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Bulk Co-doped ZnO (Zn;_,Co,0) samples were prepared and studied with particular emphasis on their
compositions, structures, and magnetic properties. A detailed microstructural analysis was conducted
to investigate the nature of Co incorporation into the wurtzite ZnO matrix. The Zn;_,Co,O ceramic
samples were prepared using the standard solid-state reaction method with different Co molar
concentrations of up to 30%. A Co solubility limit of approximately 23% was determined. For samples with
Co concentrations greater than 23%, a segregated phase identified as Zn-doped CoO (Co;_,Zn,0 with

g(e{r‘l"t"r’g‘rﬁc y =0.23) was observed. The magnetic characterization for the single-phase samples revealed a paramag-
D[i)lute magnetic oxide netic behavior with antiferromagnetic coupling of Co?* ions within the ZnO matrix. In order to get more
Zn; Co,0 insight about the magnetic results Monte Carlo simulations were conducted for different magnetic

couplings and different Co distributions over the volume of the samples. We discussed the observed
magnetic behavior of our samples by considering the main theories regarding the magnetic properties
of dilute magnetic oxides. An inhomogeneous distribution of Co ions within the grains was inferred from

Phase diagram
Magnetic properties
Co distribution

the microstructural and magnetic characterization.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ferromagnetism (FM) in the transition metal (TM) doped ZnO
system has attracted much interest in the last decade due to its
potential application in spintronic devices [1-3]. Spin injection in
semiconductors is a fundamental problem in the development of
commercial spintronic devices due to the well-known impedance
mismatch between semiconductors and ferromagnetic materials
[4]. To overcome this issue, IlI-V diluted magnetic semiconductors
(DMS) have emerged as a powerful solution [5,6] that can intro-
duce new functionalities that are difficult to implement in metallic
structures, such as the electrical control of the coercivity [7] and
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the Curie temperature (T¢) [8]. However it was impossible to
observe ferromagnetism at room temperature in these compounds,
which inhibited their application in devices.

Studies in the ZnO matrix have been motivated by the calcula-
tions of Dietl et al., which predict room temperature ferromag-
netism (RTFM) for Mn-doped GaN and ZnO [9]. Following this
theoretical work, many experimental studies were conducted
using a ZnO matrix doped with different TM [10]. Although many
experimental studies have reported T¢ values above room tem-
perature [ 1], many groups have shown different results: ferromag-
netism with different Curie temperatures [2,3], paramagnetism
[11], and even spin glass behavior [12]. Some reports have attribut-
ed the observed RTFM to the formation of a magnetic secondary
phase [13] and TM-rich nanocrystals [14]. Furthermore, surprising
experimental reports have presented RTFM in undoped
systems [15]. Different results have been reported for similar sys-
tems, which indicated that magnetization in TM-doped ZnO
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(Zn,_xTM,0) strongly depends on the preparation parameters and
the processes conditions [16]. In addition to the trivial extrinsic
origins of the RTFM that result from the ferromagnetic secondary
phases, the main theoretical models that are currently available
for describing the origins and properties of the observed RTFM
are all linked to structural defects. This linkage explains why the
ferromagnetic properties are rarely reproducible. For TM-doped
systems, the theoretical models assume that the electrons, intro-
duced by donor defects into the conduction band [17] or forming
bound magnetic polarons (BMPs) [18], mediate the ferromagnetic
couplings between the TM ions. Moreover, the ferromagnetic
response of the undoped systems is assigned to the spins of the
electrons that reside at the points or extended defects, the so called
d® ferromagnetism [19]. Before elucidating the mechanisms of
intrinsic FM, the measured magnetic hysteresis loops must be
classified as intrinsic or extrinsic. Contamination by magnetic
elements [20], measurement errors [21] and segregated secondary
phases [13,22] can all cause ferromagnetic signals. Therefore, the
study and determination of the phase diagram of ZnO and TM oxi-
des is important to assure the synthesis of TM-doped ZnO
(Zn;_xTM,0) diluted magnetic semiconductors. Among the TM ele-
ments used to dope ZnO, Co deserves special attention since it has
one of the highest magnetic moments (4.8 pg) and a positive
magnetic exchange coupling constant in the metallic phase.
Specifically, for the Zn;_,Co,O system, only a few reports are
available that consider the equilibrium diagram of Zn-Co-0O com-
pounds in a system. Relatively higher Co solubility limit values can
be reached for ZnO by using non-equilibrium synthesis [23], low
temperatures [24], and by decreasing the grain size [25]. The study
conducted by Straumal et al. [26] deserves special consideration.
These authors showed that by decreasing the grain size of poly-
crystalline systems, the Co solubility limit increased. This behavior
was attributed to the formation of TM-enriched layers at the grain
boundaries, which shifted the solubility limits of these elements in
ZnO toward higher concentrations. Concerning bulk systems,
complete phase equilibrium-temperature diagram was only
recently published by Perry and Mason [27]. In that study, the
authors demonstrated the increasing solubility of Co in
ZnO with increasing temperature. Beyond the solubility limit and
at high temperatures, a Zn-doped CoO (Co;_,Zn,0) phase
precipitated.

In this work, we report the mechanisms of Co incorporation and
the segregation processes of Co rich phases, determining the Co
solubility limit, in Zn,_,Co,O bulk samples with nominal Co molar
concentrations of up to 30 at.% that were prepared using the stan-
dard solid-state reaction method at 1400 °C. We performed a
detailed microstructural analyses by conjugating several different
techniques to fully characterize the samples structures. The rela-
tionships between the magnetic properties and the structure
results of the Zn;_,Co,O bulk samples are presented and analyzed
under the scope of the current theoretical models.

