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a b s t r a c t

Hydrogenated bulk Zn1�xCoxO samples were synthesized via standard solid-state reaction route with Co
molar concentrations up to 15 at.%. Magnetic characterization demonstrates a room temperature ferro-
magnetic behavior associated to a paramagnetic Curie–Weiss component. Detailed microstructural anal-
ysis was carried out to exclude the presence of extrinsic sources of ferromagnetism. The magnetization
increases linearly as a function of Co concentration. Hall measurements reveal an insulating character
for the whole set of samples. In this context, the defect mediated magnetic coupling between the Co
atoms under the scope of the bound magnetic polarons model is used to interpret the observed room
temperature ferromagnetism.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The theoretical prediction of room temperature ferromagnetism
(RTFM) in transition metal (TM) doped large band gap semicon-
ductors [1] promoted the research on such kind of systems as
one of the most active and attractive topic in materials science
and condensed-matter physics. The manipulation of both charge
and spin of carriers in semiconductors turns the development of
spintronic devices with all its new functionalities attainable. In this
direction, a huge effort has been concentrated on TM-doped oxide
semiconductors as ZnO, TiO2 and SnO2 [2–4]. In spite of the exten-
sive investigations, the origin of the observed RTFM remains incon-
clusive and controversial. Early works on such systems attributed
the observed RTFM to a carrier-mediated mechanism [5]. However,
there is a growing consensus that defects play an important role to
drive the ferromagnetic behavior. In this scenario, the main theo-
retical models proposed to describe the origin and properties of
ferromagnetism suppose that electrons introduced by donor de-
fects into the conduction band [6] or forming bound magnetic
ll rights reserved.
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polarons (BMP) [7] mediate ferromagnetic couplings between TM
ions. Another important model, attempting to explain the observed
RTFM in undoped systems [8], assigns the ferromagnetic response
to spins of electrons residing on point or extended defects, the
called d0 ferromagnetism [9].

In the present work we report a study of the structural and the
magnetic properties of hydrogenated Zn1�xCoxO bulk samples with
Co molar concentrations up to 15 at.%. Our previous work showed
that the presence of substitutional Co on ZnO matrix was not a suf-
ficient condition to achieve RTFM [10]. Besides, recent reports pre-
sented direct evidences of the correlation between the
concentration of oxygen vacancies (VO) and the observed RTFM
[11–14]. As pointed by Kohan et al., oxygen/zinc vacancy is the
main defect in the ZnO matrix under zinc/oxygen-rich conditions
[15]. Therefore, VO can be introduced into the system by annealing
the samples in oxygen-poor atmospheres. This effect can be en-
hanced using a reduction gas to perform the annealing; in the case
of using hydrogen gas, the annealing process is called hydrogena-
tion [16]. The hydrogenation of our paramagnetic set of samples
[10] added a ferromagnetic phase, confirming reports of robust
enhancement of magnetization at room temperature, especially
for Co-doped ZnO systems, under this annealing process [17,18].
The hydrogenation is intended to be responsible to introduce a
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properly density of defects in the structure of the samples that cou-
ples ferromagnetically the magnetic moments of the dopants.

2. Experiment

Polycrystalline Zn1�xCoxO (x = 0.08, 0.12 and 0.15) bulk samples were prepared
by standard solid state reaction method following procedures described in Ref. [10].
These samples were here labeled as-prepared samples and only present a paramag-
netic behavior. The as-prepared samples were then annealed in an atmosphere of Ar
(95%) and H2 (5%) for 3 h at 600 �C. The effects of hydrogenation on the structural
properties were investigated by X-ray diffraction (XRD) recorded in the range of
2h = 30–70� with steps of 0.01� at 3 s/step. Structural analysis was performed using
the Rietveld method as implemented by the software General Structure Analysis
System (GSAS) package with the graphical user interface EXPGUI [19,20]. The
microstructure and the composition distribution were characterized by scanning
electron microscopy (SEM), high-resolution transmission electron microscopy
(HRTEM) and an energy dispersive X-ray spectrometry (EDS). Co K-edge X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) was used to determine the valence state and to evaluate the environ-
ment of Co in the ZnO lattice. The measurements were performed in the
transmittance mode at the XAS beamline from the Brazilian Synchrotron Light Lab-
oratory (LNLS), Campinas, Brazil. Magnetic measurements were performed using a
superconducting quantum interference device magnetometer (SQUID).

