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The solid state interaction of the Zn1�xCoxO nominal system is investigated by means of diffusion

couples and analysis of co-precipitated samples. The formation of a homogeneous Co:ZnO solid solution

is found to be determined by the crystal structure from which CoII ions diffuse into the wurtzite lattice.

No diffusion is observed whenever the CoO rock-salt structure is formed from the CoII precursor. On the

contrary, the diffusion from the Co3O4 spinel phase is feasible but has a limited temperature range

defined by the reduction at a high temperature of CoIII–CoII, since this process again leads to the

formation of the rock-salt structure. However, when using a highly reactive and homogeneous

co-precipitated starting powder, neither the spinel phase nor the rock-salt structure is formed, and a

CoII:ZnO solid solution is obtained, which remains stable up to high temperatures.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

In the last years, the emerging field of spintronics has triggered
a worldwide search for new semiconductor materials with room-
temperature ferromagnetic behavior [1–3]. These are the so-
called dilute magnetic semiconductors (DMS) and, if accom-
plished, they could form the basis for charge, spin-based, or mixed
spin- and charge-based devices. Although the origin of ferromag-
netism in wide-band-gap semiconductors is still far from being
understood, a general approach based on the mean-field theory
implicitly assumes the following description for a DMS [4,5]: a
more or less random alloy in which a stoichiometric fraction of the
host semiconductor atoms is substituted by transition metal ions
bearing a net magnetic moment. Pursuing this situation several
systems have been investigated in the past decade, among which
those based on ZnO doped with 3d transition-metal ions have
shown the most promising results so far [6–9]. More specifically,
it has been reported that the wide-band-gap semiconductor ZnO
exhibits ferromagnetism with a Curie temperature (Tc) above
room temperature when the oxide is doped with a few atomic
percent of Co [10–12]. However, a thorough study of the literature
shows that most of the results and the provided explanations are
contradictory, with some reports presuming the absence of room-
ll rights reserved.

o).
temperature ferromagnetic behavior in the Co:ZnO system
[13–15]. Behind this controversy, it is found that magnetism is
actually very sensitive to the conditions employed for growing the
DMS material. This is mainly because depending on these growing
conditions, samples consisting of single-phase random alloys,
nanoclusters of magnetic atoms, precipitates and second-phase
formation, or a combination of these, can be obtained. For
example, for the system under investigation in this contribution,
Co-doped ZnO, some authors claim that the observed ferromag-
netism may be due to the presence of nanometer-sized Co-metal
precipitates [16–18]. Instead of that, some others suggest a
carrier-mediated exchange mechanism in the ZnO matrix of a
homogeneous CoII:ZnO solid solution, i.e. atomic-scale dissolution
of Co ions in wurtzite ZnO [15,19,20]. However, the substitution of
Co2+ for Zn2+ in ZnO is difficult since under thermodynamic
equilibrium the solubility of Co in zincite oxide is only around
6.5 at% at 1073 K, and then decreases with temperature [21].
Moreover, some papers claim that the equilibrium solubility of Co
in ZnO might be exceeded by using non-equilibrium film growth
processes [12,21,22]. However, the lack of reproducibility of the
prepared ZnCoO films, even by the same deposition technique and
for the same cobalt concentration, shows how difficult it is to
dissolve cobalt in the ZnO matrix in a controlled way. Hence, the
formation of secondary phases is also a possibility that has been
taken into account: CoO is assumed to exhibit a weak ferromag-
netic response [12], whereas the formation of the spinel ZnCo2O4

seems to decrease the possibility of ferromagnetism in this system
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[23]. More recently, however, the presence of Co3O4, although
antiferromagnetic itself, has been invoked as the origin of the
observed room-temperature ferromagnetic response [24]. But
the situation is even more complex given that in air atmosphere
the CoII/CoIII couple experiences several redox processes with
temperature. This leads to the formation and decomposition of
different compounds with different crystal structures, and this
will strongly influence the diffusion behavior in the proposed
DMS material.