2. Experimental section

Polycrystalline Zn; ,Co,O bulk samples with nominal concentrations (xy = 0.15,
0.20, 0.25, 0.30, 0.35 and 0.50) were prepared by using the standard solid-state
reaction method. The last two samples were prepared in a second round to increase
the statistical analysis and were not available for measurements by all techniques.
The stoichiometric amounts of ZnO (99.998%) and Co304 (99.7%) were mixed and
ball milled for 5 h using Zn spheres. The resulting powder was cold compacted at
a pressure of 600 MPa in the form of pellets (green pellets). These pellets were final-
ly sintered under an oxygen atmosphere at 1400° C for 4 h.

Scanning electron microscope (SEM) images of the samples were acquired using
a SEM-LV JEOL JSM 5900 backscattered electron detector (BSE) with a resolution of
3 nm at 30 kV. High-resolution transmission electron microscopy (HRTEM) and
Selected Area Electron Diffraction (SAED) studies were performed on cross-section-
al samples that were prepared by standard mechanical polishing followed by Ar*-
ion milling (Fishione 1010) by using a TECNAI G2 F20 Field Emission Gun (FEG)

microscope that was operated at 200 kV. The structures of the Zn; _,Co,O bulk sam-
ples were investigated using powder X-ray diffraction (XRD) measurements with a
Rigaku Ultima IV employing Cu Ko radiation (4 = 1.5418 A). Structural analysis was
performed using the Rietveld method and was implemented using the software
package GSAS [28,29]. Raman spectroscopy was carried out at room temperature
using a confocal microscope (WiTec Alpha 300 S - A/R) and an Ar* laser for excita-
tion (514.5 nm/15 mW). All images were acquired for an area of 50 x 50 (um)? with
a resolution of 100 x 100 points per image and an integration time of 60 ms per
point. The WiTec Project 2.06 program was used for data processing. Since our
samples are polycrystalline, we do not track the light polarization in the Raman
experiments. Next, X-ray absorption spectroscopy (XAS) measurements were
performed in transmittance mode at the XAS beamline at the Brazilian
Synchrotron Light Laboratory (LNLS), Campinas, Brazil. The EXAFS (Extended
X-ray Absorption Fine Structure) spectra were extracted using the Multi-Platform
Applications for X-ray absorption (MAX) software package, [30] and theoretical
spectra were calculated using the FEFF9 code [31]. The magnetic measurements
were performed using a Superconducting Quantum Interference Device
magnetometer (SQUID).

3. Results and discussion
3.1. Electron microscopy and elemental analyses

Fig. 1 shows SEM images that were acquired over the polished
surface of the Zn;_,Co,O samples. A series of full scans over large
areas confirms the absence of microclusters in the samples with
xy=0.15 and 0.20 (Fig. 2(a) and (b)), while a segregated phase
can be identified in the SEM images for the samples with
xy=0.25 and 0.30 (grains indicated by purple? color in Fig. 1(c)
and (d)). We did not observe significant differences in the bulk den-
sity (porosity) among the whole set of the studied samples. The aver-
age density of the samples, measured by the water displacement
(Archimedes) method, is of around 93%.

Energy dispersive spectroscopy (EDS) measurements were per-
formed to accurately determine the elemental compositions of the
two identified phases. Representative EDS spectra corresponding
to the analyses performed in the areas indicated by the crosses
in Fig. 1(a)-(d) are shown in Fig. 1(e). In the ZnO matrix, both Zn
and Co are detected, indicating that the active incorporation of
Co into the ZnO matrix was achieved for all of the samples, includ-
ing the samples where segregation appears. The solubility limits of
the Co in our Zn;_xCo,O bulk samples were evaluated by plotting
the effective Co concentrations (xg) of the ZnO matrix as a function
of the nominal Co concentration (xy), Fig. 1(f). We observed that
the measured and nominal concentration values were similar for
Xy =0.15 and 0.20. For samples with xy > 0.25, segregation occurs
after the solubility limit is achieved, and an abrupt deviation of xg
in respect to the xy occurs. The maximum Co concentration
achieved in the ZnO matrix, the Co solubility limit, is
22.8 +0.1 at.%. This value agrees with the solubility limit that is
obtained by extrapolation from the diagram presented by Perry
and Mason [27] and the diagram of the polycrystalline samples
presented by Straumal et al. [26] with grain sizes of more than
1 wm. For samples with xy values that are beyond the solubility
limit, the EDS data reveals that the segregated phase corresponds
to Co-rich clusters, where Co and Zn elements are both present.
In addition, this result agrees with the phase diagram presented
by Perry et al., where the segregated phase is a Zn-doped rocksalt
CoO (Coq_,Zn,0) compound. To emphasize the structural distinc-
tion between the Co-rich and Zn-rich samples, we use Co;_,Zn,0
for the first compound and Zn;_,Co,O for the second compound.
As shown in Fig. 1(f), the values for y are nearly the same as those
of the Co solubility limit, with an average value that is slightly
greater (i.e., 23.4 £ 0.1 at.%). The similarities between the observed
cross-doping concentration (x =~y =0.23) of the Zn,;_,Co,O and
Co;_,Zn,0 phases indicate equilibrium conditions between the

2 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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Fig. 1. SEM images for the Zn;_,Co,O samples with (a) xy = 0.15, (b) xy = 0.20, (¢) xy = 0.25 and (d) x5 = 0.30. The secondary phase is identified in (c) and (d). (e) EDS spectra
acquired for the Co-doped ZnO matrix (full cross) and the segregated CoO phase (open cross) of the samples. (f) Elemental concentrations (x; and y) obtained using EDS
measurements and the molar fraction of the segregated CoO phase (n}°, analytically calculated, and n®S, determined by Rietveld refinement) as a function of the nominal Co
concentration (xy). All of the data are presented in percentages. The HRTEM micrographs of the (g) Zng 77C00230 and (h) Cog77Zng 230 grains of the sample with xy = 0.30. The

insets present the SAED patterns of the enclosed areas.

cation diffusion under the synthesis conditions. This behavior is
expected because Zn and Co have very similar physical and chemi-
cal characteristics.

