
J Supercond Nov Magn (2016) 29:2887–2897
DOI 10.1007/s10948-016-3604-1

ORIGINAL PAPER

Structural and Magnetic Properties of Mn1−xZnxFe2O4
Ferrite Nanoparticles

C. Murugesan1 · G. Chandrasekaran1

Received: 6 April 2016 / Accepted: 24 June 2016 / Published online: 20 July 2016
© Springer Science+Business Media New York 2016

Abstract In this work, solid solutions of Mn1−xZnxFe2O4

(where x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) ferrite nanopar-
ticles were synthesized using the novel combustion method.
A powder X-ray diffraction study confirms the formation
of spinel-structured Mn1−xZnxFe2O4. Unusual increases in
the lattice constant were observed from 8.358 to 8.435 Å
for Zn substitution. Raman spectra show the change in local
environment of tetrahedral and octahedral symmetry. Field
emission scanning electron microscopy images show that
the prepared samples are nanosized and there is not much
difference observed in surface morphology. A magnetic
study reveals that the prepared samples exhibit superparam-
agnetic properties with negligible coercivity and the satura-
tion magnetizations initially increase from 31.12 emu g−1

(x = 0) to 35.48 emu g−1 (x = 0.2) and then decrease
for further Zn substitution at 300 K. The zero-field-cooled
and field-cooled magnetization studies confirm the super-
paramagnetic nature of prepared samples, and the observed
blocking temperature decreases from 146.05 to 32.3 K.
At 20 K, the measured hysteresis loop shows the coerciv-
ity and it gradually decreases from 810 to 152 Oe. The
obtained results suggest that the prepared superparamag-
netic Mn1−xZnxFe2O4 ferrite nanoparticles are a promising
candidate material for biomedical applications.
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1 Introduction

Oxide-based magnetic materials are technologically impor-
tant materials, due to their magnetic properties combined
with high electrical resistivity and good thermal stability
[1, 2]. In particular, spinel ferrites (MFe2O4, M = Co,
Ni, Mn, Mg, Zn, etc) are widely used in electronic and
medical applications due to their low cost and excellent
performance [3–5] Among them, MnZn is an important
material having excellent electromagnetic properties such
as high permeability, saturation magnetization and electrical
resistivity [6, 7] The unique functionality of MnZn ferrites
makes it a promising material for inductors, transformer
cores, antenna roads, deflection yokes, choke coils, record-
ing heads and electromagnetic interference devices [8–13]
In the past few decades with the advent of nanotechnol-
ogy there has been renewed interest on the synthesis of
spinel ferrite nanoparticles with the potential application in
the field of nanostructured materials. As an important soft
magnetic material, nanosized Mn–Zn ferrite finds applica-
tions in photocatalysts [14], hyperthermia [15] and ferroflu-
ids [16]. These abovementioned applications particularly
require only smaller-size nanoparticles. The properties of
prepared spinel ferrite are significantly influenced by its
synthesizing method [17]. It is well known that MnZn
ferrites were previously prepared using the conventional
solidstate reaction method. The particles obtained by such
a high temperature method are significantly larger and
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not in nanosize [18]. In recent decades extensive research
activities have been focused on the preparation of MnZn
ferrite nanoparticles by using several non-conventional syn-
thesis methods such as hydrothermal precipitation [19],
microemulsion reaction [20], sol–gel auto combustion [21],
reverse micelles [22], co-precipitation [23], etc. In the
present work a nonconventional synthesis method, known
as the novel combustion method, was used for the prepa-
ration of nanosized Mn1−xZnxFe2O4 ferrites. The novel
combustion method is a simplified form of sol–gel combus-
tion method. Its novelty lies in the direct mixing of reactants
and the fuel compared with the sol–gel combustion method.
Since the hygroscopic nature of metal nitrates tends to form
a slurry mixture, we have not used any solvent to dis-
solve the nitrates and citric acid. Furthermore, we have not
changed any pH value to change the reaction kinetics which
is usually used in the sol–gel combustion method [10]. This
method may be a good candidate for synthesis of a large
quantity of homogeneous ferrite powders due to simplic-
ity in its preparation process as well as cost-effectiveness,
a short preparation time, a much lower processing temper-
ature and easy reproducibility. It is of further interest to
replace a magnetic Mn2+ cation by a non-magnetic Zn2+
cation for an understanding of the structural and magnetic
properties. The possible mechanisms contributing to these
observed results have been discussed in detail.

