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The mixed oxides Fe2O3-ZnO have been obtained in nanocrystalline state by reactive milling in a high-energy
planetary mill, from a stoichiometric mixture of hematite and ZnO. The magnetic properties of samples were eval-
uated by magnetization measurements and Mössbauer spectrometry. A post milling annealing promotes the solid
state reaction and improves the zinc ferrite formation, paramagnetic ZnFe2O4 phase is formed. Further mechanical
activation leads to structural transformation into Wüstite-type (FeZn)O mixed oxide, with ferromagnetic hysteresis
and increased magnetization.
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1. Introduction
Mixed oxides are the oxygen-containing combination

of two or more metallic ions. They have many indus-
trial applications in electronics, ceramics and catalysis.
Wide-gap diluted magnetic oxide semiconductors, like
the Fe2O3-ZnO mixed oxide, combine their electric con-
ductivity with ferromagnetism and optical transparency,
thereby opening up the possibility of new device con-
cepts. Spinel ferrites have very important technological
applications in sensor techniques, medical diagnostics,
drug-delivery and information storage. Various synthesis
methods, such as a chemical route [1] sol-gel combustion
method [2], thermal decomposition of metal-surfactant
complexes [3] have been used for preparation, which can
lead to magnetic properties on diverse scales. Mechanical
activation, especially ball milling is a simple and suitable
alternative method for preparation of mixed oxides [4].
The aim of this work is to prepare mechanically syn-
thesized Fe2O3-ZnO mixed oxides and characterize their
magnetic properties.

2. Experimental
Mechanochemical synthesis of Fe2O3-ZnO mixed ox-

ides was performed in a laboratory planetary mill Pul-
verisette 6 (Fritsch, Germany) by high-energy milling
of hematite and ZnO in stoichiometric ratio 1:1. For
the mechanochemical synthesis the following experimen-
tal conditions were applied: loading of the mill, 50 balls
of 10 mm in diameter; material of milling chamber and
balls was tungsten carbide; volume of milling chamber,
250 ml; room temperature; rotational speed of the mill
planet carrier 400 min−1; milling time, 10 min. dry
milling and subsequent wet milling in the presence of
ethylcellulose. Sample 1 is as-synthesized, Sample 2 is
annealed at 600 ◦C, Sample 3 is annealed at 700 ◦C, and
additionally mechanically activated for 4 h.
X-ray powder di�raction patterns (XRD) of the sam-

ples were taken at room temperature using a D8 Advance
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di�ractometer (Bruker, Germany), equipped with a
Θ/Θ goniometer, Cu-Kα radiation, secondary graphite
monochro-mator and scintillation detector in Bragg-
Brentano geometry. The di�raction data were collected
over an angular range 15◦ < 2Θ < 80◦ with steps of 0.03◦

and a �xed counting time of 25 s/step. For the phase
identi�cation and full pro�le �tting the Di�racplusEva
and Di�racplusTopas software has been utilized, respec-
tively.
Transmission 57Fe Mössbauer spectra were obtained

at room temperature with a Wissel electromechanical
Mössbauer spectrometer (Wissenschaftliche Electronik
GmbH, Germany) working at a constant acceleration
mode. A 57Co/Cr source and a α-Fe foil standard were
used.
The magnetization curves were investigated using a

vibrating sample magnetometer, operating in magnetic
�elds up to 6 T in temperature range of 4�290 K.

3. Results and discussion

XRD analysis (Fig. 1) reveals the di�erent phase com-
position of the samples. Mechanical activation at the
given conditions does not lead to complete conversion of
reagents to mixed oxide. The product consists of un-

Fig. 1. X-ray di�raction spectra of the samples: (1)
as-mechano-synthesized (2) annealed at 600 ◦C (3) an-
nealed at 700 ◦C and additionally mechanically acti-
vated.
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Fig. 2. Room temperature magnetization curves of the
samples.