The HRTEM analysis was conducted for the Zng77C00230
(Fig. 1(g)) and Cog.77Zng»30 (Fig. 1(h)) grains of the sample with
xn = 0.30 to investigate the structures of the phases. At this scale,
no visual evidence of cross-contamination was found, indicating
the single-crystal nature of each grain. This single-crystal nature
was confirmed by the SAED patterns (insets of Fig. 1(g) and (h)).
For Zng77C0g 230, the SAED analyses (Fig. 1(g)) indicated a single
hexagonal wurtzite ZnO structure (zone axis [0110]). For the
Cog.77Zn 230 grain (Fig. 1(h)), the acquired diffraction pattern cor-
responded to the rocksalt CoO structure (zone axis [112]). In both

cases, no satellite diffraction spot, apart from that of the main cited
structures, was detected.

3.2. X-ray diffraction

Fig. 2(a) shows the XRD results for the Zn;_,Co,O samples as a
function of the Co content. The observed peaks correspond to those
expected for polycrystalline hexagonal wurtzite (W) ZnO, space
group P6smc [32]. The relatively narrow line-widths revealed a
highly crystalline quality for all of the samples. No indication of
additional phases was observed within the detection limit of the
measurements for the samples with xy = 0.15 and 0.20. A segregat-
ed phase was identified for the samples with xy=0.25 and 0.30.
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Fig. 2. (a) Refined XRD pattern of the polycrystalline Zn;_,Co,O bulk samples for
different Co contents. The experimental and calculated profiles are represented by
open symbols (circles) and solid curves, respectively. The lower curve in each panel
is the difference plot. The asterisks show the peak positions of the segregated CoO
phase [33]. The corresponding refinement results are presented in Table 1. (b) The
XRD diffraction pattern of a Zn-doped CoO (CoggZng,0) bulk sample.

The diffraction peaks associated with the segregated phase are
indicated with asterisks in Fig. 2(a) and are related to the rocksalt
(R) CoO phase with a Fm-3m space group [33], confirming previous
analyses. These results indicate that the solubility limit of Co in the
ZnO0 matrix is between 20 and 25 at.% of the nominal Co content for
the studied samples.

The Rietveld refinements of the XRD data were initiated with
Zn?* and 02~ atoms located at (1/3, 2/3, 0) and (1/3, 2/3, z), respec-
tively. The results obtained from the Rietveld refinement are
shown in Fig. 2(a) and Table 1, and indicate good agreement
between the experimental and calculated patterns. No significant
changes were observed in the wurtzite cell lattice parameters as
the Co concentration increased. In addition, these values were
similar to those found in the literature for pure ZnO [32]. The
Rietveld results were expected considering that the Co?" ions
(tetrahedral ionic radius = 0.58 A) replace the Zn?* ions (tetrahe-
dral ionic radius=0.60A) in the ZnO wurtzite matrix. The XRD
results indicate that the Co in our Zn;_,CoxO bulk samples have a
2+ oxidation state and are located at the sites of the Zn?* cations.
The 2+ oxidation state of the Co was further confirmed from the
local structure analysis.

The atom occupation factors were also determined by using a
Rietveld refinement for all samples. These data are presented in
Table 2. By using the atom occupation factor, it is possible to infer

Table 1

Structural data for the samples obtained through the Rietveld refinement. Here, y? is
the square of goodness-of-fit indicator and Ryp is the refinement quality parameter.
In addition, n®S is the percentage of the Cog77Zng 230 segregated phase.

XN a(A) c(A) Rwp Ve n®s (%)
0.15 3.2527(1) 5.2048(1) 15.37 531 -

0.20 3.2535(2) 5.2027(1) 1839 4.07 -

0.25 3.2535(1) 5.2037(1) 14.35 421 2.7(2)
0.30 3.2535(1) 5.2036(1) 17.39 2.12 13.7(3)
0.35 3.2546(2) 5.2051(1) 7.76 2.61 19.0(2)
0.50 3.2543(1) 5.2053(1) 4.80 2.08 45.9(4)

Table 2

The Zn, O and Co occupation factors obtained by the Rietveld refinement for the
wurtzite (W) Zn, _4Co,O samples and rocksalt (R) Cog77Zng 230 segregated phase. The
xg and y parameters are the effective Co and Zn concentrations measured by EDS,
respectively.

XN Phase Zn (0] Co XEg y
015 W 0.855(6) 1.008(9) 0.145(6)  0.164(6) -
020 W 0.79(1) 1.005(7) 0.22(1) 0.208(4) -
025 W 0.758(1) 0.998(1) 0.230(1) 0.226(4) -

R 0.24(2) 1.01(9) 0.77(3) - 0.236(6)
030 W 0.762(1) 0.992(1) 0.222(1)  0.228(4) -

R 0.231(5) 0.982(2) 0.769(8) - 0.234(2)
035 W 0.767(1) 1.051(8) 0.226(2) 0.229(4) -

R 0.228(3) 0.98(1) 0.766(4) - 0.232(4)
050 W 0.766(2) 1.088(9) 0.225(2)  0.231(4) -

R 0.228(2) 1.008(8) 0.767(2) - 0.234(6)

the density of the defects that are related to the Zn and O vacan-
cies. As shown in Table 2, within the experimental error, the occu-
pancy coincides with the nominal content. Thus, no expressive
number of vacancies occurs on the anion and on the cation sites
of the Zn,_,Co,O bulk samples. In addition, the Co solubility limit
can be extracted from the atom occupation factor. For samples
with xy>0.20, the Co occupation factor is nearly constant and
equals 22.6 + 0.2 at.% (average value). Therefore, the Co solubility
limit in our samples is approximately 23 at.%, which corresponds
with the EDS results. Likewise, the Zn contents in the rocksalt
Co;_,Zn,0 segregated phase (y) are constant and equal to
approximately 23.2 + 0.3 at.% (average value). These data agree
with the results obtained by the EDS measurements.