2 Experimental

2.1 Synthesis

Solid solutions of Mn1−xZnxFe2O4 (where x = 0.0, 0.2,
0.4, 0.6, 0.8, and 1.0) ferrite nanoparticles were synthesized
using the novel combustion method. AR-grade manganese
nitrate, zinc nitrate, ferric nitrate, and citric acid were used
as reactants. Organic fuel citric acid provides a platform for
the redox reactions to occur between the reactants during
the course of the auto combustion reaction. The required
amount of reactants was weighed and taken in a glass
beaker. The hygroscopic nature of metal nitrates tends to
form a slurry mixture when they are mixed using a magnetic
stirrer for 30 min. The obtained mixture dehydrated by heat-
ing at 75 ◦C with continuous stirring on a hot plate to obtain
a dried gel. Then, the dried gel heated on a hot plate until it
got self-ignited. The self-ignited final product was ground
well and calcined at 450 ◦C for 1 h then used for further
characterization.

2.2 Characterization

The powder X-ray diffraction (PXRD) pattern of all the
samples was obtained using a X-ray powder diffractometer

(RIGAKU, Ultima IV) employing Cu-Kα (wavelength
1.5406 Å) in the 2θ range of 20–80◦ at the step size
of 0.02◦. The instrument operated at 40 kV and 30 mA.
Raman spectra were recorded using a LASER Raman spec-
trophotometer (Renishaw inVia Reflex) equipped with a
CCD camera using Ar ion laser (488 nm) over the range
of 150–900 cm−1. The surface morphology and elemen-
tal composition of all the samples were examined using a
field emission scanning electron microscope (FE-SEM, Carl
Zeiss SUPRA 55) equipped with energy-dispersive spec-
troscopy (EDS). The magnetic properties were investigated
using a vibrating sample magnetometer (Lakeshore-USA,
Model 7407).

3 Results and Discussion

3.1 Powder X-ray Diffraction Analysis

The PXRD patterns of Mn1−xZnxFe2O4 ferrite nanoparti-
cles are shown in Fig. 1. The broad peaks of PXRD patterns
indicate that the prepared ferrites are smaller in size. Analy-
sis of the diffraction patterns shows the reflection planes (2
2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0), (6 2 0),
(5 3 3), and (6 2 2). These reflection planes confirm that the
prepared samples are polycrystalline in nature with a cubic
spinel structure. The reflection planes of manganese ferrite
and zinc ferrite are indexed to JCPDS (MnFe2O4 -NO: 89-
2807, ZnFe2O4- NO: 89-4926). It is noticed that there is no
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Fig. 1 PXRD patterns of Mn1−xZnxFe2O4 ferrite nanoparticles
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additional reflection plane corresponding to any secondary
phase in pure MnFe2O4. Furthermore, the PXRD analysis
indicates that the Zn2+ substitution did not result in any new
secondary phases. The crystallite size (D) was calculated
for a high-intensity (3 1 1) plane using Scherrer’s formula
[24].

D = Kλ/β cos θ, (1)

where K is the Debye–Scherrer constant, λ is the X-ray
wavelength, β is the full width at half maximum, and θ is
the Bragg angle. The calculated values of crystallite size are
given in Table 1. It is noticed that the size of pure MnFe2O4

is 8.5 nm and for initial substitution of Zn (x = 0.2) we have
not observed significant change in size. For further substitu-
tion (x = 0.4 to x = 0.8), the size of the crystallites increases
slowly and reaches a maximum value of 19.6 nm for pure
ZnFe2O4. This indicates that the ratio of Mn and Zn might
have an important impact on the number of nuclei formed
during the reaction which can determine the crystallite size
of Mn1−xZnxFe2O4 [16]. The unit cell parameter of spinel-
structured Mn1−xZnxFe2O4 might be a direct evidence for
the substitution of Zn, and the value of the lattice constant
is determined using the relation [24]

a = (λ/2)∗√((h2 + k2 + l2)/ sin2 θ), (2)

where a is the lattice constant; λ is the wavelength; h, k,
and l are Miller indices; and θ is the Bragg angle. The cal-
culated values of the lattice constant of Mn1−xZnxFe2O4

nanoparticles are given in Table 1. The value of the lattice
constant of MnFe2O4 and ZnFe2O4 nanoparticles is similar
to that of literature reports [25, 26]. We have noticed that the
substitution of Zn2+ considerably influences the lattice con-

stant of MnFe2O4. Since the ionic radius of Zn2+ (0.74 ´̊A)