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) results for the whole
set of samples with the refined Rietveld pattern. The observed
peaks correspond to those expected for polycrystalline wurtzite
ZnO. Furthermore, the line-widths of the diffraction peaks are rel-
atively quite narrow, revealing the good crystallinity quality of the
samples. No additional phases were observed within the XRD
detection limit (Fig. 1(b)). The Rietveld refinement initiated with
(a)

(b)

Fig. 1. (a) Refined XRD diffractograms of polycrystalline Zn1�xCoxO bulk samples.
Each figure shows the observed pattern (symbols), Rietveld calculated pattern
(solid line), and the goodness of the fit or residual pattern (at the bottom). (b) Same
diffraction pattern obtained for sample x = 0.15 presented in (a), but in a logarithm
scale to highlight the absence of diffraction peaks associated to secondary phases.

Table 1
Structural data for Zn1�xCoxO samples obtained through the Rietveld refinement. Ooccup is
the refinement quality parameter.

Sample (x) a (Å) c/a V (Å3)

0.08 3.25164(1) 1.6009 47.665(2)
0.12 3.25385(1) 1.5993 47.714(1)
0.15 3.25269(1) 1.5998 47.680(1)
Zn+2 and O�2 atoms located at (1/3, 2/3, 0) and (1/3, 2/3, z), respec-
tively. The fitted curves match quite well with the experimental
data. Table 1 presents the determined cell parameters along the
atomic positional parameters, all this data are quite similar to
those reported for pure ZnO [21]. Tetrahedrally coordinated Co+2

has an ionic radii of 0.58 Å and would not introduce high order unit
cell distortions when substituting the tetrahedrally coordinated
Zn2+ that has a close ionic radii of 0.60 Å [22]. These results indi-
cate the Zn substitution by Co in the ZnO host matrix. Another
important result of Rietveld refinement is the oxygen occupation
factor (Ooccup), which can give us an estimative of the concentra-
tion of the VO. Taking into account the error in the determination
of this parameter, we can say that the obtained VO content is al-
most constant, 1.7% (0.017), for the whole set of samples. This re-
sult is reasonable, since all the samples were synthesized and
annealed in the same conditions.

In order to probe the possible presence of secondary phases or
chemical phase separation, high-resolution transmission electron
microscopy (HRTEM) studies were performed on cross-sectional
samples prepared by standard mechanical polishing followed by
Ar+-ion milling at 4.5 kV under 8� angle (Gatan PIPS system) for
about 30 min. HRTEM characterization was performed on a JEOL
JEM 2100 URP, operated at 200 keV. Fig. 2(a) presents an example
of HRTEM images acquired for the sample with higher Co content
(x = 0.15). We can see that the distance between neighboring
planes is about 0.25 nm, related to the (101) crystallographic
plane of wurtzite ZnO, as observed in XRD (Fig. 1). To improve
the statistical analysis of the HRTEM studies we have also taken
a series of scanning electron microscope (SEM) images over large
areas of the polish surface of the sample (x = 0.15). The images
were acquired using a backscattered electron detector (BSE) of a
SEM-LV JEOL JSM 5900 that has a resolution down to 3 nm at
30 kV (Fig. 2(b)). The effective Co concentrations of the Zn1�xCoxO
samples (xE) were also measured by energy dispersive X-ray spec-
trometer (EDS) and are presented in Fig. 2(c) as a function of the
nominal Co concentration (xN). The values xE are explicitly pre-
sented in Table 3. We observe a good agreement between the mea-
sured and the nominal concentration values. It is worth to point
that electron microscopy results do not reveal any evidence of
crystallographic secondary phase or local aggregation of Co ions
(Co-rich nanoclusters), strongly suggesting that the studied sam-
ples are in diluted state in the Co concentration range up to 15%,
in good agreement with XRD results.

