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Manganese ferrite, MnFe, 04 have been prepared by a soft mechanochemical route from mixture of (a)
Mn(OH); and a-Fe,05 and (b) Mn(OH), and Fe(OH)3; powders in a planetary ball mill. The mixture was
activated for varying duration. Soft mechanochemical reaction leading to formation of the MnFe, 04 spinel
phase was followed by X-ray diffraction, Raman spectroscopy, scanning and transmission microscopy and
magnetization measurements. The spinel phase formation was first observed after 12 h of milling and its
Keywords: formation was completed after 25 h in both cases. The synthesized MnFe, O, ferrite has a nanocrystalline
Mehanochemical rocessin structure with a crystallite size of about 40 and 50 nm respectively for cases (a) and (b). There are five
p g . o o
TEM Raman active modes. Measurements after 25 h of milling show magnetization values of 70.4 emu/g and
71.1 emu/g respectively for cases (a) and (b). In order to understand better the whole process of phase

Magnetic measurements

Maossbauer spectroscopy

formation, Mossbauer measurements were done.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ferrites are one of the best magnetic ceramics used in many
technological applications such as high frequency magnetic materi-
als, recording media, ferrofluid technology, sensor technology, and
microwave applications [1-5]. The magnetic and electrical proper-
ties of spinel ferrites are of academic and technical interest and are
dependent on the chemical composition, cation distribution, grain
size and the method of preparation [6].

The soft magnetic ferrites are materials which crystallize in
cubic spinel structure, spatial or point symmetry group Fd3m. The
chemical formula of the spinel ferrite can be written as MFe,0y4,
where M is a metal or a group of metallic elements with 2 total
valence [4]. The M?* and Fe3* cations can be distributed into two
crystal sites of spinel structure: tetrahedral sites and octahedral
sites. Typically two extreme type of spinel structure can be found:
normal spinel and inverse spinel, but in practice mixed spinel struc-
ture are also observed. Basic structure of a spinel ferrite is MFe; Oy,
where M is divalent metal ion (M = Mg, Ni, Zn, Mn. . .). In a unit cell
of the spinel lattice there are eight tetrahedral and sixteen octahe-
dral sites occupied by M and Fe3* cations, while the oxygen anions
are arranged in a cubic close packed structure. Site occupancy may
range from the normal spinel structure, in which M cations occupy
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the tetrahedral sites and Fe3* the octahedral ones, to the inverse
spinel, in which half the Fe3* cations occupy the tetrahedral sites,
and both M and Fe3* cations occupy the octahedral sites. In gen-
eral, site occupancy in MnFe,;04 may be expressed by rewriting
its generic formula as (Mnq_yFey)[MnyxFe;_,]04, where parenthe-
ses and square brackets denote tetrahedral and octahedral sites,
respectively, x represents the so called degree of inversion, defined
as the fraction of tetrahedral sites occupied by Fe3* cations [5-7].

Many studies have been focused on the synthesis of metal
oxide nanoparticles such as MnFe,04. Ferrites are often pre-
pared by high-temperature solid-state reactions [8]. In the last
decades, nanoferrites exhibiting novel properties have been pre-
pared by a variety of methods such as co-precipitation [9], sol-gel
[10], hydrothermal reactions [11,12], combustion synthesis [13,14]
and high-energy milling [15-20]. The latter method can deliver
nanocrystalline ferrites (and complex oxides in general) in a one
step process either by particle size reduction of bulk material to the
nanometer scale without changes in its chemical composition or by
inducing a heterogeneous solid-state chemical reaction between
the ferrite precursors, i.e., by the mechanically induced formation
reaction (mechanosynthesis) [7].

It is well known that properties of materials are influenced
primarily by their chemical compositions, but also by their
microstructure. Therefore the nanostructure materials exhibit
unusual physical and chemical properties, significantly different
from those of conventional bulk materials, due to their extremely
small grain size or large specific surface area. Mechanochemical
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treatment is a non-equilibrium solid-state process in which the
final product retains a very fine, typically nanocrystalline or amor-
phous structure [21].