is lower than that of Mn2+ (0.82 ´̊A), a decrease in the lat-
tice constant for Zn2+ substitution is expected as reported in
literature [27]. We have noticed that the value of the lattice
constant is increasing for Zn2+-doped samples. The lattice

constant of bulk MnFe2O4 is 8.51 ´̊A and that of ZnFe2O4 is

8.44 ´̊A, respectively [3]. It is noticed from Table 1 that there

is a contraction in the lattice constant of MnFe2O4 (8.358 ´̊A)
compared with bulk MnFe2O4 [28]. The decrease in the lat-
tice constant of nanosized MnFe2O4 could be attributed to

the presence of Mn3+ (0.645 ´̊A) ions in octahedral sites

with a smaller ionic radius compared with Mn2+ (0.82 ´̊A)
[27, 29, 30]. It is noticed that the lattice constant of nano-

sized ZnFe2O4 (8.435 ´̊A) is higher than that of MnFe2O4

(8.358 ´̊A); hence, the substitution of Zn2+ increases the
lattice constant.

3.2 Raman Spectra Analysis

Raman spectroscopy is used to find out the microscopic
vibrations caused by slight structural distortion due to its
good sensitivity to the coordination environments of cations,
cation distributions, and oxidation states [31]. We used
to obtain structural information of Mn1−xZnxFe2O4 fer-
rite nanoparticles due to the presence of different cations
(such as Mn2+, Mn3+, Zn2+, Fe2+, and Fe3+) and they
occupy different sites in spinel matrix. The molecular for-
mula of spinel ferrite is M2+Fe3+

2 O−4
2 (M2+ = Co, Zn,

Mn, Mg, or other divalent cations), in which the lattice of
O2− ions forms tetrahedral (A sites) and octahedral (B sites)
local symmetry. Depending upon the divalent and trivalent
metal cation arrangements, the spinel structure is classi-
fied into three types such as normal, inverse, and mixed
spinel, respectively. In normal spinel, the divalent M2+ ions
occupy only A sites, and trivalent Fe3+ ions occupy only
B sites. In inverse spinel, half of the B sites occupy diva-
lent M2+ and Fe3+ ions occupy the rest of the B sites and
all A sites. In case of mixed spinel, divalent M2+ occu-
pies both A and B sites, respectively [6]. Raman spectra
of all the samples are recorded at room temperature and
shown in Fig. 2a–f. The obtained Raman spectra have been
deconvoluted into individual Lorentzian peaks for more
accurate analysis. The obtained positions of the vibrational
bands are given in Table 2. It is clearly seen that though
the PXRD patterns of all the samples are similar to each
other, the Raman spectra of all the samples are not. It is
predicted from the group theory analysis that the spinel
structure with the Fd3m space group has 39 normal modes

Table 1 The crystallite size (D), lattice constant obtained from PXRD, and the position of Raman modes of Mn1−xZnxFe2O4 ferrite nanoparticles

Sample D(nm) a(Å) T2g Eg Eg T2g T2g T2g A1g A1g A1g

MnFe2O4 8.5 8.358 220.6 277.0 – – 370.9 507.4 593.0 638.7 –

Mn0.8Zn0.2Fe2O4 8.2 8.362 220.6 277.0 – – 370.9 507.4 594.3 640.0 –

Mn0.6Zn0.4Fe2O4 9.4 8.419 217.7 275.3 – – 386.5 490.8 591.3 645.7 –

Mn0.4Zn0.6Fe2O4 10.5 8.427 217.8 279.0 347.9 – – 504.1 596.2 659.9 –

Mn0.2Zn0.8Fe2O4 11.5 8.429 174.4 – 339.8 497.1 – – 622.3 652.7 682.1

ZnFe2O4 19.6 8.435 174.9 – 340.3 491.0 – – – 652.7 688.6
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Fig. 2 a–f The Raman spectra of Mn1−xZnxFe2O4 ferrite nanoparticles
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Table 2 The magnetic parameters of Mn1−xZnxFe2O4 nanoparticles obtained from the hysteresis curves at 20 and 300 K: the saturation
magnetization (Ms), coercive field (Hc), remanent magnetization (Mr), and blocking temperature (TB)

Samples 20 K Ms (emu/g) at 300 K TB (K)

Hc (Oe) Mr (emu/g) Ms (emu/g)