XANES spectra at room temperature showed in Fig. 3(a) give
information on the coordination symmetry and the valence of ions
incorporated in a solid. All samples exhibit similar K-edge white
line shapes to those previously reported for tetrahedrally coordi-
nated TM-doped ZnO [23]. The valence of the dopant ions can be
analyzed by comparing their resulting edge structure to those ob-
tained from reference samples (metallic Co, CoO and Co2O3). The
XANES results undoubtedly indicate that Co on our samples as-
sumes predominantly the 2+ oxidation state, which corroborates
the XRD, HRTEM and SEM results.

Fig. 3(b) and (c) shows the extended X-ray absorption fine
structure (EXAFS) oscillations and their correspondent Fourier
transforms (FT), respectively. The EXAFS data were obtained at
Co K-edge for the Zn1�xCoxO samples, a Co foil and Co oxides pow-
the oxygen occupation factor, v2 is the square of goodness-of-fit indicator, and RWP is

z (O) Ooccup v2 RWP

0.3825(2) 0.984(4) 3.31 3.80
0.3823(2) 0.980(5) 3.52 2.41
0.3825(4) 0.985(4) 2.91 2.90



Fig. 2. Representative electron micrographs of Zn1�xCoxO sample with x = 0.15. (a)
Cross-sectional HRTEM image. (b) Scanning electron micrographs (Mag: 900�). (c)
Effective Co concentrations obtained from EDS (xE) versus nominal concentration
(xN).

(a)

(b)

(c)

Fig. 3. (a) Experimental Co K-edge XANES spectra for the three Zn1�xCoxO samples
(E0 = 7708.8 eV). Spectra of metallic Co, rocksalt CoO (valence 2+) and
Co2O3(valence 3+) are also shown for comparison. (b) EXAFS oscillations with fits
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ders. The results obtained at Zn K-edge for a pure ZnO reference
sample prepared under the same conditions of doped samples
are also presented. We observe that the EXAFS data for Co-doped
samples are very similar to each other but quite different to those
for the Co foil and the Co oxides. On the other hand, we observe
that the EXAFS data are quite comparable to those obtained at Zn
K-edge for the pure ZnO. This result is clear evidence that the Co
is seated at the same environment of Zn atoms in the ZnO host
matrix.

The extraction and fitting of EXAFS spectra were performed
using Multi-Platform Applications for X-ray absorption (MAX)
[24]. Ab initio FEFF8.2 code was used to calculate the theoretical
spectra [25]. To obtain quantitative structural data concerning
the first coordination shells, the neighborhood of Co atoms was
modeled through the two main peaks (between 1.0 and 3.5 Å) from
FT-EXAFS in Fig. 3(c). In all fits, we considered single and multi-
scattering paths corresponding to the four successive atomic shells
around Co substitutionally placed at Zn-sites of the ZnO host ma-
trix according to the hexagonal wurtzite with P63mc space group.
Fig. 3(c) shows a good agreement between experimental (symbols)
and simulated (lines) results for Zn1�xCoxO samples. Table 2 lists
the best fits to the data. The first shell (Co–O) coordination number
is 4, consistent with a substitution for tetrahedral Zn2+ ions in the
ZnO structure; besides the shell Co–Zn coordination number de-
creases as Co concentration increases as we would expect.