In addition, the percentage of the Cog77Zng,30 segregated
phase (n®) is estimated by using the Rietveld refinement and is
presented in Table 1. We quantitatively observed that increasing
the xy corresponded with an increase in the n®°. After reaching
the solubility limit and while considering the constants of the
molar masses of the wurtzite effective phase (Zng;7C0g230,

MX" =70.896 gmol~') and the segregated phase (Cog77Zng230,
MF =76.415 g mol ), the molar fraction of the segregated phases
(n®S) can be analytically calculated as follows:

W W

R m
ME - ME

where My is the molar mass correspondent to the nominal stoi-
chiometry of the samples. The calculated values for n¥* and n® that
were obtained through the Rietveld refinement (Table 1) are pre-
sented in Fig. 1(f). These values agree very well. Therefore, the com-
bined use of XRD and SEM/EDS in this work indicates that it is
possible to predict the relative percentages of the rocksalt
Cop.77Zn9 30 segregated phase and the Co-doped wurtzite ZnO
phase when the nominal composition is greater than the Co solubi-
lity limit in the ZnO matrix. The coexistence of the wurtzite and the
rocksalt phase is expected to occur for Co contents of less than 77%.
Above 77%, a single cubic phase is expected to occur, as shown in
Fig. 2(b). An XRD diffraction pattern of a Cog gZng,0 reference sam-
ple that was prepared under the same conditions as the Zn;_,Co,O
samples only corresponds to the rock-salt CoO structure, with no
indication of the presence of wurtzite ZnO phase.

3.3. Raman scattering spectroscopy

To perform a detailed analysis of the chemical composition of
the samples, Raman spectral mappings of the polished sample
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surfaces were acquired. At the I'-point of the Brillouin zone (BZ) of
the hexagonal wurtzite ZnO, the optical phonons are represented
by I'=A;+2B;+E;+2E,. Here, A; and B; are one-dimensional
modes, while E; and E; are two-dimensional modes. The two polar
A1 and E; modes and the two nonpolar E; modes are Raman active,
while the two B; modes are inactive (silent modes). Thus, the E;
and A; modes are divided into transverse optical (TO) and longitu-
dinal optical (LO) phonons. The E, mode appears at two frequen-
cies. The high-frequency mode is called E;y, while the low-
frequency mode is called E,;. These modes are related to the vibra-
tions of the oxygen and zinc sublattices, respectively.

Fig. 3(a), (c), (e) and (g) present the micrographs of the sample
surfaces (different colored areas correspond to regions were dis-
tinct Raman spectra were acquired). In Fig. 3(b), (d), (f) and (h),
we present the obtained spectra for the Co-doped ZnO matrix
(Zn,_,Cox0) of the four samples at points 1, 3, 5, 6, 7 and 8 in
the micrographs. In addition, the spectra for segregated phase
(Coo.77Zn9230) is presented for points 2 and 4 of the samples with
xny=0.25 and 0.30. The spectra for the Co-doped ZnO matrix were
normalized by the amplitude of the E;y mode. The spectrum
obtained for the Cog77Zng,30 segregated phase did not resemble
the Raman spectrum acquired for the pure CoO (Sigma-Aldrich,
99.99%) reference sample (Fig. 3(b)). This difference was associated
with the incorporation of Zn into the CoO matrix and was pointed
out by the EDS measurements. To address this point, the Raman
spectrum of a CoggZng,0 reference sample are presented in
Fig. 3(d) and are superimposed on the spectrum obtained for the
Cog.77Zng230 segregated phase. The similarities between the
spectra confirm the assumption of Zn incorporation into the CoO
segregated phase.

In the areas corresponding to the Zn;_,Co,O phase, we identi-
fied three main modes of ZnO, at 330, 380 and 437 cm™!. These
modes corresponded to the density of states of 2E,; at the M-point
of the BZ [34], and the A;(TO) and E,y modes, respectively. The
presence of the main vibrational modes of ZnO confirmed that
the hexagonal wurtzite structure occurred in all of the samples.
In addition, a broad band at approximately 500-600cm~' was
observed that appeared to form from the overlapping of several
peaks, with the most prominent peaks centered at 544 and
574 cm™~'. The peak at 574 cm™~! could be assigned to the A;(LO)
and E;(LO) phonon modes, which are very similar in energy. The
peak at 544 cm~' can be assigned to the density of states corre-
spondent to the 2A;(LA) in the M-K direction of the BZ [34,35].
Generally, the pure ZnO A;(LO) and E;(LO) modes are less intense
due to destructive interference between the potential deformation
and Frohlich interaction [36]. Nevertheless, the crystalline disor-
der induced by the incorporation of dopants, impurities, and
defects can amplify these modes due to the consequential break-
down of the selection rules. Similar results have been observed in
different systems and are generally assigned to complexes that
involve intrinsic defects, such as oxygen vacancies (Vo) and inter-
stitial zinc (Zn;) [37]. The presence of these modes clearly indi-
cates the presence of Co in our samples and is associated with
the structural defects introduced by doping. These observed mod-
es indicate the incorporation of Co into the ZnO matrix. As the
cobalt concentration increases, the relative intensities of these
defect-related modes to the main E,y mode also increase [38].
In Fig. 3(f) and (h), the relative intensities of the 2A;(LA) density
of states and the LO modes for the areas indicated by numbers
6 and 8 (brown areas in Fig. 3(e) and (g)) are greater than the
intensities for the areas indicated by numbers 5 and 7 (yellow
areas in Fig. 3(e) and (g)). This result indicates that the Co content
is higher in these areas and reveals that this technique is sensitive
enough to account for compositional inhomogeneities in the
Co-doped ZnO matrix.

