the fraction of counts
in the central area of the 511 keV annihilation peak [13].
The S parameters as a function of the incident positron
energy for Zn0.95Co0.05O films are shown in Figure 3a.
Both the S–E curves show a slight change in slope at
the film–substrate interface. This indicates that the film
thickness is about 284 nm, which is in good agreement
with the results of the stylus surface profilometry.
Importantly, S-parameters in sample layers of the films
did not show any difference, indicating an almost



Figure 3. (a) The S-parameter as a function of positron implantation
energy for Co-doped ZnO films. (b) Raman spectra of pure ZnO film
and Zn0.95Co0.05O films. XPS analysis of core levels for (c) Co 2p

peaks, and (d) O 1s peaks in Zn0.95Co0.05O films.

Figure 4. (a,b) Low-magnification HRTEM micrograph of
Zn0.95Co0.05O film prepared under 2 � 10�4 Pa. Inset of (a) is a
selected-area electron diffraction (SAED) pattern of this film. (c) High-
magnification cross-sectional HRTEM image. (d) Element mapping of
Zn, O and Co for this film.

696 Q. Li et al. / Scripta Materialia 69 (2013) 694–697
identical situation of VZn-related defects in the two
films. Furthermore, VZn-related defects cannot be the
origin of the difference in magnetism of the
Zn0.95Co0.05O films prepared at 10 and 2 � 10�4 Pa.
The room-temperature Raman spectra were measured
using a 514.5 nm excitation line from an Ar+ ion laser,
as shown in Figure 3b. Besides the phonon modes of
the substrate (418 and 751 cm�1), the expected ZnO
modes located at 100 cm�1 = E2 (low), 388 cm�1 = A1

(TO), 437 cm�1 = E2 (high), and 580 cm�1 = A1 (LO)
were also observed [14]. No ZnyCo3�yO4-related impu-
rity modes were detected by Raman spectroscopy, indi-
cating a good solid solution of Co ions in the ZnO
lattices. A relatively larger intensity of A1 (LO) mode
was observed in Zn0.95Co0.05O film prepared under
2 � 10�4 Pa, which is due to the VO-related complex de-
fects [15]. Co 2p XPS spectra of Zn0.95Co0.05O films are
shown in Figure 3c. The binding energies of Co 2p3/2 are
located at 780.2 eV and the energy gap between Co 2p3/2
and 2p1/2 is 15.5 eV, which corresponds to those re-
ported for the core-level XPS spectrum of Co2+ ions
in CoO, indicating a good substitution of high-spin
Co2+ for the Zn2+ sites [16]. No impurities, such as
metallic Co or Co2O3 clusters, were detected by XPS
spectra. The average Co concentration was estimated
to be 5.73 and 5.08 at.% for film prepared under 10
and 2 � 10�4 Pa, respectively. Although the presence
of metallic Co clusters cannot be completely excluded
by XRD and XPS analysis, the observed ferromagne-
tism in Zn0.95Co0.05O films can be definitely attributed
to the substitutional Co2+ instead of Co clusters. Other-
wise, the measured moment of 1.51 lB per Co (for the
film prepared at 2 � 10�4 Pa measured at 5 K) indicates
that about 90% of the Co atoms should exist in the form
of Co metal (1.7 lB per Co), which would be detectable
by XRD and XPS [17]. The O 1s XPS spectra of films
prepared under 10 and 2 � 10�4 Pa (solid black lines
in Fig. 3d) show an asymmetric peak, which can be fitted
by two Gaussian curves. The low binding energy peak
(blue dashes) is located at 530 eV for intrinsic binding
energy of O2+ in ZnO crystals, and the high binding
energy peak (red dashes) is located at 531.6 eV for
VO-related defects [18]. Figure 3d clearly shows that
both the intensity and the relative area of the high bind-
ing energy peak in the 2 � 10�4 Pa prepared sample are
more pronounced than that of film prepared under
10 Pa. This indicates that the film prepared at
2 � 10�4 Pa contains more oxygen vacancies, which is
consistent with the Raman spectroscopy results. Given
this difference in magnetization, these oxygen vacancies
may play a significant role in governing Co–Co ferro-
magnetic coupling. It has been suggested that localized
carriers initiated by VO introduce hybrid orbitals over-
lapping with the d-orbitals of adjacent Co and establish
a long-range ferromagnetic coupling [19]. Moreover, the
film prepared at 2 � 10�4 Pa and annealed at 700 �C in
air shows a rapid decrease of VO concentration, and
the corresponding ferromagnetism almost disappeared.
This further confirms the close relation between
ferromagnetic behavior and oxygen vacancies in
Zn0.95Co0.05O films.