Mechanochemical treatment has been recognized as a pow-
erful technique for synthesis of a wide range of materials. Thus,
complex, multicomponent metallic and ceramic materials, which
may otherwise be difficult to prepare by conventional high tem-
perature treatment, have been successfully prepared by milling.
Novel approach to mechanochemical synthesis, based on reactions
of solid acids, based hydrated compounds, crystal hydrates, basic
and acidic salts, has been called soft mechanochemical synthesis.
The dissolved substances in the solid state substantially change
their nature. It can influence on the comparison and properties of
the final product. Peculiarities of soft mechanochemical reactions
consist in the high reactivity of surface functional groups, notably,
OH groups.

In this paper, we present the formation of spinel ferrite phase
through soft mechanochemical treatment [22], starting from dif-
ferent mixtures of materials. The cases were:

(a) milling of mixture of Mn(OH), + a-Fe, 03 during 3-25 h;
(b) milling of mixture of Mn(OH), + Fe(OH)3 during 3-25 h.

During mechanochemical treatment, synthesis occurred in two
stages. The first of the two stages was marked by the evolution of
water vapor. The second stage was the formation of ferrite materials
by solid state reactions. Preparation from ultra-fine powder is more
advantageous since the composition can be more easily controlled,
and properties are improved as a result of the reduced grain size
[22].

Some articles indicate that the cation distribution in
mechanosynthesized nanoscale ferrites is different from that
in materials prepared by the conventional ceramic method [23,24].
According to these studies, the magnetization of ultrafine particles
is extraordinary large compared with that of bulk materials due to
the fact that a fairly large number of Fe3* ions occupy (A) sites and
form magnetic clusters with the nearest Fe3* [B]-site neighbors
through coupling by (A)-[B] interactions. The dependence of the
integrated intensity ratio on the milling time revealed that the
milling process induces cation redistribution between (A) and [B]
sites. There have been numerous previous Mdssbauer studies of
MnFe,;04 [16,25]. In order to gain more information regarding
the atomic disorder in mechanically activated MnFe,04, we
have undertaken a Mdéssbauer study of the mechanically induced
structural evolution of this solid.

Raman spectroscopy in addition to the X-ray diffraction, scan-
ning electron microscopy, transmission electron microscopy and
magnetic and Méssbauer spectroscopy measurements were used to
study the samples mechanochemically treated for different milling
times.

2. Experimental procedures

For mixtures of crystalline powders, denoted by (a) and (b), the starting materi-
als were: (a) manganese(Il)-hydroxide (Merck 95% purity) and a-Fe, 03 (Merck 99%
purity); (b) manganese(Il)-hydroxide (Merck 95% purity) and Fe(OH)3 in equimo-
lar ratio. The Fe(OH); powder was made by adding equimolar amounts of NaOH
solution (25% mass), made from 99% purity NaOH (Merck) to the FeCl; solution
(25% mass), made from 99% purity FeCls;-6H, 0 (Merck). Dark brown precipitate was
filtrated, washed with large amounts of water and dried in a vacuum desiccator.
Before milling, the Fe(OH);-nH,0 powder was heated at 105 °C for 24 h. Material
prepared by this way had 99.5% Fe(OH)s. It defined by potentiometric redox titra-
tion. X-ray analysis confirmed that the sample was amorphous, with a small amount
of crystalline phase.

Mechanochemical synthesis was performed in air atmosphere in planetary ball
mill (Fritsch Pulverisette 5). A hardened-steel vial of 500 cm? volume, filled with 40
hardened steel balls with a diameter of 13.4 mm, was used as the milling medium.
The mass of the powder was 20 g and the balls-to-powder mass ratio was 20:1. The
milling was done in air atmosphere without any additives. The angular velocity of

the supporting disc and vial was about 32 and 40rad s, respectively. The intensity
of milling corresponded to an acceleration of about 10 times the gravitation accel-
eration. All samples, with different starting compositions and milling times, were
prepared and milled separately. At the expiration of the selected milling times (3,
12 and 25 h) the mill was stopped and a small amount of powder was removed from
the vial for examination.