The structural analysis confirms that Co ions are diluted occu-
pying Zn-sites of the ZnO wurtzite structure in hydrogenated
Zn1�xCoxO. Clearly, the result excludes the presence of magnetic
extrinsic sources as Co-rich nanocrystals and segregated secondary
magnetic phases. With these conclusions we proceed to the mag-
netic characterization. The magnetic measurements were per-
formed in a cryogenics superconducting quantum interference
device (SQUID) system under magnetic fields up to 60 kOe in the
range of 50–300 K. The results show the coexistence of two phases:
a paramagnetic phase, similar to that observed in the as-prepared
samples [10], and a ferromagnetic phase introduced by the hydro-
genation. The coexistence of this two phases can be explained in
terms of the efficiency of the hydrogenation process. The thermal
annealing process is not able to reach the whole volume of our bulk
sample, leaving most part of the material as before, keeping its
paramagnetic behavior. To quantify the magnetic parameters of
the coexisting two phases, we used the following function for the
magnetic moment M as a function of magnetic field H [26]:

MðHÞ ¼ 2MS

p tan�1 H � HC

HC
tan

pMR

2MS

� �� �
þ vPH: ð1Þ
Here the first term corresponds to a ferromagnetic hysteresis curve
with the saturation magnetization MS, the remanence MR and the
coercive field HC. The second term is related to the corresponding
paramagnetic susceptibility vP. Fig. 4 shows the ferromagnetic
phase at 300 K obtained after the subtraction of paramagnetic
phase. The fitting parameters MS and vP are presented in Table 3.
At room temperature HC stays between 200 and 300 Oe (lower-right
inset of Fig. 4). The coercivity HC, likewise the remanence MR,
slightly decreases as function of temperature (not shown). We ob-
serve a linear increasing of MS as a function of Co concentration
(upper-left inset of Fig. 4).

The magnetic moment per Co atom (l) in our hydrogenated
samples can be derived from the following calculation. Since
we have a coexistence of paramagnetic and a ferromagnetic
phase, the total magnetization of the system is expressed as
MT = MP + MFM, where MP = vPH. At high temperatures the
paramagnetic susceptibility can be written as vP = NPl2/3kBT,
where NP is the number of Co atoms in the paramagnetic phase
and (c) corresponding k weighted Fourier transforms of Co and Zn K-edge data of
bulk samples and reference powders. The spectra are offset for clarity.



Table 2
Co K-edge EXAFS simulation results obtained by assuming Co substitutionally placed
at ZnO metal sites. R, with uncertainty 0.02 Å, is the distance from the central atom, N
is the average coordination number, r2 the Debye–Waller factor, with uncertainty
0.0017 Å2, and Q the quality factor [27].

Sample (x) Shell R(Å) N r2(�10�3 Å2) Q

0.08 Co–O 1.98 4.5 ± 0.5 5.1 2.36
Co–Zn 3.22 8.9 ± 0.7 5.2
Co–Zn 3.34 5.7 ± 2.9 5.2
Co–O 3.80 8.3 ± 1.4 5.1

0.12 Co–O 1.98 4.1 ± 0.5 4.5 1.05
Co–Zn 3.20 5.7 ± 0.4 2.7
Co–Zn 3.35 4.4 ± 0.4 2.7
Co–O 3.82 9.0 ± 0.2 4.5

0.15 Co–O 1.98 4.2 ± 0.5 4.9 0.95
Co–Zn 3.19 3.7 ± 0.1 2.8
Co–Zn 3.33 3.4 ± 0.1 2.8
Co–O 3.82 11.4 ± 0.9 4.9

Fig. 4. Subtracting the paramagnetic contribution from magnetic moment mea-
surements we clearly observe a ferromagnetic phase. The insets show the coercive
field around 0.02 T (lower-right) and a linear saturation magnetization as a function
of Co concentration (upper-left).

Table 3
Parameters of the magnetic characterization: effective Co concentration (xE), number
of Co atoms per gram (NCo), saturation magnetization (MS), paramagnetic suscepti-
bility (vP), and estimated magnetic moment per Co atom (l).

