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Nanocrystalline Mn-Zn ferrite spinel powders were synthesized by thermal decomposition of mixed {3-
(Mn, Zn, Fe)(C,04)-2H,0 oxalate. Thermolysis of the oxalate for 2 h at 300°C in air yields an amorphous
product, whereas at 400 and 500 °C ferrite spinels with unit cell parameters of 8.394(7) and 8.495(3) A,

Accepted 24 August 2010 respectively, are formed. Decomposition of the oxalate at 500 °C for 24 h results in a mixture of haematite
and a Fe-poor spinel revealing the metastability of the nanocrystalline spinel at that temperature. The
crystallite sizes are 12 and 45 nm for ferrite spinel powders synthesized at 400 and 500 °C, respectively.
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Ferrites Zero ferrous ion concentrations were measured by redox titration, suggesting that the ferrites are defect

Oxalates spinels containing Fe3* and cation vacancies. Thermal analysis and XRD demonstrate that the ferrites

undergo several phase transitions during annealing in air.

Magnetic measurements reveal that the saturation magnetization at 5K of the ferrites increases with
crystallite size. Hysteresis loops measurements demonstrate superparamagnetic behavior at room tem-
perature of the nanocrystalline powder obtained at 300 °C. Mdssbauer spectroscopy at room temperature
confirms the superparamagnetic character of that sample. The ferrites obtained at 400 and 500 °C, how-

Powder morphology

ever, represent a mixture of small superparamagnetic and larger ferrimagnetic particles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Various synthesis routes for nanocrystalline oxide powders have
been explored in recent years. This trend also holds for soft ferrites
with the spinel structure. Spinel-type Mn-Zn ferrites are an impor-
tant group of soft ferrites which are commercially used for power
supplies, inductors, chokes, etc. [1]. Some of these applications
require high-purity ferrites with fine-grained, dense and homo-
geneous microstructures. Moreover, the distribution of additives
in the ppm concentration range within the ceramics microstruc-
ture is of major importance. Usually, highly reactive Mn-Zn ferrite
powders are prepared by the standard mixed oxide route includ-
ing intense fine milling procedures. However, powders from that
process might suffer from contaminations from grinding media
or unfavorable aggregation behavior, etc. Therefore, alternative
synthesis routes for the preparation of non-contaminated, sub-
micron and nanocrystalline ferrite powders were studied aiming
at replacing the traditional mixed oxide ceramic process. Exam-
ples of synthesis techniques for nanocrystalline Mn-Zn ferrite
powders include hydrothermal synthesis [2-4], mechano-chemical
synthesis [5-7], sol-gel chemistry [8,9], combustion synthesis
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[10], and micro-emulsion technique [11,12]. Another promis-
ing synthesis route is the thermal decomposition of precursors
coprecipitated from aqueous/alcoholic metal solutions. Several
precursor routes were examined, e.g. the coprecipitation with
hydroxide [13].

The synthesis of spinel-type ferrites MeFe, 04 through thermal
decomposition of oxalates is a straightforward synthesis route [14],
which could be easily up-scaled as batch-type process for ferrite
powder fabrication. Oxalate coprecipitation was already applied for
the synthesis of reactive Mn-Zn ferrite powders [15]. A modified
oxalate-hydrazine precipitation technique was reported recently
[16]. Angermann and Tépfer explored the synthesis of nanocrys-
talline Mn-Zn ferrite powders via oxalate precursors [17] and
reported on the structure, morphology and thermal behavior of the
mixed oxalates prepared at different precipitation conditions.

The precipitation of transition metals with oxalic acid yields
oxalates that might crystallize in two different polymorphs. Fer-
rous oxalate dihydrate, Fe(C,04)-2H,0, for example, appears as
a-ferrous oxalate (Humboltine) with a monoclinic unit cell, space
group C2/c (No. 15), and ag=12.05A, bg=5.57A, ¢g=9.76A, and
B=124°18 (z=4) or as a B-polymorph with an orthorhombic
cell, space group Cccm (No. 66), with ag=12.26 A, bg=5.57 A, and
co=15.48 A (z=8) [18]. It was shown recently, that the tempera-
ture of precipitation is a key parameter for the synthesis of either
a- or [3-Fe- or (Fe, Mn, Zn)-oxalates, respectively. Moreover, the
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morphology of the oxalate crystals can be tailored by selecting
appropriate temperatures [17,19].

