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Abstract
Zn0.95Co0.05O films were prepared under different oxygen partial pressures (PO2 ) by inductively
coupled plasma enhanced physical vapor deposition. The effect of PO2 on the local structure
and magnetic properties was investigated. The x-ray absorption spectroscopy at the Co K-edge,
Co L-edge, and O K-edge revealed that the main defects were oxygen vacancies when the films
were deposited under very low PO2 . The change from room-temperature ferromagnetism to
paramagnetism was observed with increasing PO2 . It was experimentally demonstrated that the
oxygen vacancy defect is absolutely necessary to induce ferromagnetic couplings in Co-doped
ZnO films.

1. Introduction

Diluted magnetic semiconductors (DMSs) are attracting
intense interest for potential applications in new spintronic
devices. Transition metal (TM) doped II–VI or III–V
semiconductors are the most frequently studied systems,
particularly Co- or Mn-doped ZnO where room-temperature
ferromagnetism is theoretically predicted by Sato and
Dietl [1, 2]. Experimental investigations on Co-doped ZnO
show diverse magnetic properties, ranging from paramagnetic,
spin-glass, and antiferromagnetic behavior to ferromagnetism
below or even at high temperature [3–7]. In addition, the
observed ferromagnetism is still under debate. It might
originate from the formation of Co-metal clusters or secondary
cobalt oxide phases [8]. Quite similar situations exist in other
TM-doped ZnO systems [9–11]. It is significant to investigate
the local structure of the doped magnetic ions. Recently,
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Coey et al proposed that ferromagnetic coupling in oxide-
based DMSs was mediated by shallow donor electrons forming
bound magnetic polarons (BMP) [12]. The theory gives a clear
magnetic phase diagram, including regions of ferromagnetism,
paramagnetism, spin-glass, and antiferromagnetism. In ZnO,
the most common donors are native defects, particularly
oxygen vacancies (VO) and interstitial Zn (Zni). They can be
easily generated during film growth processes owing to the
vacuum environment. Theoretical and experimental studies
revealed that the native defects could cause a marked change
in the band structure and make a significant contribution to
the ferromagnetic exchange in Co-doped TiO2 [13]. The
effect of annealing treatment on the magnetic properties has
been investigated in Mn- and Co-doped ZnO films [14, 15].
However, it is difficult to measure VO and Zni directly.
A way to identify the kind of defect is x-ray absorption
spectroscopy (XAS). It was proposed that x-ray absorption
near-edge structure spectroscopy (XANES), with its advantage
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Figure 1. Magnetization hysteresis curves of Zn0.95Co0.05O films
deposited under different PO2 . The inset shows hysteresis curves of
PO2 = 1 × 10−4 and P = 0.5 Pa samples at 5 K.

of distinguishing the local coordination geometry and the
electronic structure surrounding a special atom even in a
diluted content, would be sensitive to the formation of native
defects and could provide qualitative information by analyzing
the change in absorption features [16]. In this paper, several
Zn0.95Co0.05O films were prepared under different oxygen
partial pressures (PO2 ). The XANES measurement was carried
out to investigate the local structure and native defects. The
purpose is to reveal the correlation between the defect and
magnetic properties.

2. Experiment details

The Co-doped ZnO films were deposited on Si(100) and
quartz glass (for Hall measurement) substrates by inductively
coupled plasma enhanced physical vapor deposition (ICP-
PVD). The ICP-PVD with a magnetic confinement system
and details of the preparation procedure have been described
elsewhere [17]. In order to investigate the effect of PO2 on the
magnetic properties, the Co-doped ZnO films were deposited
under different PO2 (labeled as P = ∗∗ Pa in the following
figures). Samples studied here were all c-axis orientated.
No detectable phases corresponding to cobalt oxides or Co
clusters were found by x-ray diffraction and high resolution
transmission electron microscopy. Rutherford backscattering
spectroscopy was used to investigate the composition and
in-depth distribution of the Co elements. The films were
homogeneous with wurtzite structure and the doped Co
content was estimated to be about 5.5 at.%. The above
quality characterizations were described elsewhere [17]. Four-
point Van der Pauw Hall measurements (LakeShore Hall
measurement system, 7704A) were carried out to investigate
the electrical properties at room temperature. The magnetic
properties were performed using a superconducting quantum
interference device (SQUID, MPMS XL-7). The Co L-edge
XAS spectra were performed on the BL-2C beamline of
Photon Factory (PF) in Japan. They were measured in the total
electron-yield model. The Co K-edge XAS were performed
on the U7c beamline at the National Synchrotron Radiation
Laboratory (NSRL) in China. They were measured in the total

Figure 2. Co K-edge XANES spectra of Zn0.95Co0.05O films and
reference samples of Co, CoO, and Co2O3. The theoretically
calculated XANES spectra of three different structural models
(M1, M2, and M3) were included to compare with experimental
results.

fluorescence-yield model and a seven-element pixel high purity
Ge solid-state detector was used to collect the fluorescence
signal.

