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Abstract. Nanoparticles in the n(Fe2O3)/(1-n)ZnO system (where the composition index n=0.05,
0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 0.70) were prepared by using a microwave assisted
hydrothermal method. According to XRD analysis the main phase was ZnFe2O4. The ferromagnetic
resonance (FMR) investigation of the obtained samples has been carried out at room temperature.
An almost symmetrical and very intense magnetic resonance line centred near g = 2.0 was
recorded in all samples. The integrated intensity of lines increased with the ferrite content,
reaching a maximum for n = 0.70. The magnetic resonance study has shown that the magnetic
resonance line originates from magnetic nanoparticles ZnFe2O4 and strongly depends on the
concentration of the ferrite spinel. The magnetic resonance results have been compared with a
similar study of samples the same system but obtained using a high temperature treatment in a
classical coprecipitation-calcination synthesis. The analysis of the magnetic resonance data
has shown that the concentration of ZnFe2O4 was smaller in samples obtained by the hydrothermal
method and this is consistent with XRD results.

1. INTRODUCTION

Doped ZnO with a relatively large direct band gap of
3.3 eV at room temperature is a very important
material in spintronics and is widely used in
optoelectronic devices [1-4]. Zinc oxide doped with
transition metal ions could be ferromagnetic at room
temperature and it belongs to the class of materials
called diluted magnetic semiconductors [5-8].
However, the origin of ferromagnetic state is not very
well understood. More experimental data are needed
to decide whether the magnetic state arises from
the magnetic ions substituting in the ZnO lattice or
from the secondary magnetic phases and metal
precipitates [9-13]. The ferromagnetism could be

formed by inclusions of nanoscale oxides of transi-
tions metals (or nanoparticles containing a large
concentration of magnetic ions). It was shown that
nanosize superparamagnetic precipitates can be
responsible for a ferromagnetic-like response at room
temperature [14].

Recently, ZnO nanopowders doped with iron
oxide synthesized by two methods: coprecipitation-
calcination and hydrothermal have been
characterized by XRD, Raman and magnetic
methods [15-19]. The nanocrystalline samples of
ZnO doped with Fe2O3 contain crystalline phases of
ZnFe2O4, -Fe2O3, and ZnO [15]. In a given sample
prepared using hydrothermal synthesis the amount
of ZnFe2O4 ferrite spinel phase is lower in comparison
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with the same sample synthesized by calcination
method [16-19]. The mean crystallite size of ZnFe2O4

varies from 8 to 12 nm with increase of -Fe2O3

content. The degree of agglomeration of
nanopowders depends on the amount of Fe2O3 and
decreases with increasing iron oxide content. The
Mossbauer spectra and magnetic measurements
at various temperatures have shown that the TN could
change for the bulk ZnFe2O4 ferrite from 9K up to
above 77K which could be attributed primarily to
the redistribution of Fe and Zn cations on the A and
B sites depending on the preparation technique [20-
23]. Usually the ZnFe2O4 spinel ferrite is
paramagnetic at room temperature.

Recently, the magnetic resonance technique
investigation of fine particles from the n(Fe2O3)/
(1-n)ZnO system (n = 0.05 to 0.7) prepared by the
calcination method has been carried out at room
temperature [24,25]. An almost symmetrical and
very intense magnetic resonance line was recorded
for all samples. The resonance line was centred near
g = 2.0 and its integrated intensity increased with
ferrite content, reaching the maximum value for n =
0.70. The exchange narrowing effect was observed,
especially for sample with n = 0.7 where the phase
of ferrite spinel coexisted with the ferromagnetic
-Fe2O3.

In this report we describe ferromagnetic
resonance (FMR) study at room temperature of fine
particles from the n(Fe2O3)/(1-n)ZnO system (for
n = 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and
0.70) prepared by the hydrothermal method.
Comparison of the obtained results will be made
with a related investigation of similar samples
obtained in the coprecipitation-calcination synthesis.