Characterization of the obtained samples was carried out by:

e X-ray diffraction analysis of powders treated for various periods of milling
times by a Philips PW 1050 diffractometer equipped with a PW 1730 generator
(40kV x 20 mA) using Ni filtered CuKa radiation at the room temperature. Mea-
surements were done in 26 range of 10-80° with scanning step width of 0.05° and
10 s scanning time per step. After XRD measurements, the powder was placed back
in a vial to obtain the same grinding conditions (balls to powder weight ratio).
Room temperature Raman spectra in spectral range from 100 to 1200cm~!, in
back scattering geometry, obtained by Jobin-Ivon T64000 monochromator using
514nm of a frequency argon ion laser liner. The average power density on the
sample was about 20 mW mm~2.

The morphology of powders and the size of soft mechano-synthesized ferrite crys-
tallites were examined by scanning electron microscopy (SEM, Model TESCAN
Vega TS130MM) and transmission electron microscopy (200 kV TEM, Model JEM-
2100 UHR, Jeol Inc., Tokyo, Japan). Electron energy dispersive X-ray spectrometer
(EDS) was used to examine the chemical composition of the product.

The mechanochemical reaction was also followed by magnetization measurement
at room temperature using VSM 200-Cryogenic magnetometer for the samples
mechanochemically treated at different milling times.

The Méssbauer spectra of powdered samples were measured at room temperature
(RT) using a source of >’Co in Rh (1.85 GBq). The experiments were performed in
standard transmission geometry with constant acceleration calibrated by the laser
spectrum. The data were analyzed by The WinNormos Site program [26]. Sample
thickness correction was carried out by transmission integral.

3. Results and discussion

Soft mechanochemical synthesis and mechanical
milling of (a) Mn(OH), +Fe,03 — MnFe;04+H,0 and (2)
Mn(OH), +2Fe(OH)3 — MnFe,;04 +4H,0 was also carried out
under air atmosphere. Fig. 1a shows the X-ray diffraction patterns
of powders (a) mechanochemically milled for different milling
times (3, 12 and 25h). The XRD pattern of the starting powder
is characterized by sharp diffraction peaks corresponding to
crystalline Mn(OH), (JCPDS card 73-1133) and a-Fe,;03 (JCPDS
card 89-8103) [27]. With increasing milling time, the diffraction
peaks corresponding to the simple oxide and hydroxide gradually
disappear. All the characteristic peaks of Mn(OH), and a-Fe, O3 are
well pronounced in the spectrum (Fig. 1a). During mechanochem-
ical treatment (3 h) only sharp peaks from the well-crystallized
Mn(OH), and a-Fe;03 are present in the XRD pattern. It can be
noticed that the major peaks for the hematite phase at 26 =35.6°
and 33.15° were continuously reduced by increasing the milling
time (Fig. 1a). It can be observed slightly wider peaks a-Fe;03
lower intensity and almost disappeared peaks Mn(OH),. It is
important to note that during the milling of powder mixtures
between 3 and 12 h occurs and a new phase FeO(OH) (JCPDS card
89-6096) and MnO (JCPDS card 75-1090). The main reason for this
phenomenon is because Mn(OH), quickly decomposes through
Mn(OH); — MnO +H,0, so that after 3 h of milling (Fig. 1a) there
are no peaks corresponding to the starting compound Mn(OH),.
It is known that the milling process leads to overheating of the
vessel, and at temperatures higher than 100°C leading to the
evolution of water vapor. Opening the container comes to partial
evaporation of water. It might be noted that the hydroxides trans-
form into oxides. At the same time, it can be observed the peaks
characteristic of the hydroxide and oxide (Fig. 1a). This may be a
consequence of opening of the milling vessel. Also, overpressure
of gasses in the vessel reduced the efficiency of milling, especially
in the case of water vapor where the effect of soft milling also
emerged and additionally reduced the efficiency of obtaining of
the new phase. The reason is almost the same for the samples
obtained from the mixture of powders for 12h of milling time.
This means that there is no complete decomposition of hydroxide.
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Fig. 1. X-ray diffraction pattern of the mixture of (a) Mn(OH), and a-Fe,03 and (b) Mn(OH), and Fe(OH)s; powders after various milling time.