Within this frame, it is clear that a picture of the micro-
structural evolution of the Co:ZnO system is still lacking. In this
study, we solve this by analyzing the solid state chemistry of the
Co:ZnO system as a function of temperature. The formation of
solid solution, precipitates and/or second phases is investigated in
terms of solid state diffusion.
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Fig. 1. DTA-TG curves for the CoO raw material used in this study.
2. Experimental procedure

The solid state interaction in the Zn–Co–O system is first
investigated by using the well-known technique of the diffu-
sion couples. This technique has been proved quite successful for
studying the interaction between different binary, ternary
and multiphase ceramic systems [25]. ZnO and CoO analyti-
cal grade chemicals (Sigma-Aldrich) were used as starting
powders to prepare the pellets of the diffusion couple. Never-
theless, due to the mentioned reduction processes of the
CoO compound, the initial CoO pellet is referred to as the CoOx

pellet. The preparation of the couple is described elsewhere [26]:
a 20-mm-diameter base of ZnO powder was first pressed
at 50 MPa; subsequently, a 6-mm-diameter pellet of CoO
powder, previously pressed at 200 MPa, was placed over this
base, and the die was filled with more ZnO powder till the
cobalt pellet was totally covered. The whole ensemble was
pressed at 250 MPa. The diffusion couple thus obtained was fired
in air atmosphere at temperatures ranging from 873 to 1273 K
with 12 h dwell time. Up to five samples were fired at each
temperature.

Following the results of the diffusion couple analyses, the
preparation of the Zn0.99Co0.01O nominal composition was
attempted by applying a highly reactive co-precipitation method.
Polycrystalline samples were obtained via a single-source crystal-
line oxalate precursor, which ensures random atomic-scale
mixing of the ions involved [15]. The precursor was obtained
by room-temperature co-precipitation with oxalic acid of aqueous
solutions of zinc and cobalt acetates, Zn(CH3COO)2 �2H2O
and Co(CH3COO)2 �4H2O. Reagent-grade raw materials (Sigma-
Aldrich) were used in all cases. The precipitated oxalate
was calcined at 673 K to cleanly decompose it into the corre-
sponding oxide. More details about the synthesis method are
described elsewhere [13]. The calcined powder was pressed
into pellets and heated at temperatures ranging from 873 to
1373 K for 2 h.

The thermal evolution of the CoO raw material was followed by
differential thermal analysis and thermogravimetry (DTA-TG) on a
Netzsch STA 449 C instrument in air atmosphere at a heating rate
of 3 K/min. Characterization of the diffusion couples and the co-
precipitated samples was carried out on a Cold Field Emission-
Scanning Electron Microscope (Model S-4700 Hitachi) equipped
with an Energy Dispersive Spectroscopy Microanalysis Probe
(EDS). The couples were fractured and the pellets were carefully
separated, and problems arising with topology were overcome by
the use of a double-tilt sample holder in the microscope. The
thermal evolution of the co-precipitated samples was also
followed by means of X-ray diffraction (XRD) using a Bruker
AXS Endeavor 4 Diffractometer.
3. Results and discussion

3.1. DTA-TG and EDS analyses

DTA-TG measurements depicted in Fig. 1 show the thermal
evolution in air of the raw CoO used in this study. A weight gain of
approximately 6.1% is observed in the range 673–973 K, accom-
panied by a sharp weight loss of 6.6% when temperature increases
above 1173 K. These two processes correspond to the oxidation of
the starting CoO–Co3O4 and the later decomposition of this
last one to give again the monoxide, respectively [27]. Both
compounds exhibit well-differenced crystal structures. EDS
analyses of samples fired below 873 K show no evidence of zinc
diffusing into the cobalt oxide pellet. At this temperature the
oxidation of starting CoO is in progress, but no diffusion of cobalt
into ZnO is detected. The first indication of reactivity takes place
when the couples are treated at 973 K for 12 h. Short-range
diffusion is observed in both directions at this temperature, see
Fig. 2. Although a significant degree of data scattering was
observed, EDS signals yield around 1–3 at% of Zn in the vicinity of
the contact surface of the CoOx pellet (already Co3O4 at this
temperature). The Zn signal decreases with distance to the
surface, and at 15mm inside the pellet no more zinc could
be detected (Fig. 2a). On the other hand, the presence of cobalt in
the ZnO pellet is detected at the contact surface, and at 30mm
inside, its presence is negligible (Fig. 2b). When the firing
temperature is increased to 1073 K, the diffusion of Zn into the
Co3O4 pellet is increased. It yields around 6–8 at% of Zn at the
contact surface, and now it can be detected almost 40mm inside
the cobalt oxide pellet (Fig. 3a). Similarly, the diffusion of Co into
the ZnO pellet also noticeably increased at this temperature.
Around 4–6 at% of Co is detected at the contact surface of the ZnO
pellet. However, in this case the diffusion covers a longer range
and some Co could be detected almost 500mm inside the ZnO
pellet (Fig. 3b). When firing at 1173 K, an increase in the Zn
diffusion is again detected, which now extends up to 300mm
inside the CoOx pellet. Conversely, the diffusion of cobalt into ZnO
now seems to decrease. A lower amount of cobalt is detected at
the contact surface and its presence is reduced to less than 50mm
from this surface (Fig. 4). Finally, after firing the couples at 1273 K
for 12 h, two different behaviors are observed, see Fig. 5. On the
one hand, the diffusion of zinc continues its tendency to increase
and it can be detected up to 700mm inside the CoOx pellet. On the
contrary, the diffusion of cobalt is completely inhibited at 1273 K.