2. EXPERIMENTAL

A mixture of iron and zinc hydroxides was obtained
by addition of 2 M solution of KOH to a 20% solution
of a proper amount of Zn(NO3)2·6H2O and
Fe(NO3)3·4H2O in water. The obtained hydroxides
were put in the reactor with microwave emission.
The microwave assisted synthesis was conducted
under a pressure of 3.8 MPa for 15 min. The obtained
product was filtered and dried.

The phase composition of samples was
determined using X-ray diffraction (XRD) (Cu K
radiation, X’Pert Phi]ips . The mean crysta]]ite size
of the detected phases was determined using the
Scherrer’s formu]a. The specific surface area of the
nanopowders was determined by the Brunauer–
Emmett–Te]]er (BET  method using the equipment
Gemini 2360 of Micromeritics. The helium

Fig. 1. (a) Comparison of XRD patterns of n(Fe2O3)/
(1-n)ZnO nanopowders (for n = 0.05) obtained in by
the coprecipitation-calcination and hydrothermal
methods. (b) XRD patterns of ZnO doped by Fe2O3

in microwave hydrothermal process. Peaks
attributed to ZnO are marked as *, not marked peaks
are attributed to ZnFe2O4

pycnometer AccuPyc 1330 of Micromeritics was
applied to determine the density of powders. The
morphology of samples was investigated using
scanning electron microscopy (LEO 1530 and Zeiss
Supra).

The measurements of magnetic resonance
spectra were performed on conventional X-band
(  = 9.4 GHz) Bruker E 500 spectrometer with 100
kHz magnetic field modulation. Samples containing
around 20 mg of powder were placed in 4 mm
diameter quartz tubes. The measurements were
carried out at room temperature.

3. RESULTS AND DISCUSSION

Fig. 1a shows the XRD patterns of ZnO doped with
5% Fe2O3 obtained by two different methods of
preparation (hydrothermal and calcinations
processes). The ZnO phase dominates in both
cases. The contents of ZnFe2O4 phase increases
with decreasing concentration of ZnO phase for
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Fig. 2. Dependence of the specific surface area on
the concentration of the Fe2O3 component.

Fig. 3. Dependence of the density on the
concentration of the Fe2O3 component.

higher values of n (Fig.1b). For the overall range of composition index n the phases of ZnO and ZnFe2O4 can
be detected using XRD [16]. The intensity of peaks corresponding to the ferrite spinel increases with
increasing Fe2O3 content. The XRD pattern shows that up to n=0.20 only one ZnO phase is recorded,
however the shape of the peaks is not symmetric which suggested that some small amount of ferrite spinel
phase could be also present. The mean crystallite size of ZnFe2O4 varies from 8 to 12 nm. In samples
obtained by the hydrothermal process the amount of the ferrite spinel phase is lower in comparison with
samples obtained by the calcination process. In the XRD spectrum of the n=0.5 sample obtained in the
hydrothermal process the XRD peaks attributed to ZnO phase are visible, whereas in the case of  samples
synthesized by the calcination method they are much less evident. Despite the differences in the phase
composition, the samples obtained in microwave reactor had considerably larger specific surfaces and
smaller density comparing with the samples obtained in the calcination process.

Figs. 2 and 3 present the results of the specific surface area and density measurements. The increase
of Fe2O3 concentration in samples causes a drop of density and an increase of specific surface area. It is
also illustrated by the SEM images showing the morphology of obtained samples (Fig. 4). The powders
containing more iron oxide are less agglomerated than samples with a lower content of Fe2O3. The samples
obtained in microwave reactor had considerably larger specific surface area and smaller density compared
with the samples obtained in calcination process. A smaller density in comparison to the calcinated material
is connected with a finer grain size [16]. The surface layer of hydroxides may contribute to lower density,
the presence of a considerable amount of OH groups on the surface of hydrothermally synthesized powders
can be assumed. During this preparation procedure small amounts of Fe3O4 or Fe1-xO phases could appear
[26,27]. These phases could produce magnetic resonance spectra but from XRD and SEM measurements
it is known that the samples are dominated by two magnetic phases: -Fe2O3 and ZnFe2O4.