Further milling up to 12h leads to full synthesis of new phase.
The appearance of the new peak at 26=18.09°, 29.89°, 35.37°,
42.85°, 53.11°, 56.76°, 62.13° and 73.74°, clearly indicates the
formation of the new phase of MnFe;04 (JCPDS card 74-2403)
(Fig. 1a). The peaks are well indexed to the crystal plane of spinel
ferrite (kh1)(111),(220),(311),(400),(333),(440) and (533),
respectively. This confirms that the mechanochemical synthesis of
MnFe, 0y is feasible and complete for 25 h milling time. Compared
to other synthesis routes to MnFe;04, the soft mechanochemical
process used here represents a high-yielding, low-temperature
and low-cost procedure for synthesis of nanocrystalline MnFe;04
[22,28,29].

XRD pattern of powders in case (b) mechanically milled for 3, 12
and 25 h were shown in Fig. 1b. Before any mechanochemical treat-
ment only sharp peaks from the well crystallized starting materials
were present in the XRD pattern, expect for Fe(OH)3; sample, where
X-ray analysis confirmed that it was amorphous, with small amount
of crystalline phase. In case (b), the full spectra of Mn(OH), (JCPDS
card 73-1133) and Fe(OH);3 (JCPDS card 38-0032) characteristic
peaks were present. Therefore, after 3 h there were no too many
peaks corresponding to the starting compound Mn(OH),. Mn(OH),
quickly decomposed through Mn(OH), — MnO +H,0. MnO peaks
(JCPDS card 75-1090) could not be seen indicating that amorphiza-
tion of manganese oxide had occurred. In the full spectrum of
Mn(OH),, Fe(OH); and a-Fe; 03 characteristic peaks were present,
indicating that opposed to case (a), no decomposition of either of
the starting components had occurred. After 3 h of milling time,
in Fig. 1b, it can see the appearance of peaks characteristic for
FeO(OH) (JCPDS card 89-6096). Most probably it was the con-
sequence of the presence and separation of water from Fe(OH)3
(via Fe(OH); — FeO(OH)+H,0). At the same time XRD pattern
(260=40.89°), indicating that composition of iron(Ill)-hydroxide to
hematite (Fig. 1b). Same as in the case (a), in the case (b) the new
phase of MnFe, 0y is clearly identified by milling for 25 h. The pat-
tern of MnFe,04 could be indexed using cubic spinel cell space
group in both cases synthesis.

In both cases, the conditions for soft milling existed since the
synthesis took place in the presence of water (water vapour), which
took part in the reactions as a damper of collisions between the
balls and the material. Nevertheless, due to the small amount of
water which separates from Fe(OH)3 and Mn(OH), during the syn-
thesis of MnFe,04, and periodic opening of the milling vessel to
remove water vapour overpressure, formation of the new phase
was accomplished.

Crystallite size of powders were calculated by means of Scherrer
equation (S) [30] treated mechanochemically for 25 h were deter-
mined using XRDP data as:

09
" B cos 6

where S is the crystallite grain size, A is the wavelength of the X-ray
source, fp is the Bragg angle of the considered XRDP peaks, and B
represents the FWHM line broadening obtained as follows:

B2 =B} — B2

where By, is the FWHM line broadening of the material and B repre-
sents the FWHM line broadening of the internal standard (a-Al,03)
[30]. The resulting value of the crystallite size, obtained from the
(311) strongest reflections, is 40 and 50 nm respectively for cases
denoted by (a) and (b) after 25 h milling times.