Sample (x) xE NCo/g
(�1020)

MS

(emu/g)
vP

(�10�6 emu/gOe)
l
(lB)

0.08 0.0843 6.2454 0.0143 7.25 4.10
0.12 0.1083 8.0261 0.02036 10.07 4.26
0.15 0.1386 10.2759 0.02698 12.20 4.14
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(uncoupled Co spins), and kB is the Boltzmann constant. On the
other hand, the saturation magnetization of the ferromagnetic
component is MS = lNFM, where NFM is the number of Co atoms
in the ferromagnetic phase (coupled Co spins). The total number
of Co atoms (NCo) can be assumed to be equal to the sum of NFM

and NP. So, after a simple algebra, the value of l can be estimated
by solving the quadratic equation:
l2 � MS

NCo
l� 3kBTvP

NCo
¼ 0 ð2Þ

We obtained an average value of 4.16 lB/Co atom (Table 3). This
moment is much larger than the value of 1.72 lB/Co for cobalt me-
tal, or that for small Co clusters (2.1 lB/Co) [28,29], or that of any of
the standard Co oxides wherein the orbital moment is quenched.
Such high moments per cation are inexplicable in terms of possible
known ferromagnetic phases [30]. So, it is also evidence that the
observed RTFM behavior is not due ferromagnetic secondary
phases.

To elucidated the nature of the observed RTFM, the free carrier
density of the samples was determined via Hall-effect measure-
ments performed at room temperature in the standard van der
Pauw geometry. The set of hydrogenated Zn1�xCoxO samples are
n-type semiconductors with decreasing of carrier concentration
from 1.56 � 1014 to 0.2 � 1010 cm�3 as Co concentration increases.
Considering the highly resistivity nature of our samples, neither
the carrier-mediated p-d Zener model mechanism [1] nor the mod-
el proposed by Walsh et al. [6] can be applied to the low level itin-
erant electrons. On the other hand, at insulating regime the static
magnetic polaron theory of Coey et al. [7] is more feasible. In this
model, a spatial overlapping between one localized carrier trapped
by a defect and the Co atoms within its orbit leads to ferromagnetic
exchange coupling between them, forming a BMP.

Even more, we observe a linear relation between MS and the Co
concentration, if carrier-mediated exchange were the origin of
RTFM, there would be no correlation between the dopant concen-
tration and the magnetization, because carriers are not local. This
behavior also exclude the possibility to address the correspondent
RTFM to d0 model, as it only takes into account the point/extended
defects on the systems. Otherwise, in the context of the BMP mod-
el, a long range magnetic order occurs when two conditions are
satisfied, the dopant concentration (x) have to be lower than the
dopant percolation threshold (xP) and the percentage of defects
(d) have to be larger than the polaron percolation threshold (dP),
for the ZnO system dP = 0.0015 and xP = 0.18 [7]. Satisfying both
condition, for the same density of defects (d), by changing the Co
concentration (x) we can linearly tune the saturation magnetiza-
tion [31]. For our set of samples these two condition are satisfied.
The highest effective Co concentration is only 0.1386 (<0.18), and,
as pointed before in the DRX and Rietveld analysis, the density of
defects for the samples are almost equal, an average value of
1.7% (0.017) for the VO (>0.0015). Taking into account the depth ac-
tion profile of the hydrogenation process, this number would be
even bigger inside the volume of the sample close to the surface,
where the ferromagnetic phase would be set. Therefore, the ob-
served linear relation between the saturation magnetization and
Co concentration is truly consistent with the BMP model.
4. Conclusion

In summary, in the absence of Co-rich nanocrystals and segre-
gated secondary magnetic phases, the observed magnetic order
in our samples is consistent with defect-induced ferromagnetism
related to the hydrogenation process, consistent to the BMP theory
developed to TM-doped oxides. The linear increasing of saturation
magnetic moment as a function of Co concentration for same
annealing process for all samples leads to conclusion that both
conditions are necessary to achieve RTFM: the substitution of Zn
by the Co dopant in the wurtzite ZnO structure in conjunction with
the introduction of structural defects to mediate magnetic interac-
tion between the Co atoms.
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