Fig. 5 presents the magnetic resonance spectra in a first derivative mode of a series of n(Fe2O3)/(1-
n)ZnO samples obtained by the hydrothermal process with the composition index ranging from    n = 0.05
to 0.70. The magnetic resonance spectra are dominated by slightly asymmetrical and very intense, broad
line similar as for samples obtained by the calcination method. The registered spectra are typical for
magnetic nanoparticles in a superparamagnetic phase [28,29]. The intensity of FMR spectra increases
with the composition index n what suggests that the spectra could be attributed to ZnFe2O4 nanoparticles.
For description of magnetic resonance spectrum of this type a few different relevant lineshapes have been
considered [30]. The obtained spectra of n(Fe2O3)/(1-n)ZnO samples have been fitted by the Landau-Lifshitz-
shape line. In case of the linear polarization of the microwave field and for a perfect ferromagnet the following
equation for the absorption Landau-Lifshitz lineshape could be used [30]:

r r H r H

r r H r r r

C H H H H
I H

H H H H H H H H

2 2 2 2 4

2 22 2 2 2 2 2
( ) ,

where C is a numerical constant, Hr is  the  intrinsic resonance field, and H is the intrinsic linewidth.
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Fig. 4. SEM images of n(Fe2O3)/(1-n)ZnO nanopowders obtained in the hydrothermal method: (a) n = 0.20;
(b) n = 0.40; (c) n = 0.60; (d) n = 0.70.

(a)

(b)

(c)

(d)

Fig. 5. Room temperature FMR spectra of n(Fe2O3)/
(1-n)ZnO nanopowders obtained by hydrothermal
method. The value of the composition index n is
given for each sample.

The fitting of the FMR spectra with a single
Landau-Lifshitz-shape line was very sucessful for
all samples except for the sample with the
composition index n = 0.70 (Fig. 6). It was found
that fitting with two Landau-Lifshitz lines significantly
improves the final result for that n = 0.70 sample.
This is to be expected as in that sample the amount
of ZnO might be to small to incorporate the whole
Fe2O3 component and, as a results, a small amount
of Fe2O3 remains in the form of separate iron oxide
nanoparticles. If the area under the absorption
magnetic resonance line is taken to be proportional
to the number of a specific type of nanoparticles
than in n = 0.70 sample the ratio of  numbers of
Fe2O3/ZnFe2O4 nanoparticles is close to 0.10.

Essential differences in magnetic response are
recorded in comparison with samples obtained by
the calcination process (see Fig. 7). In both cases
the FMR spectra are due to the aggregated ZnFe2O4

nanoparticles, but the concentration and the degree
of aggregation of magnetic nanoparticles is different.
Similar differences in FMR spectra due to the
concentration and aggregation differences were
previously observed in other magnetic nanosystems
[31-34].

In Fig. 8 the peak-to-peak amplitude, the reso-
nance field Hr, and linewidth H (calculated from the
fittings) as a function of the composition index n is
given. Because for sample n = 0.70 no satisfactory
fitting with a single line was achieved, it is not
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Fig. 6. Fitting of experimental spectra (dots) by a single Landau-Lifshitz-shape line (continuous line) for
samples with n = 0.20 (top panel) and n = 0.70 (bottom panel).