Raman spectroscopy is a non-destructive material characteriza-
tion technique and is sensitive to structural disorder. It provides an
important tool to probe the structural properties of mechanosyn-
thesized materials. MnFe,04 has a cubic structure that belongs to
the space group 0,7 (Fd3m). Although the supercell contains 56
atoms (Z=8), the primitive cell only consists of 14 atoms (Z=2). As
a result, the factor group analysis predicts the following modes in
MnFe;04:

I' = A1g(R) + Eg(R) + Fig + 3F24(R) + 2A2y + 2Ey + 4F1y(IR) + 2F»y
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Fig. 2. Raman spectra at room temperature of the mixture of: (a) Mn(OH);, and a-Fe, 03 and (b) Mn(OH), and Fe(OH); powders after various milling time.

The Fig, Ay, Eu and Fp, modes are silent. There are five first-
order Raman active modes (Aqg+Eg+3F,;), and all these modes
were observed at ambient conditions, as shown in Fig. 2. The A
mode is due to symmetric stretching of oxygen atoms along Fe-O
bonds, Eg and Fyg (3) are due to symmetric and asymmetric bend-
ing of oxygen with respect to Fe, respectively and F; (2) is due to
asymmetric stretching of Fe and O, Fyg (1) is due to translational
movement of the whole FeO4 (Fe at tetrahedral site along with
four oxygen atoms). Here, the notation A is for one dimensional
representation, E for two and F for three dimensional representa-
tions, g and u denote symmetry and anti symmetry with respect
to the centre of inversion. Raman active modes of MnFe;04 mea-
sured in spectral region between 100 and 1200 cm~! at ambient
conditions. In the cubic ferrites, the modes at above 600cm™!
mostly correspond to the motion of oxygen in tetrahedral AO4
groups [31], so the mode at 589cm~! for case (a) and the mode
at 590cm~! for case (b) of synthesis can be reasonably consid-
ered as Ag symmetry. The other low frequency modes represent
the characteristics of the octahedral sites (BOg). On other hand, it
can be concluded that the high oxygen bends are observed in the
range 600-500 cm~!, corresponds to intrinsic stretching vibrations
of the metal at the tetrahedral site, Mtetra <> O, whereas the low-
est band, usually observed in the range 480-365 cm™!, is assigned
to octahedral-metal stretching, Mycta <> O. The mode, observed at
around 589 cm~! for MnFe, 0, can be assigned to tetrahedral Mn2*
stretching, and band observed at 472 cm~! involves the Fe3* vibra-
tion at the octahedral site. The five first-order Raman modes at
about 212, 269, 376, 472 and 589 cm~! for both cases synthesis
exhibit the broad characteristics (Fig. 3a and b). The obtained tree
modes at about 212, 376 and 472cm! for case (a) of synthe-
sis, and 214, 378 and 473 cm™! for case (b) of synthesis belong
to the symmetry type Fps. Also, it can see that the modes 270
and 272cm~! belong to same symmetry Eg for case (a) and (b),
respectively. By increasing the milling time, the grain size is being
reduced. When reducing the grain size, quantum effects are coming
to the forefront. Raman spectra are often analyzed with the help of
a Lorentzian curve. Only 5 Raman bands are clearly observed. More
deep Raman and IR study will be the subject of future investiga-
tions.

The position of the Raman modes, obtained by deconvolution, is
presented in Fig. 3. The position change with increasing of milling

times is expressed for all 5 active Raman modes. Analysis error is
about 5%.

