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bstract

olycrystalline samples with nominal composition Zn1−xMnxO have been prepared by a co-precipitation technique in which kinetics of high tem-
erature reactions are favoured by the use of highly reactive particles. Structural and compositional analysis reveal that following the decomposition
f the oxalate precursor a secondary ZnMnO phase is formed already at 400 ◦C. By means of XRD and HRTEM, a defect spinel-type structure is
3

resumed for this Zn–Mn–O compound. A diluted magnetic semiconductor in which Mn atoms are homogeneously substituting Zn atoms in the
emiconductor matrix is not obtained in the whole temperature range by this synthesis method. The microstructural situation is then far from that
heoretically predicted for spintronic systems.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Materials for spintronics (spin-based electronics) combine
he complementary properties of ferromagnetic material sys-
ems and semiconductor structures. In the so called diluted
agnetic semiconductors (DMS) a stoichiometric fraction of

he host semiconductor atoms is randomly replaced by mag-
etic atoms and the resulting solid solution is semiconducting,
ut can possess well-defined magnetic properties (e.g., param-
gnetic, antiferromagnetic and ferromagnetic) that conventional
emiconductors do not have.1 One of the systems which attracted
ore attention is that of ZnO doped with Mn, mainly because

inc oxide is a direct wide band gap semiconductor with potential
tility in UV photonics and transparent electronics. A num-
er of experimental works have been conducted reporting the
ppearance of ferromagnetism above 25 ◦C in the Zn1−xMnxO
ystem, but in most cases the achieved results and explanations
re contradictory.2–4 The origin of such discrepancies should
e found on the fact that the mechanism leading to ferromag-
etic ordering is still far from understood, and this finally falls
n the absence of an accurate description of the microstruc-

ure in the Zn–Mn–O system. On one hand the ionic radius of

n2+ (0.66 Å) is relatively close to that for Zn2+ (0.60 Å), which
ill suggest moderate solid solubility without phase segrega-
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ion. The practice shows however that magnetic ions typically
xhibit low solubilities in their respective host semiconduc-
ors, i.e., the major difficulty in making ZnO ferromagnetic is
he low solubility limits for magnetic impurities such as Mn2+

more even at the low temperatures employed to grow the DMS
aterial).5 Hence the possibility that secondary-phase forma-

ion is involved should be also considered. Some approaches
n the other hand suggest that the magnetic atoms form small
lusters (a few atoms) producing the observed ferromagnetism
n the Mn–Zn–O system,6 and more recently it has been asso-
iated with the coexistence of Mn3+ and Mn4+ oxidation states
t the diffusion front of zinc into manganese oxide.7 Within this
ackground the issues of structure, composition and secondary-
hase formation should be carefully addressed previous to assign
he origin of ferromagnetism in these transition metal-doped
emiconductors. The present contribution deals with the phase
volution of the Zn1−xMnxO system in an attempt to clarify
hether the real situation is so far from the theoretical predic-

ions, in which a homogenous Mn–ZnO solid solution should be
xpected.

. Experimental procedure
Magnetism in ZnO particles with small additions of Mn
s very sensitive to the synthesis conditions so a single-
ource precursor where both ions are already intimately mixed
s certainly desirable. Polycrystalline samples with nominal

mailto:marco.peiteado@ijs.si
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.062
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omposition Zn1−xMnxO (x = 0, 0.01, 0.02, 0.05, 0.1 and
.2) were thus prepared via an oxalate precursor, which in
ddition decomposes in clean manner to give metal oxides.
he oxalate precursor Zn1−xMnx(C2O4)·2H2O was obtained
y room temperature co-precipitation of aqueous solutions
f zinc and manganese acetates, Zn(CH3COO)2·2H2O and
n(CH3COO)2·4H2O, with oxalic acid. More details on the

ynthesis method are described elsewhere.8

Thermal evolution of the samples was followed by differ-
ntial thermal analysis and thermogravimetry (DTA-TG) on a
etzsch STA 449 C instrument in air atmosphere at a heat-

ng rate of 5 ◦C/min. In order to understand the nature of the
nvolved phases, samples were calcined at different temperatures
anging from 400 to 1000 ◦C for 12 h. Grounded powders were
hen characterized by X-ray diffraction (XRD) using a Bruker
XS Endaevor 4 Diffractometer. For TEM investigations the

alcined powders were deposited on a copper-grid-supported
ransparent carbon foil. The samples were examined by a field-
mission electron-source high resolution transmission electron
icroscope HRTEM (JEOL 2010 F), operated at 200 kV. The
icroscope is equipped with an EDS microanalysis system