3.4. X-ray absorption

The structures of the Zn,_,Co,O samples were also character-
ized using XAS measurements. X-ray Absorption Near-Edge
Structure (XANES) spectra provide information regarding the
coordination symmetry and the valence of ions incorporated into
a solid. The energy of the absorption edge shifts according to the
valence of the absorbing ion because the binding energy of the
bound electrons increases as the valence increases. Additionally,
the shape of the absorption edge depends on the unfilled local den-
sity of states and on the coordination symmetry of the absorbing
element.

The spectrum at the Co K-edge is characteristic of the electron
transition from the 1s state to the empty 4p states [39]. The pre-
edge region is associated with the transitions of electrons from
the 1s to 3d states. Although this transition is originally forbidden,
it occurs due to the hybridization of the Co 3d states with O 2p in
the sites without an inversion center of symmetry [39]. Fig. 4(a)
shows the Co K-edge XANES spectra obtained for the Zn;_,CoxO
samples at room temperature. The spectra obtained for the sam-
ples with xy =0.15 and 0.20 have similar features, except for small
differences in the white line intensity relative to the peak intensity
in the pre-edge regions (inset of Fig. 4(a)). This observation indi-
cates that no significant structural distortion occurs around the
Co?* jons at different doping levels under the Co solubility limit
(23%). Generally, the intensity of the pre-edge peak increases lin-
early with the substitutional incorporation of a TM into a solid
due to the progressive participation of the 3d orbital in bonding
[40]. For samples with xy = 0.25 and 0.30, the shape of the spectra
differs from the spectra observed for the samples with no segregat-
ed phase and approaches the spectrum obtained for the CoO refer-
ence sample. This result agrees with previous analyses. In addition,
a relatively intense peak occurs in the pre-edge region for all sam-
ples. What would be expected considering the Co?* ions located in
tetrahedral sites, which do not have an inversion center of symme-
try. This result let us to conclude that the Co?* ions in our samples
are replacing the Zn?* ions into the ZnO wurtzite structure [41].

The valence of the dopant ions can be analyzed by comparing
their resulting edge structures with those obtained for the refer-
ence samples. In Fig. 4(a), we present the XANES spectra for Co ions
and oxides with various metal oxidation states. The comparison
with the spectra of our samples indicates that Co assumes pre-
dominantly the 2+ oxidation state.

Fig. 4(b) shows the modulus of the k> weighted Fourier trans-
form that was extracted from the Co K-edge spectra for the
Zn;_,Co,0 samples, a Co foil and the Co oxides powders. In addi-
tion, Fig. 4(b) shows the results obtained at the Zn K-edge for a
pure ZnO reference sample prepared under the same conditions
as the doped samples. We observed that the EXAFS data for the
Co-doped samples with xy=0.15 and 0.20 were very similar and
were different from those with xy=0.25 and 0.30 and from the
Co foil and the Co oxides. In contrast, we observed that the
EXAFS data were comparable to the data obtained from the Zn K-
edge of pure ZnO. This result clearly indicates that the Co is located
in the same environment as the Zn atoms in the ZnO host matrix.

The short-range structural data provided by EXAFS offers ele-
ment-specific insights and provides quantitative information
regarding the number, position and identity of atoms surrounding
the absorbing element and the structural disorder within the coor-
dination spheres. To obtain quantitative information regarding the
local structure around the Co atoms, Fourier transform curves were
back-Fourier transformed between 1.5 and 3.5A to obtain the
experimental EXAFS spectra that were fit using a theoretical model
that was calculated by using the FEFF9 code and the crystallo-
graphic information according to the XRD measurements.
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Fig. 3. (a), (c), (e) and (g) Micrographs of the surfaces of the Zn, _,Co,O samples with xy = 0.30, 0.25, 0.20 and 0.15, respectively, indicating (colors) where the Raman spectra
were measured. (b), (d), (f) and (h) contain the Raman spectra for the different places identified in (a), (c), (e) and (g). The black dashed line in (b) and (d) indicate the spectra
obtained for the reference samples CoO and CopgZng >0, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. (a) Co K-edge XANES spectra for the Zn;_,Co,O samples. Spectra of metallic
Co, rock-salt CoO (oxidation state of 2+) and Co,05 (oxidation state of 3+) are also
shown for comparison. The inset highlights the white line peak. (b) EXAFS data:
modulus of k> weighted Fourier transforms of Co and Zn K-edge data from the bulk
samples and reference powders. Solid lines are the experimental data and the open
symbols represent the fits using the parameters shown in Table 3.

Because of the observed CoO secondary phase, the fits were only
performed for samples with xy=0.15 and 0.20 and pure ZnO,
whose fitted k*> weighted Fourier transforms are shown in
Fig. 4(b). In all fits, we considered single and multi-scattering paths
that corresponded to four successive atomic shells around the Co
placed at the Zn in the ZnO host matrix according to hexagonal
wurtzite with a space group of P6smc. The number of free para-
meters was smaller than the number of independent points, which
was defined as Nj,q = 2ARAk/m, where AR is the width of the
R-space filter windows, and Ak is the actual interval of the fit in
k-space [42]. The reliability of the fit, which was determined from
the quality factor (Q) [42], coordination number (N), interatomic
distances (R) and Debye-Waller factor (¢?) relative to the fits are
shown in Table 3. According to the structural model, the more
intense peak between 1.0 and 2.0 A in the Fourier transform spec-
tra of the Zn,_,CoO samples corresponds to a single scattering
interaction between the first O atoms around the absorber atom.
Relative to the Co-Co and Co-O (beyond the first O neighbors)
paths, the single scattering interactions correspond to the peaks
and shoulders observed between 2.5 and 3.5 A. This region also
includes multiple scattering path interactions, such as Co-0-0,
Co-0-Zn-0, Co-0-0-0 and Co-Zn-0. As shown in Table 3, the
obtained Q factors indicate the reliability of the fits, which are con-
firmed by the match between the fit (symbols) and experimental
(lines) spectra shown in Fig. 4(b). The average coordination num-
ber for the Co-O interaction is constant within the experimental

Table 3

Results from the fits of the EXAFS spectra of the Co K-edge. EXAFS simulation were
obtained by assuming that Co placed at the Zn site in the ZnO matrix for the single
phase Zn;_,Co,0 and for the ZnO reference samples. Here, R is the distance from the
central atom, N is the average coordination number, 62 the Debye-Waller factor and
Q is the quality factor.