The thermal decomposition of oxalates generally proceeds
between 200 and 400 °C and results in oxide powders, if performed
in oxygen-rich atmospheres. Ferrous oxalate decomposes in air
to form haematite, a-Fe;03 [20,21] and the thermolysis of mixed
oxalates results in ternary oxides, e.g. ferrites [14]. It was shown,
that in some cases the thermolysis of mixed oxalates might lead
to the formation of metastable spinels. For example, decomposi-
tion of Ni-Mn-oxalates at 350 °C results in the formation of Ni-Mn
spinels rather than a mixture of NiMnO3 and Mn, 03 which would
have been the expected equilibrium products at that tempera-
ture [22]. The nanocrystalline Ni-Mn spinels are nonstoichiometric,
e.g. NiMn; 0444, and the deviation from stoichiometry is accom-
modated as cation vacancies (V), i.e. Nigj(4+5Mngj(4+5)V35/(4+5)04.00-
On the other hand, it is essential to decompose oxalate mixed
crystals to synthesize ternary (or multi-component) oxides: the
mixed oxalate NiMn,(C,04)3-6H,0 transforms into metastable
NiMn;Oy4.s spinel at 350 °Cin air, whereas a mixture of Ni- and Mn-
oxalates forms a mixture of binary oxides at the same conditions
[23].

In this communication we report on the synthesis and prop-
erties of nanocrystalline Mn-Zn ferrites. Thermal decomposition
of mixed oxalates in air at 300, 400 and 500°C leads to
ferrite powders with crystallite sizes of 5-50nm. We report
on the phase stability and magnetic properties of these fer-
rites.

2. Experimental

Mn-Zn-Fe oxalate hydrate crystals of composition
Mnggs6Zno233Fe2081(C204)3-6H20 were prepared by precipitation at room
temperature from aqueous metal ion solutions with oxalic acid in an argon
atmosphere. Iron powder (p.a. grade, Merck, Germany) as starting material
was dissolved in an acetic acid solution under argon. Mn- and Zn-acetate
hydrates (Mn- and Zn-contents determined gravimetrically) were also dis-
solved. After precipitation, the suspension of mixed oxalates was dried at
60°C in a vacuum rotary evaporator in air. The oxalates were calcined for
2h in air at 300, 400, and 500°C, respectively, in flat Pt crucibles without
lids.

Powder X-ray diffraction measurements (XRD) were performed with a Siemens
D5000 using Cu Ko radiation (step time 8s; step size 0.02°; 10-130° 26). Lat-
tice parameters were refined using the TOPAS R software package (Bruker AXS,
Karlsruhe, Germany). The specific surfaces As of the powders were determined by
nitrogen adsorption (BET, Nova 2000, Quantachrome Instruments, Boynton Beach,
USA); a mean particle size was estimated using the relation dggr =6/pAs with the
density p. The mean crystallite size dxgp was estimated from XRD line broaden-
ing using the Scherrer equation, dxgp = KA/[(B — b)cos 6], with the wavelength A, the
peak width B, the instrumental broadening b (b=0.08° for standard LaBg), the Bragg
angle 6 and the shape factor K~ 0.89.

The ferrite particles were investigated by Scanning Electron Microscopy SEM
(DSM 940A, Zeiss, Jena, Germany). Transmission electron microscopy (TEM) stud-
ies were performed with a JEM 3010 (Jeol, Japan). Thermal analysis (TG, DTA) was
carried out with a SETARAM TGA92 system, the samples were heated in open Pt
containers (TG +DTA sample holder: diameter 3 mm, height 6 mm) in air with a
rate of 2 K/min (sample mass about 20 mg). The Fe?*-concentration in the ferrite
powders was determined by cerimetric redox titration after dissolving the sam-
ple in hydrochloric acid under argon. The Fe?* was titrated with a 0.05N Ce**
solution under a flow of argon with potentiometric detection of the equivalent
point. The detection limit of that titration is given by the first drop of Ce** solution
(V~0.03ml), which corresponds to 0.08 wt% Fe?* for 100 mg of a ferrite sam-
ple.