MnFe2O4 810 15.8 39.16 31.12 146.05

Mn0.8Zn0.2Fe2O4 468 13.1 44.64 35.48 125.73

Mn0.6Zn0.4Fe2O4 452 7.5 32.87 22.10 75.80

Mn0.4Zn0.6Fe2O4 423 7 29.37 13.94 65.65

Mn0.2Zn0.8Fe2O4 319 4.3 28.69 10.52 45.23

ZnFe2O4 152 1.5 24.51 9.91 32.3

Fig. 3 FE-SEM images of
Mn1−xZnxFe2O4 ferrite
nanoparticles
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Fig. 4 EDS spectra of
Mn1−xZnxFe2O4 ferrite
nanoparticles

of vibrations, out of which only five first-order modes such
as 1A1g, 1Eg, and 3T2g are Raman active [32] (Fig. 3).
Figure 4a shows the Raman spectra of MnFe2O4. It is
seen that there are six obvious first-order Raman modes
noticed at T2g ∼220.6, Eg ∼277, T2g ∼370.9, T2g ∼507.4,
A1g ∼593, and A1g ∼638.7 cm−1, respectively. Figure 4f
shows the Raman spectra of ZnFe2O4. It is seen that
there are four obvious first-order Raman modes noticed at
T2g ∼174.9, T2g ∼340.3, Eg ∼491.0, A1g ∼652.7, and
A1g ∼688.6. These bands are in agreement with the previ-
ous reported data of MnFe2O4 and ZnFe2O4 nanoparticles
[33]. Meanwhile, it is noticed that the position of Raman
peaks of ZnFe2O4 is different from that of MnFe2O4. A

similar kind of difference in Raman spectra of spinel fer-
rites is reported in literature [33, 34]. The bulk ZnFe2O4

is a completely normal ferrite [6], whereas MnFe2O4 is
80 % normal [2]. In addition to that, the Mn atoms are
having the possibility of Mn2+ and Mn3+ ionic states in
octahedral sites as discussed earlier in PXRD analysis. The
observed difference in position of Raman vibrational modes
of ZnFe2O4 and MnFe2O4 is attributed to different kinds of
cation distribution, ionic state, and size effect [35]. Among
all the observed modes, the modes above 600 cm−1 corre-
sponding to the tetrahedral sub-lattices and below refer to
octahedral sub-lattices. It is noticed that the mode corre-
sponds to the tetrahedral site (A1g), splits into (minimum
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two and maximum three) different energy levels due to the
mass difference between the three ions (Mn2+, Zn2+, and
Fe3+) present in the tetrahedral sites, and further confirms
the presence of Fe3+ in tetrahedral sites of ZnFe2O4. More-
over, the obtained Raman spectra of all the samples confirm
the spinel structure of Mn1−xZnxFe2O4 nanoparticles and
rule out the existence of the secondary phase α-Fe2O3,
which usually gives strong bands at ∼240 and ∼300 cm−1.

3.3 Surface Morphological Analysis

The surface morphological information of all the samples
was observed using the FE-SEM images. The FE-SEM
images of all the samples are shown in Fig. 3. It can be seen
that the prepared Mn1−xZnxFe2O4 ferrite nanoparticles are
roughly spherical in shape and admit the agglomerated coa-
lescence behavior of the particles. Further we have noticed
that the substitution of Zn2+ does not have a huge impact on
the surface morphology of Mn1−xZnxFe2O4 nanoparticles.

3.4 Elemental Compositional Analyses

The elemental compositional analyses of Mn1−xZnxFe2O4

nanoparticles are carried out by using EDS and the obtained
spectra of all the samples are depicted in Fig. 4 From the
EDS results of MnFe2O4 the peaks corresponding to the ele-
ments Mn, Fe and O are observed and have been assigned,
whereas the substitution of Zn atom is confirmed by the
emergence of a strong peak in ∼1 keV. No other traceable
impurities are identified within the resolution limit of EDS.

3.5 Magnetic Study

In order to study the magnetic properties, we have measured
the field-dependent magnetization of Mn1−xZnxFe2O4