To summarize these results, the data depicted in Fig. 6
represent the maximum diffusion distance as a function of
temperature for the Zn and Co species into the corresponding
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Fig. 2. EDS analyses of the couple fired at 973 K for 12 h performed at different

distances from the contact surface. (a) CoOx pellet. From below: spectra of the

contact surface and 15 mm inside. (b) ZnO pellet. From below: spectra of the

contact surface and 30 mm inside.
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Fig. 3. EDS analyses of the couple fired at 1073 K for 12 h performed at different

distances from the contact surface. (a) CoOx pellet. From below: spectra of the

contact surface, 20 mm inside and 40 mm inside. (b) ZnO pellet. From below:

spectra of the contact surface, 20 mm inside, 200 mm inside and 500 mm inside.
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pellets of the couple. By maximum diffusion distance, we assume
the distance beyond which no further diffusion is detected by EDS.
As observed, two different patterns are obtained for Zn and Co
species. Diffusion of Zn into the CoOx pellet continuously
increases from slight short-range diffusion at 973 K to a large
range at 1273 K. Meanwhile, Co diffusion reaches a maximum at
1073 K and then continuously decreases with temperature until
1273 K, when it is completely inhibited. Furthermore, dashed lines
in the plot of Fig. 6 represent the temperature values at which the
transformations between CoO and Co3O4 compounds take place.
According to this representation, it is possible to infer that the
diffusion behavior in the ZnO–CoOx system is determined by these
transformations between the two cobalt oxides, especially in the
case of cobalt ions going into the ZnO structure.

3.2. ZnO– CoO diffusion patterns

CoO has the rock-salt structure with CoII ions in six-fold
coordination. Recent studies indicate that CoII ions adopt a high-
spin configuration in this arrangement [28], which implies an
ionic radius of 0.745 Å [29]. On the other hand, ZnO has a wurtzite
structure with ZnII ions in four-fold coordination and an ionic
radius of 0.60 Å. The ionic radius of CoII decreases to 0.58 Å in
tetrahedral coordination and the ionic radius of ZnII increases to
0.74 Å when progressing to octahedral coordination [29]. At first
this similarity in charge and ionic size suggests the possibility of
substitutional solid solution for both the CoII into the ZnO
wurtzite structure and the ZnII into the CoO rock-salt structure,
respectively. The EDS results show that in the temperature range
between 873 and 973 K, no zinc diffuses into the rock-salt
structure (Fig. 6). At these low temperatures, we can assume that
ZnII diffusion has not been activated yet. This is confirmed by the
fact that at temperatures above 1173 K, when the CoO compound
is again present, the diffusion of ZnII into this rock-salt structure is
greatly enhanced (Fig. 6). In the case of CoII ions diffusing into the
wurtzite structure, the situation is however different. No diffusion
of cobalt is detected in any moment from the rock-salt structure of
the CoO compound or even at the high-temperature range
between 1173 and 1273 K (Fig. 6). This indicates that for the CoII

ions to be released from the rock-salt arrangement, higher
temperatures than those tested in this study are required. In
other words, CoII diffusion from CoO seems to show high
activation energy.

3.3. ZnO– Co3O4 diffusion patterns

CoIICo2
IIIO4 has the normal spinel structure with CoII ions in

tetrahedral and CoIII in octahedral sites within the cubic closest
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packing (ccp) lattice of oxide ions. This is attributed to the
dominating advantage of placing the d6 ions in octahedral sites,
where adoption of the low-spin configuration gives it a decisively
favorable crystal field stabilization energy [30]. Consequently, the
ionic radii of the cobalt species in the spinel structure are 0.58 and
0.545 Å for the CoII and CoIII ions, respectively [29]. As mentioned,
the ionic radius of ZnII in four-fold coordination is 0.60 Å; hence,
ZnII ions could feasibly substitute the CoII ions in the tetrahedral
positions of the spinel arrangement. This is confirmed by an
increased diffusion of Zn species in the range 973–1173 K (Fig. 6).
With regard to cobalt diffusion, there is no evidence of CoIII ions
being stable in tetrahedral coordination [29]; hence, the possibi-
lity of Co:ZnO solid solution is restrained to the diffusion of CoII

ions into the wurtzite tetrahedral positions. The results show that
now, contrary to the rock-salt structure, cobalt ions can easily
leave the spinel arrangement and diffuse into the ZnO pellet
(Fig. 6).