Magnetic properties were measured with a Quantum Design SQUID mag-
netometer. Hysteresis loops M(H) were measured at 5 and 298K. The
magnetization at the maximum field of 50kOe was taken as saturation mag-
netization M;. The magnetization was also recorded as function of temperature
M(T) between 5 and 400K in zero-field-cooled (ZFC) and field-cooled (FC,
H=1000e) modes, respectively. Mossbauer measurements were carried out
in transmission mode at room temperature using a conventional microcom-
puter controlled spectrometer (Halder) in sinusoidal mode. A °’Co in Rh
radiation source was used for measurements. For the quantitative analysis of
the Mossbauer spectra the Recoil spectral analysis software was employed
[24].
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Fig. 1. XRD patterns of the oxide powders obtained by thermal composition of
Mn-Zn-Fe mixed oxalate at 300, 400, and 500°C for 2 h and at 500°C for 24 h in
air.

3. Results and discussion

The Mn-Zn-Fe oxalate hydrate precipitated at room tempera-
ture is a yellowish powder. X-ray diffraction studies show that the
orthorhombic B-oxalate with lattice parameters ag=12.241(9)A,
by =5.567(4)A, and co=15.480(9) A has formed [17]. The thermal
decomposition of the mixed oxalate hydrate in air is almost com-
plete at 300°C. The DTA curve exhibits an endothermic peak at
150°C as signature of the dehydration step and an exothermic
peak at 240 °C corresponding to the oxalate decomposition reac-
tion [17]. The total mass loss is 57% at 500°C, which agrees well
with a calculated loss of 56.9% for the decomposition reaction:

1
Mng 686Znp.233F€2.081(C204)3 - 6H20 + 502

— Mng gg6Zng 233F€2 081 04 +3CO + 3C02 + 6H20 (1)

Samples of the mixed oxalate were decomposed at 300,400, 500,
and 750°C for 2 h in air, respectively. XRD analysis of the decom-
position products (Fig. 1) demonstrates that the oxide formed at
300°Cis not well crystallized yet. However, very broad peaks with
low intensities indicate that very small crystallites of a spinel-type
lattice have formed. XRD patterns of the samples prepared at 400
and 500 °C reveal the formation of single-phase spinel-type ferrites
with lattice parameters of 8.394(7) and 8.495(3) A, respectively. The
unit cell parameter of the ferrite formed at 500 °C agrees well with
data reported for this particular Mn-Zn ferrite [6]. On the other
hand, the lattice constant of the sample synthesized at 400°C is
rather small indicating that the spinel is cation defective and/or
that at these conditions the crystallization of a homogeneous spinel
ferrite is not completed yet.

The formation of spinel ferrites at the low temperatures of
our study is rather unexpected. Spinel-type ferrites in the sys-
tem Mn-Zn-Fe-O in air are stable at high temperatures only and
decompose into a mixture of haematite, a-Fe,03, and a Fe-poor
spinel during cooling [25,26]. To test for the metastability of the
spinel ferrite at 500 °C, a sample of the mixed oxalate was annealed
at 500°C for 24 h. In that case, we indeed observed the expected
mixture of haematite/spinel (Fig. 1). This confirms that the ferrite
formed after oxalate decomposition at 500 °C for 2 h is a metastable
spinel and transforms into the thermodynamically stable state
under prolonged annealing.

The morphological properties of the oxide powders are sum-
marized in Table 1. The powder synthesized at 300°C exhibits a
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Fig. 2. TEM micrographs of powders prepared by thermal decomposition of 3-Mn-Zn-Fe mixed oxalates, respectively, at 300°C (a and b), 400°C (¢ and d), and 500°C (e and
f).
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Table 1

Properties of oxide powders obtained by thermal decomposition of 3-Mn-Zn-Fe oxalates at 300-750 °C in air (specific surface area A, particle diameter from specific surface
dger; mean crystallite size dxgp; lattice parameter ag; ferrous concentration and saturation magnetization M; at 5K).

T(°C) As (m2/g) dger (Nnm) dxgrp (NM) Phases (XRD) ap (A) FeZ* (wt%) M; (emu/g)
300°C/2h 235 5 - Spinel - - 213
400°C/2h 85 14 12+2 Spinel 8.394(7) 0.02 61.7
500°C/2h 40 50 45+4 Spinel 8.495(3) 0.05 66.1
750°C/2h 2 570 - Haematite and spinel - - -