3. Results and discussion

The as-deposited Zn0.95Co0.05O films show completely
different magnetic behavior, as shown in figure 1. Room-
temperature hysteresis curves are observed when it was
deposited in a high vacuum environment (PO2 = 1 ×
10−4 Pa, deposited without oxygen plasma). The saturation
magnetization (Ms) and coercivity (Hc) are 0.25 μB/Co and
∼100 Oe, respectively. For PO2 = 1 × 10−2 Pa sample,
although the Ms (0.15 μB/Co) and Hc (85 Oe) decrease
slightly, ferromagnetic behavior is still obvious. However,
the hysteresis curve disappears when PO2 was increased to
above 0.5 Pa. The hysteresis loop does not appear even at
a low temperature of 5 K (PO2 = 0.5 Pa) as shown in the
inset of figure 1. For PO2 = 0.5 and 5 Pa samples, the
M–H curves exhibit zero coercivity and almost linear behavior
except for small fields. Therefore, the dominant magnetic
interactions in the films are antiferromagnetic exchange. It
should be emphasized that slight ferromagnetic exchange
could not be excluded due to the low field non-linear behavior.
Experimentally, the PO2 plays an important role in the magnetic
properties. Similar results have been found in other oxide
DMSs such as Mn-doped ZnO, Co-doped TiO2, and In2O3,
etc [14, 18, 19].

Figure 2 shows the XANES spectra of Zn0.95Co0.05O films
at the Co K-edge. The spectra of Co, CoO, and Co2O3 are
also provided as reference. The XANES absorption edge
moves to lower energy as the effective valency decreases [20].
The absorption edges of Co, CoO, and Co2O3 are 7707,
7711, and 7714 eV, respectively. It is 7710–7711 eV for the
Zn0.95Co0.05O samples. It can be seen that the absorption
edge of Zn0.95Co0.05O films have close proximity to that of
CoO, in marked contrast with those characteristics of Co and
Co2O3. This reveals that the Co ions in Zn0.95Co0.05O films
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Figure 3. Co 2p XAS spectra of Zn0.95Co0.05O films deposited under
varying PO2 and CoO and Co.

are in the +2 state. All of the Zn0.95Co0.05O films show two
main peaks (A and B) located at similar positions. An obvious
peak (labeled as A1) appears in the pre-edge region. When the
Zn0.95Co0.05O films were deposited under high PO2 , the peak B
splits into two small peaks (labeled as B1 and B2). Generally,
peak A1 is known as being characteristic of transition metals
and is usually assigned to a 1s–3d transition [21]. The Co ions
are located in a tetrahedral environment when Co2+ substitutes
for Zn2+ in ZnO. This is a non-centrosymmetric configuration.
The quadrupole 1s–3d transition is negligible in this case. The
3d–4p intra-atomic Co is possible and the Co 4p is hybridized
to the Co 3d states. Thus the pre-edge peak A1 is due to the
dipole 1s–4p transitions in the Co-doped ZnO samples [21, 22].
The feature change in peak B is usually attributed to an oxygen
vacancy. We investigate the effect of an oxygen vacancy
by calculating the Co K-edge XANES. The simulations were
calculated by the real-space multiple-scattering approach using
FEFF 8.2 [23], which takes account of three structural models.
In the first model (M1), a Co atom substitutes for a Zn atom
in the ZnO matrix without any VO and Zni. In the second
model (M2), a Co atom substitutes for a Zn atom with one VO

in the first coordination shell. In the third model (M3), a Co
atom substitutes for a Zn atom with one Zni in the neighboring
and possible interstitial site. The inputted structural parameters
and geometrical configurations were fully optimized using the
conjugate gradient technique and projector augmented plane
wave method. The relaxed angle of Co–O–Zn (θ ) and the
bond length of Co–O (dCo−O) and Co–Zn (dCo−Zn) are listed
in table 1 in order to compare with the original structure after
introducing the oxygen vacancy. The dCo−O, dCo−Zn and θ

of M1 model (before optimizing) is 1.973 Å, 3.250 Å, and
109.53◦, respectively. They decrease slightly to 1.922 Å,
3.208 Å, and 106.78◦ after relaxing the M1 model. In the
M2 model, one oxygen atom was removed from the nearest Co
atoms, so there are only three O atoms surrounding the doped
Co atoms. It is difficult to measure the angle of Co=VO=Zn,
since no O atom is on the lattice site. The Co=O=Zn angle
which is neighboring the oxygen vacancy was measured. It
can be seen that the dCo−O and dCo−Zn are obviously shortened.
The neighboring Co=O=Zn angle decreases to 101.31◦. It can