reacted hematite and ZnO, with a small degree of Fe
incorporation. The average crystallite size is between
10�20 nm. Annealing of the product at 600 ◦C leads to
the formation of ferrite type mixed oxide ZnFe2O4 with
crystallite size of about 60 nm, but considerable amount
of reagents remains unreacted. Annealing at 700 ◦C pro-
motes the formation of zinc ferrite, which is the major
phase (not shown). Further mechanical activation re-

sulted in Wüstite-type tetragonally distorted mixed ox-
ide, with prevalence of Fe, and �ne crystalline structure
in the range below 10 nm.
Mössbauer technique was used to study the magnetic

properties and ionic state of the iron in Fe2O3-ZnO mixed
oxides (Table). The measured spectra represent doublets
or combination of a doublet (Db) and sextet (Sx). The
hyper�ne parameters for the sextets are in correspon-
dence with those for Fe3+ ions, octahedrally coordinated
in hematite (α-Fe2O3-substance with antiferromagnetic
or weakly ferromagnetic properties). The parameters of
the doublet components are those of the Fe3+ ions of
octahedral coordination in the paramagnetic ZnFe2O4

phase. One can estimate the approximate ratio between
the iron-containing phases in the samples based on the
ratio between the relative weights of the components G
(Table).
The results of magnetization measurements at room

temperature are summarized in Fig. 2. Sample 1 shows
hysteresis (coercivity HC ∼ 25 mT) and its magnetiza-
tion does not saturate in magnetic �eld of 6 T. Sample 2
is paramagnetic at room temperature, however, at 4 K,
hysteresis loops with HC ∼ 80 mT have been observed
(not shown) and the magnetization does not saturate as
well. Sample 3 has the largest magnetization and shows
ferromagnetic-like hysteresis with HC ∼ 32 mT.

TABLE

Parameters of the Mössbauer spectra of the investigated samples. IS�isomer shift, QS�quadrupole
splitting, Heff�hyper�ne �eld, FWHM�full width at half maximum, G�relative weights.

Sample code Components IS QS Heff FWHM G

(mm/s) (mm/s) (T) (mm/s) (%)

Sample 1 Sx-α-Fe2O3-Fe
3+ 0.37 -0.17 51.5 0.37 98

Db-ZnFe2O4-Fe
3+ 0.35 0.40 - 0.46 2

Sample 2 Sx-α-Fe2O3-Fe
3+ 0.38 -0.19 51.6 0.28 22

Db-ZnFe2O4-Fe
3+ 0.35 0.39 - 0.36 78

Sample 3 before Db-ZnFe2O4-Fe
3+ 0.35 0.40 - 0.41 100

second milling

4. Conclusions

Mechanochemical reaction between hematite and ZnO
in planetary mill formed a precursor, which was subse-
quently heated to successfully produce ZnFe2O4. The
reaction begins after the amorphization of ZnO, whereas
α-Fe2O3 is still crystalline. It has been found that the
obtained milled powder after annealing is a spinel-type
structure with paramagnetic behaviour. Additional me-
chanical activation leads to the formation of Wüstite-
type (FeZn)O mixed oxide showing ferromagnetic hys-
teresis and increased magnetization.

Acknowledgments
This work was supported by the National Science Fund

of Bulgaria (project DNTS/Slovakia 01/3), by the Slovak
Agency for Science and Development (APVV-0189-10),
Ministry of Education of the Slovak Republic (VEGA -

1/0861/12), through a bilateral project between Bulgar-
ian and Slovak Academy of Sciences, and through the
European Regional Development Fund (nanoCEXmatI-
26220120019 and nanoCEXmatII-26220120035).

References

[1] A.K. Mishra, D. Das, Mater. Sci. Eng. B 171, 5
(2010).

[2] T. Tangcharoen, A. Ruangphanit, W. Pecharapa, Ce-
ramics Inter. 39, S239 (2013).

[3] Ch-Yao, Q. Zheng, G.F. Goya, T. Torres, J. Liu,
H.Wu, M. Ge, Y. Zeng, Y. Wang, J.Z. Jiang, J. Phys.
Chem. C 111, 12274 (2007).

[4] P. Baláº, Mechanochemistry in Nanoscience and
Mineral Engineering , ISBN: 3540748547, Springer-
Verlag, Berlin Heidelberg, (2008).

http://dx.doi.org/10.1016/j.mseb.2010.03.045
http://dx.doi.org/10.1016/j.mseb.2010.03.045
http://dx.doi.org/10.1016/j.ceramint.2012.10.069
http://dx.doi.org/10.1016/j.ceramint.2012.10.069
http://dx.doi.org/10.1021/jp0732763
http://dx.doi.org/10.1021/jp0732763