(x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) ferrite nanoparticles at
300 and 20 K up to 1.5 T. The magnetic hysteresis curves
measured at 300 K are shown in Fig. 5 for all the sam-
ples. It is noticed that magnetization of all samples are
unsaturated and both the coercivity and the remanence are
negligible, which indicates the superparamagnetic nature of
Mn1−xZnxFe2O4. The thermal fluctuation causes the spins
to flip between the easy magnetization axes, which allow
increase in saturation magnetization and near zero coerciv-
ity. The measured values of saturation magnetization are
given in Table 2. It is observed that for pure MnFe2O4

with the crystallite size of 8.5 nm, a Ms of 31.12 emu g−1

is obtained, while the reported value in the literature for
bulk MnFe2O4 is about 80 emu g−1 [36]. The reduction
in magnetization is attributed to the surface effect of the
smaller-size magnetic particles. This surface effect can be
explained by postulating the existence of a magnetic dead
layer due to the spin disorder at the surface [37–39]. It
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Fig. 5 Hysteresis curves of Mn1−xZnxFe2O4 ferrite nanoparticles at
300 K

is observed that the Ms value is found to increase up to
x = 0.2 and then decrease. The initial increase of saturation
magnetization of Mn0.8Zn0.2Fe2O4 is understood in terms
of the super exchange interactions and distribution of mag-
netic and non-magnetic ions in the tetrahedral and octahe-
dral sites using Neel’s sub-lattice model [40, 41]. According
to that, the spinel structure has three types of magnetic inter-
action between tetrahedral (A) and octahedral (B) interstitial
sites, such as A–A, B–B, and A–B. The strength of mag-
netic interactions between A and B site ions depends on the
distances between the ions and the oxygen ion and the angle
between the three ions. In case of A–A and B–B interac-
tions, the angles are very small and the distance between
the metal ions and the oxygen ions is very large. In con-
trast, the angle between A–O–B is high compared with A–A
and B–B interactions. Therefore, the interaction between
moments of the A and B sites is strongest. The ZnFe2O4

in bulk form has a normal spinel structure with an antifer-
romagnetic nature, in which all the Zn2+ (0 μB) cations
are located in A sites due to their strong preference for A
sites and all Fe3+ (5 μB) cations are located in B sites with
antiparallel magnetic moments. Therefore, the substitution
of non-magnetic Zn2+ ions initially occupying preferred A
sites results in the reduction of the A site magnetic moment.
According to Neel, the magnetization is the result of the
difference between the magnetic moments of the B and
A sites; the saturation magnetization of Mn0.8Zn0.2Fe2O4

increases. We have observed that for further substitution
of Zn2+ (x ≤ 0.4), the magnetization decreases gradually.
Since the substitution weakens the moment of the A site,
subsequently, the exchange interaction between the B and A
sites decreases and hence magnetization decreases [42].
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Fig. 6 ZFC and FC curves of Mn1−xZnxFe2O4 ferrite nanoparticles measured under an applied magnetic field of 500 Oe
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3.6 ZFC-FC Measurement

To examine the superparamagnetic nature of Mn1−xZnx

Fe2O4 ferrite nanoparticles, the zero-field-cooled (ZFC)–
field-cooled (FC) magnetization profiles have been done
from 20 to 300 K. In ZFC mode, the samples cooled from
300 K down to 20 K in the absence of a magnetic field.
At 20 K, a measuring field of 500 Oe was applied and
ZFC measurements were made from 20 to 300 K. In FC
mode, the samples cooled from 300 to 20 K in the pres-
ence of 500 Oe external magnetic field and measurement
was carried out from 20 to 300 K with the same field in
the warming cycle. Figure 6a–f depicts the ZFC and FC
magnetization curves of Mn1−xZnxFe2O4 ferrite nanopar-
ticles. The data reveal irreversibility between the ZFC and
FC curves. Furthermore, it is noticed that the ZFC mag-
netization curves exhibit a broad maximum centered at
a certain temperature. By contrast, the FC magnetization
gradually increases with decreasing temperature from 300 K
and becomes almost constant below a certain temperature.
When Mn1−xZnxFe2O4 nanoparticles are cooled to a low
temperature (20 K) without an external applied magnetic
field, the net magnetic moments in each single-domain
Mn1−xZnxFe2O4 nanoparticle align along their easy axis to
attain a local minimum of potential energy. To prevent the
magnetization direction from switching away from the easy
axis, the magnetic anisotropy of nanoparticles behaves as an
energy barrier. When temperature increases from 20 K, the
magnetic anisotropy is gradually overcome and the direc-
tions of magnetization of thermally activated nanoparticles
start to align to the external magnetic field. Therefore, the
total magnetization increases initially with rising tempera-
ture. When a certain temperature is reached, the magnetic
anisotropy energy barrier overcomes by thermal activation
and the magnetization direction of the nanoparticle starts
to fluctuate, leading to a superparamagnetic state [43].
The temperature at which thermal energy breaks magnetic
anisotropy energy and shows a broad maximum in ZFC
curves is called blocking temperature TB [44]. The blocking
temperature is a characteristic of single-domain magnetic
nanoparticles. The blocking temperature of a single-domain
particle is described by the relation