Sample Shell R (A) N a2 (A%) Q
Pure ZnO Zn-0 1.96(1) 4.4(4) 0.004(1) 1.36
Zn-7n 3.22(1) 8.7(7) 0.0055(5)
Zn-Zn 3.19(2) 5.0(1.5) 0.0055(5)
Zn-0 3.86(2) 8.0(2.5) 0.004(1)
xv=0.15 Co-0 1.98(1) 46(5) 0.004(1) 222
Co-Zn 3.22(1) 7.0(1.0) 0.005(1)
Co-Zn 3.19(2) 4.4(8) 0.005(1)
Co-0 3.86(2) 8.0(1.6) 0.004(1)
Xy =0.20 Co-0 1.98(1) 45(5) 0.004(1) 1.69
Co-Zn 321(2) 6.0(2.8) 0.005(1)
Co-Zn 321(3) 4.0(3.0) 0.005(1)
Co-0 3.86(2) 8.0(1.6) 0.004(1)

uncertainty. The good agreement between the experimental and
fitted data confirms the substitutional character of Co doping of
the ZnO matrix in the samples with xy=0.15 and 0.20.

In summary, the structural analysis confirms that the Co?* ions
occupy the Zn-sites of the ZnO wurtzite structure in the Zn;_,Co,O
samples with xy=0.15 and 0.20. Clearly, for these samples, the
results exclude the presence of magnetic extrinsic sources, such
as Co-rich nanocrystals or segregated secondary magnetic phases.
For the samples with xy=0.25 and 0.30, Co solubility is achieved
and a Zn-doped CoO phase, Co;_Zn,0, is segregated. With these
considerations, we proceed to magnetic characterization.

3.5. Magnetometry

The magnetization (M) of the samples measured as a function of
the magnetic field (H) at T=300K is displayed in Fig. 5(a).
The results are consistent with typical paramagnetic behavior
(M = xH). In this case, no ferromagnetic component was observed.
Fig. 5(b) shows the inverse of the dc magnetic susceptibility as a
function of temperature for the four studied samples. The dis-
played data were obtained by measuring the magnetization at
low magnetic fields (H = 0.1 T) and include a small correction from
the diamagnetic contribution of the ZnO lattice. For the samples
with xy=0.15 and xy=0.20, the susceptibility data display a
Curie-Weiss (CW) behavior in the high temperature range of
100-300K that is characterized by a large and negative CW tem-
perature. Below 100 K, the magnetic susceptibility departs from
the CW law in the form of a downturn in the graph of the inverse
susceptibility versus temperature. The present overall features of
the susceptibility data for these two samples are usually obtained
for II-VI based DMS [43,44] and are characterized as a paramagnet-
ic phase with a large antiferromagnetic (AF) exchange interaction
between neighboring Co?* ions. For the samples with xy=0.25
and 0.30, deviations from the CW law are observed in the form
of a broad cusp centered near 220K (inset of Fig. 5(b)), which is
more pronounced for the xy=0.30 sample and was attributed to
the AF transition of the Co;_,Zn,O phase that was determined in
the previous section [45].

The susceptibility data for xy = 0.15 and 0.20 were fit in the high
temperature range using the following CW law: y(T)=C/(T - 0),
where C is the Curie constant and 6 is the CW temperature. The
Curie constant is related to the Co?* concentration xy, as follows:
C = Nxp(gus)*S(S + 1)/3ks. Here, N is the total number of cations
per gram, and g and S are the effective Landé factor and the spin
of the Co®* ions, respectively (g=2.264, S=3/2) [46,47]. For the
samples with nominal concentrations of xy=0.15 and 0.20, we
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Fig. 5. (a) M(H) curves for the Zn,_,Co,O samples at 300 K. The inset presents the
M(H) curve for the sample with x = 0.15 at 1.66 K. The symbols are the experimental
data, and the line is the fit generated using a modified Brillouin function (MBF). (b)
Inverse dc magnetic susceptibility y versus temperature for the Zn;_4Co,O samples.
The best fit of the high-temperature data to the Curie-Weiss law is shown as a solid
line.

obtained x;; = 0.166 and x,; = 0.216, respectively. The obtained val-
ues of the CW temperature were —95K for the sample with
xyv=0.15 and —128 K for the sample with xy=0.20. From this
result, we determined that 6g = 0/x);=—582 + 10 K (which corre-
sponds to an exchange constant J; = —19.4 £ 0.3 K). These values
agree with our previous results [38] and the results of other works
[48-50].

Regarding the bound magnetic polaron (BMP) model, a long-
range magnetic order occurs in a truly dilute magnetic semicon-
ductor when two conditions are satisfied. First, the dopant concen-
tration (x) must be lower than the dopant percolation threshold
(xp) and homogeneous throughout the sample volume. Second,
the percentage of defects (6) must be larger than the polaron per-
colation threshold (Jp) to assure that all of the dopants will be fer-
romagnetically coupled. For the ZnO system, Jp=0.0015 and
xp=0.18 [18]. Regarding the samples with xy=0.20, 0.25 and
0.30, the Co concentrations are above the dopant percolation
threshold (xy > xp) and our results from magnetic characterization
are in accordance with the BMP model. For the sample with
xy=0.15, which satisfies the first condition, the conventional
paramagnetic phase with AF coupling between Co?" neighbors is
obtained. To obtain more insight regarding the origins of this mag-
netic behavior, the magnetization data were obtained as a function
of the magnetic field at T=1.66 K for the sample with xy = 0.15, as
displayed in the inset of Fig. 5(a). The low temperature magnetiza-
tion curve is not saturated at the highest applied magnetic field