large specific surface that corresponds to a particle size of about
dger =5 nm. TEM micrographs of this powder (Fig. 2a and b) con-
firm that the individual particles are few nanometers in size, but
form aggregates of 100-200 nm in size. The ferrite powder obtained
after calcination at 400°C for 2 h consists of larger particles with
dger =14 nm. From the XRD peak broadening an average crystal-
lite size of dxgp =12 nm was estimated. TEM micrographs (Fig. 2¢
and d) confirm that nanosize particles were synthesized. Calcina-
tion at 500 °C results in particles of crystallite size of dyxgp =45 nm.
From BET measurements a mean particle size dggr =50 nm results.
TEM micrographs (Fig. 2e and f) show that the individual particles
are aggregated to form loose aggregates with a size of several hun-
dred nanometers. SEM micrographs (not shown here) demonstrate
that the powder consist of loose aggregates of 1-2 pum size. The
aggregate size and shape of the oxide particles is predetermined by
the oxalate morphology: mixed [3-oxalate crystals (precipitated at
20°C) exhibit a similar aggregate size as their decomposition prod-
ucts at 300°C [17,19]. As expected, the particle size increases to
sub-micron size after oxalate decomposition at 750°C (Table 1).
The ferrous concentrations, measured by cerimetric titration,
are also shown in Table 1. If the composition of the Mn-Zn ferrite
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Fig. 3. TG and DTA curves of a nanocrystalline Mn-Zn ferrite powder (obtained by
oxalate decomposition at 500°C for 2 h) annealed in air (a) and nitrogen (b) with
10K/min; (black dots on the TG curve correspond to annealing temperatures for
XRD study).
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Fig.4. XRD patterns of the nanocrystalline Mn-Zn ferrite annealed at different tem-
peratures for 4h in air and quenched (a) and expanded view of diffraction angles
between 28 and 40° (b).

would be that of a stoichiometric ferrite, a considerable con-
centration of ferrous ions Mn%fﬁgszn%E%Fe%Bs]Feg*Oz; would be
required (theor. 1.94wt% Fe2*). Under more oxidizing conditions
all Fe ions are accommodated as ferric ions and the spinel com-
position corresponds to MnéEanggmV0‘030Fe%6004 including
a significant concentration of cation vacancies. If the possibility
of complete oxidation of Mn2* ions is also taken into account,
a highly oxidized defect spinel results with the limiting com-
position Mn3 %, Zn2" Vo 262Fe3 £ 04. The measured small Fe?*
concentrations, see Table 1, indicate that the ferrites produced in
our study are nonstoichiometric with a significant concentration
of cation vacancies. Cation-deficient defect spinels as a result of
low-temperature synthesis have already been reported for several
systems, e.g. Fe3_yMnyx04 [27] and NiMn;04 [22].

The thermal behavior of the nanocrystalline Mn-Zn ferrite
defect spinel during heating in air was monitored by thermal analy-
sis. The rather complex thermal behavior of a ferrite powder which
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Fig. 5. Magnetic properties of nanocrystalline ferrite powders prepared by thermal decomposition of oxalates at 300, 400 and 500 °C: magnetization vs. field at 5K (a);
hysteresis loops at 5K (b) and at 295K (c); inset: hysteresis loops from —400 to +400 Oe); and magnetization vs. temperature (field-cooled FC and zero-field-cooled ZFC

curves) of ferrite powders 300 and 400°C (d).

was prepared by oxalate calcination at 500 °C for 2 h is subdivided
into five sections (Fig. 3a). In order to elucidate the series of phase
transformations, samples of the defect spinel were annealed at
given temperatures (marked by dots in the TG curve in Fig. 3a)
for 4h and quenched from that temperature. The XRD patterns
of the products are shown in Fig. 4. At low temperatures (sec-
tion I) the nanocrystalline ferrite powder loses some weight due
to removal of adsorbates. The X-ray diffractogram of the powder
annealed at 200 °C still exhibits reflections of a single-phase spinel.
In section II, between 300 and 650°C a mass loss of about 0.85%
is observed. This indicates that a fraction of the Mn ions in the
defect spinel has an oxidation state higher than +2 and that reduc-
tion of Mn3* seems to set in at 500 °C. The reduction of Mn ions to
Mn?2* in that temperature range has also been reported for spinels
of the Mn-Fe-0 system [28]. Correspondingly, XRD suggests that
this reduction process is accompanied by phase transformations.
Whereas at 200 °C a single-phase spinel exists, the reaction product
at 400 °C appears to consist of two spinels. This can be very well rec-
ognized by the splitting of the (2 2 0) reflection at 260 = 30° (Fig. 4b),
because there is no overlap with peaks of other phases. At 500, 600,
and 650 °C the X-ray diffractograms of the quenched samples are
characterized by haematite as main phase in combination with a
minority spinel ferrite. A similar series of transitions was reported
for the oxidation of a stoichiometric Mn-Zn ferrite between 200
and 600°C in air in a combined Mdssbauer and XRD study [29]. In
this study the authors discovered the formation of a mixture of a
Mn ferrite with a large concentration of cation vacancies and a Zn-
rich Mn ferrite at 300 °C for 6h in air. At 500°C the defective Mn
ferrite has transformed into haematite, coexisting with the spinel