TB = KV/25kB, (3)

where Kis the magnetocrystalline anisotropy, V is the vol-
ume of the nanoparticle, and kB is the Boltzmann con-
stant. The obtained values of blocking temperature of
Mn1−xZnxFe2O4 nanoparticles are given in Table 2. It can
be observed from Table 2 that the TB is shifted towards
the low temperatures with the substitution of Zn2+. The
weak magnetocrystalline anisotropy of Zn2+ ion causes the
decrease in the blocking temperature of Mn1−xZnxFe2O4

[45]. Below TB, the superparamagnetic particles cannot
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Fig. 7 Magnetic hysteresis loops of Mn1−xZnxFe2O4 ferrite nanopar-
ticles measured at 20 K

rotate freely since they freeze in random orientations of
spins resulting in higher coercive fields at low temperature.
To elucidate that, the magnetic hysteresis curves measured
at 20 K are shown in Fig. 7 for all the samples. We
have noticed that all samples show hysteresis behavior with
coercivity. The obtained values of the coercivity (Hc), the
remanence (Mr), and the saturation magnetization (Ms) are
given in Table 2. As expected at 20 K, Mn1−xZnxFe2O4

ferrite nanoparticles exhibit coercivity. It is seen that pure
MnFe2O4 has a coercivity of 810 Oe. The substitution of
Zn2+ decreases the coercivity of the samples. The vari-
ation in coercivity can be attributed to the reduction of
domain wall energy caused by the weak magnetocrystalline
anisotropy of the Zn2+ ion [45]. Moreover, it is observed
that at 20 K the saturation magnetization values of all the
samples are higher than those at 300 K. For pure MnFe2O4,
a Ms value of 39.16 emu g−1 is found at 20 K. The
increase in saturation magnetization compared with 300 K
is attributed to the decrease of the thermal fluctuation and
surface spin disorder at the surface of the nanoparticles [46].

4 Conclusion

In summary, the Zn content has significant influ-
ence on the structural and magnetic properties of
Mn1−xZnxFe2O4(x = 0–1) ferrite nanoparticles prepared
using the novel combustion method. The PXRD analysis
shows the single-phase nature of Mn1−xZnxFe2O4 ferrites
and the crystallite size increases for Zn substitution. Raman
spectra analysis further confirms the formation of the spinel
structure. The FE-SEM images show the surface morphol-
ogy and EDS confirm the presence of constitution elements.
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Magnetic measurements showed superparamagnetic behav-
ior and a strong compositional dependence of the saturation
magnetization that differs from studies in bulk phases, with
the highest value obtained for Mn0.8Zn0.2Fe2O4 at 300 and
20 K. The magnetization process has been explained based
on the crystallite size, cation distribution, Neel’s sub-lattice
model, and exchange interaction between the tetrahedral
and octahedral sites.
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M., Hadžić, B., Romčević, N.: The comparative study of the



J Supercond Nov Magn (2016) 29:2887–2897 2897

structural and the electrical properties of the nano spinel ferrites
prepared by the soft mehanochemical synthesis. Sci. Sinter. 46,
235–245 (2014)

36. Tang, Z.X., Sorensen, C.M., Klabunde, K.J., Hadjipanayis, G.C.:
Size-dependent Curie temperature in nanoscale MnFe2O4 parti-
cles. Phys. Rev. Lett. 67, 3602–3605 (1991)

37. Zheng, M., Wu, X.C., Zou, B.S., Wang, Y.J.: Magnetic proper-
ties of nanosized MnFe2O4 particles. J. Magn. Magn. Mater. 183,
152–156 (1998)

38. Chen, J., Sorensen, C., Klabunde, K., Hadjipanayis, G., Devlin,
E., Kostikas, A.: Size-dependent magnetic properties of MnFe2O4
fine particles synthesized by coprecipitation. Phys. Rev. B 54,
9288 (1996)

39. Kodama, R.H., Berkowitz, A.E., McNiff, J.E.J., Foner, S.: Surface
spin disorder in NiFe2O4 nanoparticles. Phys. Rev. Lett. 77, 394–
397 (1996)

40. Neel, L.: Magnetic properties of ferrites: ferrimagnetism and
antiferromagnetism. Ann. Phys. 3, 137–198 (1948)
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