and cannot be fit by the modified Brillouin function (MBF) [51].
This behavior is mainly attributed to the effects of relatively large
AF exchange interactions and, because the Co concentration in this
sample is over 10% (xy = 0.15), to the existence of large AF clusters
[52]. This last point may be reinforced by considering that the sub-
stitution of Zn for Co may not be random. The tendency for Co?*
ions to group together into the ZnO host matrix was reported from
both experimental [26,53] and theoretical [54,55] perspectives and
must be considered. The Co®* single-ion anisotropy [56,57] may
also contribute to the observed lower magnetization value; howev-
er, due to the polycrystalline character of our samples, its effect
may be relatively weak. The measured magnetization value for
the high field (M(6.5 T)=8.2 emu/g) was much lower than the
expected saturation value of the magnetization (My = 39.2 emu/g)
for x); = 0.166. This result was also observed for other II-VI based
DMS [52]. The obtained ratio of M(6.5 T)/My = 0.21 agrees with pre-
vious experimental results [44,48,58] and indicates that
approximately 21% of the magnetic moments are not in a fully
compensated AF configuration. This fraction corresponds to an
effective magnetic moment concentration of approximately 3%,
which agrees with the results obtained by Ney et al. [57] for a sam-
ple with a Co concentration of 15% considering singles (isolated
Co®* ions without a second Co ion in the next-cation neighbor
shell) and open triplets (open Co-0-Co-0-Co clustered configura-
tion) as the dominant Co configurations that contribute to the
measured magnetization. Again, according to the scope of the
BMP model, these non-compensated moments could be FM cou-
pled through polarons. Once the FM coupling was not observed,
we inferred that the density of defects in our samples was below
the polaron percolation threshold (6<dp=0.15% for the ZnO
matrix). In fact, based on the experimental techniques used in this
work, we were unable to directly measure the densities of defects
present in our samples, likely due to their small values. Therefore,
based on the BMP model, a purely paramagnetic behavior was
expected and was observe.

3.6. Monte Carlo simulation

The theoretical simulation of the magnetic properties for semi-
conductors doped with transition metals (DMSs) involves knowl-
edge regarding the cluster types and its probabilities. For doping
concentrations of more than 10%, these calculations were not accu-
rate due to the lack of the cluster statistics. To qualitatively address
the role of the exchange interactions between the localized Co?*
magnetic moments in the ZnO matrix, a sequence of Monte Carlo
(MC) simulations was performed, using classical spins in the
Heisenberg J,-J, model described by [59]

H=J"Y S-S+ S-S+, Si-Sj+DY S
[i] (i) (i) J
+Y H S, @
J

where [i; jl, (i;j), and (i; j) are the sums of the in-plane, out-plane,

and second neighbor pairs, respectively, ]i]“ is the in-plane coupling,
out

7" is the out plane coupling, J, is the second neighbor coupling and
D is the single ion anisotropy constant, which corresponds to the
Zeeman interaction.

We tested five different sets of magnetic parameters (Table 4).
Set I considers an isotropic system with a week exchange coupling
between the magnetic ions. Set Il also considers an isotropic sys-
tem with exchange coupling that corresponds to that measured
for our samples (J; = —19.4 £ 0.3 K). Set III introduces the aniso-
tropy regarding the ZnO wurtzite structure [60] and includes the
exchange coupling related to distant neighbors (DN) up to J,. The
values were extracted from the work performed by D’Ambrosio
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Table 4
Set of magnetic parameters used in the MC simulations.

Set _]i]" (K) J" (K) > (K) D (meV) Cobalt distribution
I -2 -2 0 0 Random

1l -19.4 -19.4 0 0 Random

111 —25.6 -8.5 -1.1 0 Random

v -25.6 -85 -1.1 0.342 Random

\Y -25.6 -8.5 -1.1 0.342 Clustered

etal. [61],J® was assumed to be equal to J,, once considering it as
the second-largest exchange constant based on theoretical
assumptions [62-64]. Set IV is the same as set III, but the single-
ion anisotropy was counted with D =0.342 meV [46]. In all previ-
ous arrangements, the samples were formed by a random distribu-
tion of Co?* ions in the Zn sites with a molar Co concentration of up
to 15%. Set V is the same as set IV, but considers clusters (non-ran-
dom distribution) of the Co?* ions over the sample volume. The
clustered samples were formed in two steps. First, a sample with
a Co concentration of 2% was randomly distributed throughout
the sample volume. Next, further distribution of the remaining
Co atoms around the initial Co atoms was conducted based on a
heuristic acceptance probability of 0.005%, until the Co concentra-
tion reached 15%. This model makes it possible to form Co rich
regions with random shapes.

The MC procedure began with a sample formation that dis-
tributed Co ions over the ZnO matrix and calculated the energy
of each site. The samples were prepared to have approximately
6500 magnetic sites. We adopted a slowdown cooling process with
the Metropolis algorithm applied to the energy acceptance. The MC
process used 1.5 x 10 MC steps, and the thermal average of the
parameters was calculate in 10 steps. The final presented results
corresponded to an average of over 20 different samples.
Boundary periodic conditions were adopted in all simulations.
After the thermal equilibrium is reached, the Edwards-Anderson
order parameter (gga), the specific heat (cy), and the magnetization
(M) normalized by the saturation magnetization (Ms) versus the
external magnetic field (H) were calculated. The gga order para-
meter is defined as [65]

2 172

(3)

o

1N
QEA:NZ]: Z
i=

1 to+t
? Zsi:z
t'=ty

where o =%, y and z. To avoid spurious results when obtaining an
average over a large time interval t, the summation was performed
by starting at a time t, that corresponded to the thermal equilibri-
um of the system. The specific heat was calculated based on thermal
fluctuations. The M(H) curves were obtained by using the

G, Parameter

T(K)

metropolis algorithm for the interaction energy, as given by Eq.
(2). To qualitatively reproduce the M(H) curves measured for our
polycrystalline samples, we present the normalized magnetization
averaged over the external magnetic field applied from the parallel
to the perpendicular direction of the c-axis (z direction) of the ZnO
wurtzite structure (Mayg/Ms).