Figure 4. O K-edge XANES spectra of PO2 = 1 × 10−4,
PO2 = 1 × 10−2, PO2 = 0.5, and PO2 = 5 Pa samples.

be clearly seen that the calculated XANES spectra of M1 show
two obvious splitting peak B1 and B2, which is in reasonable
agreement with the experimental spectra of PO2 = 0.5 and
5 Pa samples. The XANES spectra change obviously with
introducing VO and Zni defects. The peaks B1 and B2 change
to one smooth peak B for M2, which is consistent with the
main features of PO2 = 1 × 10−4 and PO2 = 1 × 10−2 Pa
samples. The change in the post-edge region may be caused by
the shortening of the dCo−O and dCo−Zn [24]. For calculated
M3 spectrum, the intensity of peak A decreases obviously,
while the intensity of peak B is enhanced dramatically. The
calculated results indicate that the main donor defect is VO

when the films are deposited under very low PO2 . The VO

defect could be partially eliminated by increasing PO2 . Hsu
et al obtained similar results in calculating Zn K-edge of ZnO
with some oxygen atoms removed [15]. Figure 3 compares
the Co L2,3 edge XAS spectra of Zn0.95Co0.05O films with
those of CoO and Co. The peak positions and the line
shape of the Co L2,3 edge XAS spectrum depend on the local
electronic structure, providing information on the valence state
and the ground-state symmetry of the Co ions. The Co L-edge
absorption edges correspond to transitions from the 2p1/2 and
2p3/2 states to the continuum of empty states. The Co 2p3/2

and 2p1/2 are located around 778 and 794 eV, respectively.
The large energy separation is due to spin–orbit splitting of
the 2p core–hole [25]. The multiplet features resulting from
Coulomb and exchange interactions of the 2p core holes with
the 3d electrons are clearly seen in all spectra [26]. The Co
2p XAS spectra of Zn0.95Co0.05O films are almost the same as
each other, while they are quite different from that of the Co
metal sample. However, the XAS features of Zn0.95Co0.05O
films are similar to those of CoO except for the absence of the
low energy shoulder (∼776 eV). It is known that Co ions in
CoO are located at the octahedron (Oh) centers, while Co ions
in Zn0.95Co0.05O are located at the tetrahedron (Td) centers if
Co ions are substituted for Zn ions [27]. The XAS results
indicate that Co ions in Zn0.95Co0.05O were in the divalent
Co2+ valence states and the formation of the Co metal cluster
in Zn0.95Co0.05O samples could be ruled out. This is consistent
with the XANES analyses. Figure 4 shows the normalized
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Table 1. The values of dCo−O and dCo−Zn distance and Co=O=Zn
angle used for XANES calculations by FEFF8.2.

dCo−O dCo−Zn Co=O=Zn
Model (Å) (Å) (deg)

Unoptimized 1.973 3.250 109.53
M1 1.922 3.208 106.78
M2 1.855 2.858 101.31

O K-edge XANES spectra of Zn0.95Co0.05O films. The main
features are similar to each other. The spectral features in
the region between 530 and 538 eV (labeled C and D) can be
attributed mainly to O 2p hybridization with highly dispersive
Zn 4s state, which forms the bottom of the conduction band
with a peak at ∼537 eV being due to transition to non-
dispersive O 2pσ (along the bilayer) and O 2p� (along the
c axis) states [28]. The features in the region between 539 and
545 eV (labeled E, F, and G) are assigned to O 2p hybridized
with Zn 4p states. It can be seen that the intensities of C and
D features change slightly with decreasing the PO2 . This might
be due to the geometrical effect caused by the defects in the
films. The variation in C and D indicates that the geometrical
configurations changed slightly when the films were deposited
under different PO2 . In addition, there is an obvious shift in the
absorption edge. The energy difference is about 0.15 eV for
the onset of O K-edge XAS spectra between PO2 = 1 × 10−4

and PO2 = 5 Pa samples. The shift in the absorption edge may
be due to the presence of VO [26]. The presence of an oxygen
vacancy affects the surrounding shell of the oxygen atoms by
altering the 1s binding energies. In the XAS spectrum, the 1s–
2p dipole excitation originates from the oxygen atoms, that is
to say an oxygen vacancy existing in the shells can result in a
shift in the absorption edge [29].