Therefore, whereas the diffusion of zinc ions into the CoOx

pellet is simply determined by the usual thermodynamic and
kinetics requirements, the diffusion of cobalt into ZnO strongly
depends on the crystal structure of the starting cobalt oxide. The
Co:ZnO solid solution, actually CoII:ZnO solid solution, could only
be achieved once the Co3O4 phase is formed. It has subsequently a
limited stability: as the CoIII–CoII reduction process progresses, the
rock-salt structure is again formed and from this structure, within
the range of temperatures studied in this work, the diffusion of
the CoII ions is not possible. Besides, there is another interesting
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result that can be extracted from EDS analyses: in these samples
the postulated formation of the ZnCo2O4 spinel phase [23] was
never observed for the whole range of tested temperatures. Nor
was it detected at the contact surface of the pellets (the formation
of a spinel phase has been observed in analogous systems
prepared by solid state, meaning Zn–Mn–O [26,31,32]). According
to these results, increasing the reactivity of the system might be
critical in obtaining reliable CoII:ZnO solid solution materials. As is
well known, an increased degree of reactivity is achieved when
the ceramic powders are prepared from chemical precursors of
the involved ZnII and CoII cations. In this sense, we attempt the use
of a highly reactive co-precipitation synthesis to analyze the
microstructural evolution of the Zn1�xCoxO system.
10 µm
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Fig. 8. FE-SEM micrograph and EDS analysis of co-precipitated powder of nominal

composition Zn0.99Co0.01O treated at 1373 K for 2 h.
3.4. Zn1�xCoxO co-precipitated samples

As mentioned in the Experimental procedure, this part of the
work was carried out by applying an oxalate-precursor co-
precipitation method to obtain polycrystalline samples of the
Zn0.99Co0.01O nominal composition. The as-precipitated powder
was calcined at 673 K for 4 min, leading already to a homogeneous
soft green coloration of the sample. This powder was initially
characterized on the microscope (FE-SEM). As can be seen in Fig. 7,
a fine homogeneous nanometer-sized powder without clusters of
secondary phases (spinel phase, rock-salt) is obtained. Although
qualitative, EDS analyses of this powder reveal the presence of
cobalt all around the sample. Pellets of the calcined powder were
then pressed and sintered. For the whole range of tested
temperatures, XRD spectra of the heated pellets showed only
peaks corresponding to the ZnO wurtzite (not depicted here),
without any secondary phase being detected by this technique.
Fig. 8 shows the FE-SEM micrograph of the sample treated at
1373 K for 2 h. No secondary phases are detected in this sample
and the EDS analyses on polished surface yield 1 at% of Co inside
the ZnO grains, evidencing the existence of the CoII:ZnO solid
solution, see Fig. 8. From these results we can infer that in the co-
precipitated samples, the formation of the CoO rock-salt structure
from the CoII precursor is inhibited in the range of temperatures
tested in this study. Instead, the CoII ions diffuse inside the
wurtzite structure at lower temperatures, no segregation of CoIII

ions to the grain boundaries is observed, no spinel phase
(whatever ZnCo2O4 or Co3O4) is thus formed and the subsequent
transformation to the rock-salt structure is therefore avoided,
hence a stable CoII:ZnO solid solution can be obtained up to a high
temperature.
Fig. 7. FE-SEM micrograph of co-precipitated powder of nominal composition

Zn0.99Co0.1O after calcination at 673 K for 4 min.
4. Conclusions

The analysis of the solid state interaction in the Zn1�xCoxO
nominal system reveals that the formation of a homogeneous
Co:ZnO solid solution is determined by the crystal structure from
which CoII ions diffuse into the wurtzite lattice. No diffusion is
observed whenever the CoO rock-salt structure is formed from the
CoII precursor. From the Co3O4 spinel phase, the diffusion is
feasible but has a limited temperature range defined by the
reduction at a high temperature of CoIII–CoII, since this process
again leads to the formation of the rock-salt. However, when a
highly reactive co-precipitation method is used, no spinel phase is
formed and the subsequent transformation to the rock-salt
structure is therefore avoided. Instead a CoII:ZnO solid solution
is achieved at the temperature of calcinations, which remains
stable up to high temperatures.
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