Fig. 6 shows the MC results. Fig. 6(a) presents the gga order
parameter and the cy as a function of the temperature. Except for
set | (the isotropic case with lower exchange coupling), all of the
curves present behavior that is typical of the transition from a ran-
dom oriented set of moments at higher temperatures to an ordered
system with antiferromagnetically coupled moments at lower
temperatures. This behavior is evidenced by the cy curves (inset
of Fig. 6(a)), which presents a maximum at a critical temperature
were the transition between the two conditions occurs [65,66].
We observed few differences between the curves for sets II and
III. This result can be explained, regarding the simulations, by con-
sidering the relative lower number of coupled neighbors by J, com-

pared with those coupled by J and J$*. By introducing the single-
ion anisotropy in set IV, the transition becomes more evident in
both gga and cy curves. The single-ion anisotropy of the form of

DS? correspond to a ground state and is associated with the lowest
S, meaning that the spins tend to stay near the plane that is per-
pendicular to z. This trend can observed as an easy magnetization
plane in which the spins are more energetically favorable for align-
ment during cooling [45,59]. For set V (the clustered system) the
transition is even more pronounced and occurs at higher tem-
peratures. In a clustered system, the average distance between
the Co?* ions is shorter, which results in an increase in the number
of magnetic coupled ions, favoring the order against the thermally
induced disorder.

Fig. 6(b) presents the M,,z/Ms versus H calculated at 2 K. The
obtained curve for set I was fit well by the Brillouin Function
(BF), which highlights the pure paramagnetic character of this sys-
tem, even at low temperatures. For all of the other curves, we
observed a departure from the last scenario that was comparable
to those of the M(H) curves experimentally observed for different
DMSs [52]. Here, the curve corresponding to set Il was only slight-
ly different from that observed for set Il. The magnetization
increases quickly at low fields due to the alignment of the singles,
and a ramp is observed in the sequence that is mainly associated
with the pairs. As previously shown, due to the random crystalline
orientation of a polycrystalline samples with respect to the direc-
tion of the applied magnetic field, the single-ion anisotropy (set
IV) only introduces a small departure from the previous sets.
Finally, for the clustered system (set V), the fast increase associated
with the singles is less pronounced and the ramp that is mainly
associated with the pairs is larger. This result is expected in a

60 80

H(T)

Fig. 6. (a) Calculated gga parameter and the specific heat (cy) (inset) as a function of the temperature. (b) M,yg/Ms vesus H curves calculated at 2 K. The values of the magnetic
parameters used for each set are presented in Table 4. The curve associated with set I is fit by a Brillouin Function (BF).
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scenario were the Co®" ions are bunched together [67]. Although
we used a very small heuristic acceptance probability to distribute
Co?* jons around already placed Co in the ZnO structure, only
0.005%, the obtained curve shows a considerable difference relative
to the ones for the previous sets. The oscillations present in the
magnetization curves for sets IV and V mainly resulted from
the introduction of the anisotropic term (D) in the Hamiltonian.
The results of the MC simulation confirmed our previous assump-
tions that the departure of the observed magnetization, at low
temperature, from the MBF for the sample with xy=0.15 was
mainly due to relatively large AF exchange interactions and the
existence of large AF clusters. However, we likely overestimated
the value of the single-ion anisotropy constant (D) in our calcula-
tion. Ney et al. [57] also indicated that the D value decreased as
the Co concentration increased. Specifically, for a Co concentration
of 15%, these authors observed a D value of approximately 2 K.
Finally, for the samples with relatively higher Co concentrations,
the distant neighbor exchange constants (J, J3, etc.) could present
different values from those measured by D’Ambrosio et al. [61].
The values of the exchange interaction could be higher, which
could lead to more pronounced differences between sets II and III.

4. Conclusions

We have presented an extensive microstructure and
magnetic analysis of bulk Zn;_,Co,O samples that were prepared
using the solid-state reaction method. Structural characterization
revealed that the Zn;_,Co,O ceramic samples with xy=0.15 and
0.20 were free of secondary phases, whereas samples with
xy = 0.25 and 0.30 exhibited a segregated phase that was identified
as Co;_,Zn,0 with y=0.23. The solubility of the Co®>" ions was
determined as approximately 23% in the ZnO matrix at a sintering
temperature of 1400 °C. Our results show that it is possible to pre-
dict the relative percentage of doped wurtzite ZnO and rock-salt
CoO in samples prepared with nominal compositions between
0.23 <x <0.77. The magnetic characterization of the samples
reveals conventional paramagnetic behavior with large AF cou-
pling of Co?* ions. The obtained values of the CW temperature were
—95K for the sample with xy=0.15 and —128 K for the sample
with xy=0.20. From this result, we determined that the Co®*
exchange coupling constant in those samples is of J;=
—19.4 £ 0.3 K. Specially, from the magnetic results of the sample
with xy=0.15, the MC simulation led to the conclusion that the
departure of the M(H) from the MBF mainly resulted from the rela-
tive large AF exchange interactions and the existence of large AF
clusters. In addition, magnetic characterization supported the find-
ing that a considerable fraction of the magnetic moments (21%)
remains in the non-compensated configuration. Under these condi-
tions and by invoking the BMP model, we inferred that the ferro-
magnetic behavior is not observed due to the low density of
defects in the sample, despite the incorporation of Co?" ions in
the ZnO matrix.
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