Table 2 shows the electrical properties of Zn0.95Co0.05O
films. The Hall results indicate that all of the films are n-type
conductivity. The resistivity increases sharply when the PO2 is
increased from 1×10−4 to 5 Pa. Correspondingly, the electron
concentration (n) is decreased sharply. For example, the n is
6.62 × 1019, 2.11 × 1018, 1.05 × 1015, and 3.42 × 1014 cm−3

for the PO2 = 1 × 10−4, 1 × 10−2, 0.5 and 5 Pa samples,
respectively. The decrease in electron concentration with
increasing PO2 indirectly reveals a remarkable reduction in the
donor defects. Coey et al [12] proposed that ferromagnetic
exchange was mediated by shallow donor electrons through
forming bound magnetic polarons. The polaron percolation
threshold δp and the cation percolation threshold xp are two
emphasized parameters. It was predicted that ferromagnetic
exchange occurred when x < xp and δ > δp. The xp is
predicted to be 0.18 for ZnO. As Co content in our experiment
was x = 0.05, x < xp is satisfied. δp can be calculated
from the equation γ 3δp = 4.3, where γ = ε (m/me), m, me,
and ε are electron mass, effective mass of the donor electrons,
and ZnO dielectric constant, respectively. From ε = 8.7 and
me/m ∼ 0.24, δp = 9.0 × 10−5 is obtained [30]. The critical
concentration of the oxygen vacancies n� was estimated to be
3.6 × 1018 cm−3 from δp = n�/no, where no is the oxygen
density (4.0 × 1022 cm−3) for a close-packed oxygen lattice.
Based on the XANES and Hall results, the obvious decrease

Table 2. Electrical properties of the as-deposited Zn0.95Co0.05O films
at room temperature.

Samples
(Pa)

Resistivity
(� cm)

Electron
density
(cm−3)

Hall
mobility
(cm2 V−1 s−1) Type

PO2 = 1 × 10−4 2.15 × 10−2 4.62 × 1019 3.57 n
PO2 = 1 × 10−2 1.41 2.11 × 1018 2.10 n
PO2 = 0.5 2.71 × 103 1.05 × 1015 8.55 n
PO2 = 5 2.06 × 104 3.42 × 1014 10.36 n

in n suggests a great reduction in the donor defects, which
is mainly caused by VO due to the variation in PO2 [31].
Experimentally, the antiferromagnetic coupling is dominated
when n is less than 1018 cm−3. Otherwise, the ferromagnetic
coupling is predominant when n is more than 1018 cm−3.
However, the XANES could not give quantitative oxygen
vacancy concentration. Since the conductivity is contributed
mainly by donor defects. The electron concentration could
indirectly reveal the VO concentration. If we hypothesized
that electrons were totally provided by VO, the rough value
of n� was estimated to be of the magnitude of 1018 cm−3,
which is constituent with the value calculated by Coey’s theory.
This indicates that the BMP theory is valid in explaining our
experimental results. It should be emphasized that the value
of Ms for magnetic films is smaller than that of Co2+ in
a tetrahedral crystal field (3.0 μB/Co), which suggests that
only a fraction of Co polarons are ferromagnetically coupling.
Coey suggested that the magnetic polarons may be in the form
of antiferromagnetic pair, isolated ion, isolated polaron, and
overlapping polaron. The antiferromagnetic pair, isolated Co
ions, and polarons have no contribution to the macroscopical
magnetism and reduce the average Ms. We experimentally
demonstrated that the main defect was VO when the films
were deposited under very low PO2 . The oxygen vacancy is
necessary in inducing ferromagnetic couplings in Co-doped
ZnO films.

4. Conclusion

In summary, the Zn0.95Co0.05O films were prepared under
varying PO2 . The effect of PO2 on the local structure of
Zn0.95Co0.05O films was investigated by XANES at the Co K-
edge, Co L-edge, and O K-edge. The XANES results indicate
that Co2+ ions substitute for Zn2+ without changing the
wurtzite structure. The main donor defect is VO when the films
were deposited under very low PO2 . The Hall measurements
indirectly reveal the variation in donor defects in the films. The
VO defect is necessary to induce ferromagnetic coupling in the
Co-doped ZnO system.
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