Fig. 7. Comparison of the FMR spectra of n(Fe2O3)/(1-n)ZnO nanopowders obtained by the coprecipitation-
calcination (continuous line) and hydrothermal (dashed line) synthesis: (A) n = 0.60, (B) n = 0.40, (C) n =
0.20, (D) n = 0.05.

presented in Fig. 8. As expected, the line ampli-
tude increases with the concentration of ZnFe2O4

nanoparticles for both types of samples and for the
same composition index the hydrothermal samples
have smaller concentration of ZnFe2O4. The
resonance field of the hydrothermal samples is bigger
than for the other ones. This may be connected with
the bigger agglomeration of ZnFe2O4 nanoparticles
in the hydrothermal samples. The resonance field
of hydrothermal samples does not depend on the
composition index, while it increases slowly with
the composition index for samples obtained by the
calcination process.

The dependence of the linewidth on the compo-
sition index for samples obtained by the two differ-
ent methods is very interesting (Fig. 8, bottom
panel). In samples containing small amounts of the
ZnFe2O4 phase (n < 0.40) significant differences in
the values of the linewidth are recorded for samples
prepared by the two different methods. The
broadening of FMR line is more significant for
samples obtained by the hydrotermal method for
small values of n. In contrast, for samples with
n = 0.40, similar linewidths are registered. For higher
values of the composition index (n > 0.40) the
linewidths of both types of sample are roughly the
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Fig. 8. Dependence of the FMR parameters of n(Fe2O3)/(1-n)ZnO nanopowders obtained by the
coprecipitation-calcination (squares) and hydrothermal (triangles) synthesis for different values of the
composition index n: signal amplitude (upper panel), resonance field (middle panel), and linewidth (bottom
panel).

Fig. 9. Dependence of the FMR integrated intensity
of n(Fe2O3)/(1-n)ZnO nanopowders obtained by the
coprecipitation-calcination (squares) and
hydrothermal (triangles) synthesis for different values
of the composition index n. The inset presents (in
an extended scale) samples producing the most
intense FMR signals.

same. It might be assumed that the exchange nar-
rowing process is responsible for the values of the
linewidths. Probably a smaller concentration of
ZnFe2O4 phase (for samples with n < 0.40) and
different morphology of samples prepared by the
hydrothermal process could be the reason of a
weaker exchange narrowing for that range of the
composition index. The relaxation processes
connected with the energy transfer after excitation
by the microwave radiation depend strongly on the
type of matrix as well as on the concentration of

magnetic ions. The broadening of the resonance line
of the correlated spin system for sample n = 0.70
obtained by the calcinations method could be
explained by the coexistence of the ferrous spinel
and the iron oxide phases [25].

In Fig. 9 the integrated intensity (calculated as
the area under the absorption curve) dependence
on the composition index n for both types of samples
is presented. FMR integrated intensity increases
significantly with the increase of the ZnFe2O4 phase
concentration. The same tendency was observed
for samples obtained by the calcination method. The
integrated intensity could, after scaling, enable
calculation of spin concentration. From the XRD
measurements is very difficult to estimate a very
low concentration of ferrite spinel phase, especially
for samples with n < 0.20 [15]. The magnetic
resonance measurements have shown that a very
small concentration of that phase could be easily
detected by this technique. The amount of the
ZnFe2O4 phase in samples obtained by the
hydrothermal process is roughly two times lower
than in samples obtained by calcination method. In
both cases the greatest concentration of ZnFe2O4

phase is seen in samples with the composition index
n = 0.70.

4. CONCLUSIONS

The FMR spectra of samples from the n(Fe2O3)/
(1-n)ZnO system are arising from the correlated spin
system of the ZnFe2O4 phase and strongly depend
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on sample preparation method. It has been proved
that the content of ZnFe2O4 phase is smaller in
hydrothermal samples than in calcined samples with
the same value of the composition index. The
presence of the ZnFe2O4 phase has been observed
even in samples with small Fe2O3 content. In n=0.7
sample the presence of two types of magnetic
nanoparticles (ZnFe2O4 and Fe2O3) has been inferred.
The degree of agglomeration of nanoparticles has
an influence on the FMR parameters of considered
nanopowder and thus the magnetic resonance
method could be an important technique in
characterization of such systems.
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