ferrite. Therefore, we conclude that in section II the defect Mn-Zn
spinel ferrite decomposes into two spinels; one being a defective
spinel ferrite which is transformed into a-(Fe/Mn),03 during fur-
ther heating and the other one being an iron-poor Mn-Zn ferrite.
This is also consistent with the fact that Mn-Zn-Fe oxalate calcined
at 500 °C for 24 h results in a mixture of haematite and spinel ferrite
(Fig. 1).

In section III, between 650 and 720°C, the TG signal shows a
mass gain which is accompanied by a large exothermic DTA signal.
This process is due to oxidation of Mn2* [27,30]. The XRD pattern
of the sample heated to 720°C (Fig. 4) exhibits reflections of three
coexisting major phases: haematite, spinel ferrite, and bixbyite, o-
Mn,O3. Further increase of temperature reveals again a loss of mass
between 720 and 1180°C (section IV in Fig. 3a). The corresponding
XRD patterns of the samples quenched from 800 to 1000 °C demon-
strate that in section IV the three compounds, which were formed
in section III, again react to form a single Mn-Zn ferrite phase. At
1000 °C bixbyite has disappeared and the residual concentration of
haematite is decreased. At 1180°C the single-phase spinel ferrite
field (section V) is entered, as evidenced by a small DTA peak and
a stable mass signal (Fig. 3a). Indeed, the sample quenched from
1200°C is single-phase ferrite according to XRD (Fig. 4). A similar
thermogravimetric behavior has been reported for Mn-Zn ferrite
nanocrystals prepared by a hydrothermal process [4]. If the ther-
mal analysis is performed by heating the defect spinel ferrite in
a nitrogen atmosphere (Fig. 3b) the mass remains constant up to
1300 °C. This suggests that the complex series of phase transitions
observed in air does not occur under reduced partial pressure of
oxygen. Under these conditions, the stability field of the spinel fer-
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rite is expanded from high temperatures down to temperatures as
low as 400°C.

The magnetization of the ferrite powders obtained by thermal
decomposition of oxalates at 300, 400, and 500 °C as a function of
magnetic field is shown in Fig. 5a. The magnetization of all samples
is not completely saturated yet at the maximum field of the mea-
surements (50kOe). The saturation magnetization Ms increases
with the crystallite size of the ferrite particles (Table 1). The Mg
values of all prepared nanocrystalline Mn-Zn ferrites, however,
are significantly lower than the saturation magnetization of the
bulk ferrite with Ms=140emu/g [31]. The reduced M; values are
related to the formation of a surface layer of reduced magnetization
which might be caused by a different composition and/or cation
distribution or disordered spins within a surface layer. Recently, a
detailed model has been put forward for the reduced magnetization
observed for nanosized NiFe,; 04 particles [32]. The hysteresis loops
of the ferrite powders prepared at 300, 400, and 500 °C measured
at 5 and 295K in fields up to 10 kOe are shown in Fig. 5b and c. At
T=5K, all three samples show ferrimagnetic behavior; the magne-
tizations are not saturated yet at 10 kOe, but the magnetizations
observed at 10 kOe already exhibit the reported trend with parti-
cle size. The samples display hysteresis behavior with a significant
coercive field. In comparison, hysteresis loops at room temperature
(Fig. 5¢) are much thinner. Closer inspection (inset of Fig. 5¢) reveals
that only the sample prepared at 300 °C exhibits zero coercivity and,
thus, is superparamagnetic at 295 K. The samples prepared at 400
and 500 °C display small, but non-zero coercivities with H. increas-
ing with particle size. This indicates that in these ferrite powders

the majority of the particles have a size above the critical size dp
for superparamagnetism. From Table 1, it can be deduced that dsp
is between 5 and 14 nm. The ZFC/FC curves (Fig. 5d) of the ferrite
powder obtained at 300 °C are typical of nanocrystalline powders
with a significant width of the crystallite size distribution. The ZFC
curve displays a hump at T=80K indicating a transition to super-
paramagnetic behavior for some fine particles. Both, FC and ZFC
curves are still separated up to 300 K which might be interpreted
as being due to a distribution of blocking temperatures Tz pointing
again to a larger distribution of particle sizes. The ZFC/FC curves of
the ferrite powder obtained at 400 °C do not exhibit the typical fea-
tures of a superparamagnetic material which is in agreement with
the results of the M(H) measurements (Fig. 5¢).