LINK ISIS EDS 300).

. Results and discussion

Given the level of dilution of the magnetic atoms in the
nO compositions with lower additions of Mn, the evolution
f the system is more easily followed on the composition with
he higher amount of dopant, that is x = 0.2, although a simi-
ar behaviour was obtained for all other compositions. Fig. 1
epicts DTA-TG curves of sample Zn0.8Mn0.2O and shows the
hermal decomposition of the oxalate precursor: an endothermic
ehydration of the oxalate around 160 ◦C and its exothermic
ecomposition below 400 ◦C, with a total weight loss (WL)
f 56.5%. Above this temperature no significant changes were
etected in the curves, particularly in TG, although they could
e masked by the total weight loss of the oxalate. To verify this
eature the same composition was calcined at 400 ◦C for 48 h
oxalate decomposition completed) and DTA-TG analyses were
epeated. A small and continuous weight loss was observed dur-

ng the whole heating range, but again with no sharp changes in
he DTA curve. However, thermochemistry of manganese oxides
n air atmosphere is known to involve different redox reactions
bove 500 ◦C,9 which are not being detected here. So apparently

ig. 1. TG/DTA curves of the oxalate precursor for sample with nominal com-
osition Zn0.8Mn0.2O.
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ig. 2. XRD patterns of Zn0.8Mn0.2O powder samples calcined for 12 h at
ifferent temperatures (�, ZnO; � , ZnMnO3).

he kinetics of the different processes involving changes in the
xidation state of manganese is being altered by the presence of
inc oxide.

Fig. 2 shows the XRD patterns of Zn0.8Mn0.2O powder sam-
les treated at different calcination temperatures. As observed,
lready after calcination for 12 h at 400 ◦C (that is above the
ecomposition temperature of the oxalate precursor), broad
eaks of diffraction are obtained that suggest partial crystallinity.
ith temperature these peaks become sharper due to crystallite

rowth, and then it is possible to see that besides the large peaks
orresponding to the ZnO wurtzite structure, smaller peaks of
secondary phase are also present. These peaks match to the

attern of ZnMnO3 compound which crystallizes on a cubic
ymmetry with lattice parameter a = 8.35 Å (JCPDF file no.
9–1461). This last compound has been previously detected
y other authors,3,10,11 although not at such low temperatures.
oreover, its structure has not been reported jet. However, from

he similarity of its XRD pattern with the pattern of spinel it
ould be concluded that it has spinel-related structure. Increas-
ng the temperature leads to an increase in the total amount of
his secondary phase, which reaches a maximum around 800 ◦C;
n fact at this temperature it can be detected even in the systems
ith lower additions of manganese (see Fig. 3). At calcination
emperatures above 800 ◦C, the intensity of these secondary-
hase peaks decreases, they become broader and their position
s shifted. Most probably, the compound ZnMnO3 decomposes
bove ∼800 ◦C and one or more new compounds are formed.
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ig. 3. XRD powder patterns of samples with different Zn1−xMnxO nominal
omposition, after calcination for 12 h at 800 ◦C (�, ZnMnO3; rest of the peaks
elonging to ZnO phase).

dentification of these compounds with XRD is hampered by the
verlapping and low intensity of the different peaks.