The superparamagnetism observed in the films pre-
pared at 2 � 10�4 Pa has not yet been explained, since
no evidence of ferromagnetic nanoparticles was detected
using the above techniques. In order to search carefully
for possible Co clusters, we employed HRTEM and
mapping analysis to obtain more insight into the micro-
structural characteristics and the distribution of Co in
the film, as shown in Figure 4.

Figure 4a and b displays low-magnification HRTEM
images for the Zn0.95Co0.05O film prepared under
2 � 10�4 Pa. The images reveal that the film consists
of numerous nanoscale grains with different sizes. It is
clear from Figure 4b that the diameter of the grains
ranges from 5 to 20 nm. A high-magnification cross-
sectional HRTEM image is shown in Figure 4c, which
shows that the nanoparticles are single crystalline with-
out apparent lattice mismatch [20]. The interplanar dis-
tance is measured to be 0.26 nm, indicating a (002)
preferential orientation [21]. The selected-area electron
diffraction (SAED) pattern (Fig. 4a inset) confirms that
the grains exhibit a hexagonal wurtzite structure. More-
over, based on the SAED pattern and a series of
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HRTEM image analyses, no evidence of Co metal clus-
ters or other secondary phases was detected. These re-
sults are consistent with previous reports on Co-doped
ZnO film at a doping concentration of 5 at.% [22,23].
Element mapping of Zn, O and Co (Fig. 4d) confirms
that Co ions are randomly in solid solution in ZnO lat-
tices and no sign of Co aggregation was observed, which
is in good agreement with the XPS and Raman results.
For Co-doped ZnO systems, although Co-cluster-in-
duced superparamagnetism was demonstrated in previ-
ous research, we have not observed any trace of
metallic Co clusters in our films by XRD, Raman,
XPS, HRTEM and mapping analysis. An early report
suggested that if the grain size of dilute magnetic nano-
films is small enough, some of the single-domain parti-
cles may interact with each other and exhibit
superparamagnetic behavior [24]. It is worth noting that
there are non-homogeneous distributions of oxygen
vacancies in our film, as shown in Figure 4d. Those
agglomerated oxygen vacancies can cluster the distribu-
tion of ferromagnetism, resulting in many superpara-
magnetic nanoclusters. This inference is consistent
with the ferromagnetism in our film being an intrinsic
property of nanocrystalline films, and not arising from
Co-related clusters. It also explains the large changes
in HC and MS when the temperature is reduced from
300 K down to 5 K.

In summary, we investigated the magnetic properties
of Zn0.95Co0.05O nanocrystalline films. The ferromagne-
tism observed in these films was attributed to the substi-
tutional Co ions instead of Co cluster or Zn-related
defects. Raman and XPS results indicate that the
O vacancies play a role in governing Co–Co ferromagnetic
coupling. For the film grown under a pressure of
2 � 10�4 Pa, the thermal irreversibility of FC/ZFC mag-
netizations definitely corresponds to the existence of
superparamagnetism, which probably arises from the
nanosize effect or non-homogeneous VO-induced nano-
scale aggregation of ferromagnetism.
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