Room temperature Mdssbauer spectra of the nanocrystalline
ferrite powders obtained at 300, 400, and 500 °C are shown in Fig. 6.
The spectrum of the ferrite powder prepared at 300°C (Fig. 6a)
shows a doublet structure confirming that the material is super-
paramagnetic at room temperature. This is consistent with the
disappearance of hysteresis in the M(H) curve (Fig. 5c). The doublet
can be modeled very well by a superposition of two contribu-
tions due to Fe3* ions with different values of the quadrupole
splitting. According to their isomeric shifts [33], both quadrupole
doublets are due to iron located on sites of octahedral coordi-
nation. The spectrum of the ferrite prepared at 400°C (Fig. 6b)
consists of a central doublet (14% intensity) and a magnetically
split sextet. The sextet is composed of two contributions with dif-
ferent hyperfine fields which are due to ferric ions on tetrahedral
and octahedral sites of the spinel lattice. The Mdssbauer spectrum
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indicates that the powder consists of a mixture of smaller super-
paramagnetic particles as well as of larger ferrimagnetic particles.
In agreement with that the M(H) curve at 298K displays a non-
zero coercivity. The Mdssbauer spectrum of the ferrite prepared
at 500°C (Fig. 6¢) is dominated by a sextet with two hyperfine
field contributions, i.e. most of the particles display ferrimagnetic
behavior. A central doublet of minor intensity (3.5%) is still present
indicating that a small fraction of particles is still in the super-
paramagnetic state. In an alternative interpretation, the central
doublet in the spinels synthesized at 400 and 500°C could be
assigned to ZnFe,04 which is paramagnetic at room temperature.
However, their quadrupole splittings of around 0.6 mm/s, Fig. 6,
are almost twice as large as the splitting of 0.33 mmy/s observed
in ZnFe,04 at room temperature [34]. In addition, a splitting of
0.6mmy/s is also found for the superparamagnetic sample pre-
pared at 400 °C. Therefore, the above given interpretation in terms
of superparamagnetic contributions to the spectra appears more
appropriate.

Comparison of the spectra of the materials prepared at 400 and
500°C reveals significant differences in the cation distributions of
these spinels. In both cases, the sextet structure has been fitted by
superposition of two contributions where the one with the larger
and well-defined local magnetic field of about 49T is attributed
to Fe3* ions on tetrahedrally coordinated sites. The second con-
tribution due to Fe3* in octahedral coordination is described by a
line shape function that accounts for a distribution of local fields at
these sites. Most significant, however, is the change in the relative
intensities of the two contributions in the two samples showing
an increasing preference of iron for the octahedrally coordinated
sites with increasing temperature of synthesis. This behavior is also
reflected in the lattice parameters of both materials (see above). The
lattice constant of the spinel prepared at 500 °C (ag =8.495(3)A) is
typical of a Mn-Zn ferrite with this composition and equilibrium
cation distribution, whereas the smaller unit cell length observed
for the sample prepared at 400 °C points at an incomplete crystal-
lization of a homogeneous spinel phase or a non-equilibrium cation
distribution.

4. Conclusions

Mn-Zn-Fe oxalate hydrate powders were calcined at 300, 400,
and 500°C in air. This results in nanocrystalline spinel ferrite pow-
ders with crystallite sizes ranging between 5 and 45 nm. At 500 °C,
the spinel ferrite is metastable and transforms into a mixture of
haematite/spinel during prolonged annealing in air. The nanosized
ferrites undergo a series of phase transformations upon heating in
air until at 1180°C the single-phase Mn-Zn ferrite is re-formed.
The magnetization behavior of the ferrite powders is typical of
nanocrystalline magnetic particles: the saturation magnetization
at 5K increases with crystallite size and is smaller than that of the
bulk ferrites. Hysteretic M(H) behavior is observed for all samples at

5 and 295 K except for the ferrite prepared at 300 °C which is super-
paramagnetic at room temperature. Room temperature Mossbauer
spectroscopy confirms these findings and indicates significant dif-
ferences in the cation distributions of the investigated samples.
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