Fig. 4a shows TEM image of composition Zn0.8Mn0.2O after
alcining at 500 ◦C. Two types of particles can be observed: par-
icles in shape of hexagonal prisms of approximately 300 nm in
ize, and smaller particles with an average size of ∼15 nm (see
nset in Fig. 4a) arranged together in the form of large platelet-
ike agglomerates. Selected area electron diffraction (SAED)

attern taken from the larger particles (Fig. 4b) match with the
nO wurtzite structure. Also EDS analyses of these particles evi-
ence the presence of just zinc and oxygen, without any trace
f manganese. On the other hand, SAED pattern taken from

p
h
a
f

ig. 4. Microstructure of Zn0.8Mn0.2O sample calcined for 12 h at 500 ◦C. (a) Brig
articles of secondary phase. (b) SAED pattern taken from the large particle marked in
tructure along the [1-21-3] direction. (c) SAED pattern taken from the agglomera
= 0.835 nm).
eramic Society 27 (2007) 3915–3918 3917

he agglomerate of smaller particles (Fig. 4c) shows diffrac-
ion rings characteristic of a polycrystalline sample that can be
ndexed according to a spinel structure. EDS of individual parti-
le of these agglomerates indicate both the presence of zinc and
anganese. Quantification of the spectra yields a Zn/Mn ratio

lose to 1, so matching the ZnMnO3 formula.
The general appearance of the two-phase system does not

hange much with temperature as followed by TEM, apart from
ncrease in particles size. ZnO particles had size of 12 nm after
alcination at 400 ◦C and grow up to 900 nm at 800 ◦C. The par-
icles of the secondary phase grow from 7 nm at 400 ◦C to 50 nm
t 800 ◦C however they remain agglomerated in these plate-
ike agglomerates. The origin of the agglomerate shape should
e attributed to the precursor employed. Above 800 ◦C these
gglomerates start to react and disappear, which is consistent
ith the results obtained with XRD.
According to these results it is inferred that when preparing

amples with nominal composition Zn1−xMnxO by a method
hat provides good homogeneity, a binary system is obtained
omprising ZnO and a secondary ZnMnO3 phase. This last one,
hich points towards a spinel-like structure, is formed simul-

aneously with the decomposition of the oxalate precursor at
emperatures as low as 400 ◦C and remains stable till 800 ◦C.
he confinement of manganese into the ZnMnO3 structure slows
own the kinetics of the different reduction processes of man-
anese. This comes to explain the absence of significant signals
n the DTA-TG curves above 400 ◦C. On the other hand, the
resence of manganese in this secondary phase also seems to
educe the possibility of Mn–ZnO solid solution at low tem-

eratures. At higher temperatures we could not clarify what is
appening with the Mn after the ZnMnO3 decomposition, but
gain a homogeneous diluted magnetic semiconductor is not
ound. In other words a homogeneous sample with Mn atoms

ht field TEM image. Inset shows magnified part of the agglomerates of small
the micrograph with b. The pattern was indexed according to the ZnO wurtzite

tes of small particles, indexed according to a spinel related structure (cubic,
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ubstituting Zn atoms of the ZnO matrix is never obtained by this
eactive method. Hence and, although no magnetic characteriza-
ion is reported in this paper, the fact is that even if these samples
how ferromagnetic behaviour, the microstructural situation is
eally far from that predicted theoretically and new mechanisms
hould be addressed to describe the ferromagnetic response in
his system.7 Nevertheless further experiments are in progress to

ore precisely determine the magnetic behaviour, the structure
nd the thermal evolution of this co-precipitated system as well
s of the pure ZnMnO3 phase.

. Conclusions

The phase evolution of ZnO ceramics with small additions of
n was studied on a highly reactive co-precipitated system. Fol-

owing the decomposition of the oxalate precursor, the formation
f a ZnMnO3 secondary phase is observed at temperatures as low
s 400 ◦C. A defect spinel-type structure with manganese prob-
bly in different oxidation states is presumed for this Zn–Mn–O
hase. Although the decomposition of this phase at high temper-
ture remains to be described, a diluted magnetic semiconductor
n which Mn atoms are homogeneously substituting Zn atoms
n the semiconductor matrix is not obtained by this method in
he whole temperature range.
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