Fig. 4 shows the SEM micrographs for the sample obtained
from the mixture of (a) Mn(OH), and Fe,0O3 and (b) Mn(OH),
and Fe(OH); powders by the soft mechanochemical synthesis after
12 and 25h milling time, respectively. The powder dissolved in
kerosene was de-agglomerated in ultrasonic bath before analy-
sis. The images reveal that beside observed agglomerates, which
could not be destroyed in above mentioned process, the mate-
rial is rather amorphized due to fact that it was not possible
to distinguish separate particles. The tendency to be agglom-
erated increase with milling time. The individual particle size
was very difficult to determine due to indistinct image at higher
magnification. The size of the powder particles of the starting
powders mixture varied. As result of mechanochemical reaction,
the powders become much finer and uniform in shape. While
the starting powder mixture consisted predominantly of indi-
vidual particles, the sample of mechanosynthesized manganese
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Fig. 3. Position of Raman modes.
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Fig. 4. SEM images of nanoscale mechanosynthesized of MnFe,04 after 12 h and 25 h of milling of the mixture of: (a) Mn(OH), and a-Fe,03 and (b) Mn(OH), and Fe(OH)3

powders, respectively.

ferrite consists of aggregates of fine particles. The shape of the
majority of the crystallites appeared to be spherical. As shown
in Fig. 4 nanoscale crystallites tended to agglomerate because of
dipolar field of each crystallite. Agglomerated crystallites formed
grains with sizes mostly up to 50nm for mixture of powders
after 12 h milling time. The synthesized MnFe,0, ferrite had a
nanocrystalline structure with a crystallite size of about 20 and
30nm for cases the sample obtained from the mixture of (a)
Mn(OH); and Fe,03 and (b) Mn(OH), and Fe(OH)3 after 25 milling
time.

In the investigated samples the product MnFe, 0,4 appears in the
form of nanocrystalline particles after longer milling times. In the
samples milled for 6 h starting materials and intermediate reac-
tion products dominate the EDP patterns. The sample with starting
composition Fe(OH)3 and Mn(OH); shows more product than the
sample with the starting composition of a-Fe,03 and Mn(OH),
after milling for 6 h each. Spinel-type reflections are barely visi-
ble in the EDP pattern in the sample where starting materials were

hydroxides of both metals. Their relative intensity suggests than not
more than 20% of MnFe, Q4 is present in this sample. After, the sam-
ples are milled for 25 h most of the starting materials are reacted to
the MnFe, 04 phase. The appearance of crystallites in both samples
is similar, as well as the apparent degree of conversion. The aver-
age size of MnFe;04 nanocrystals is between 10 and 50 nm and
is fairly homogeneous for the sample with the a-Fe,03 + Mn(OH),
starting composition, whereas that of the sample with the Fe(OH)3
and Mn(OH), starting composition ranges between 5 and 50 nm
with some crystallites exceeding 100 nm (Fig. 5). The crystallites
are rounded and tend to agglomerate into larger clusters with
diameters of several hundred of nanometers. Measured d-values
of MnFe,0,4 are listed in Table 1. The images present in Fig. 6
reveal that the specimens consist of nanocrystalline particles and
amorphous region with crystallite size about 50 nm that is in a
good agreement with the crystallite size estimated from the XRD
study. The composition of the product was confirmed by EDS mea-
surements of several individual particles, as well as larger crystal



e O “Mn(@H) 125k

Z.Z. Lazarevi¢ et al. / Journal of Alloys and Compounds 509 (2011) 9977-9985

MnlFe:0 B

50) o

Fig. 5. TEM image with corresponding EDP of (a) Mn(OH), and «-Fe;03 and (b) Mn(OH); and Fe(OH); after milling for 25 h. Spinel-type reflections dominate the diffraction

pattern (inset).

Table 1
Measured d-values (nm) for MnFe,04 from EDP pattern (from Fig. 6).
D4 D, D3 Dy Ds Ds D7
Measured (nm) 0.489 0.301 0.259 0.215 0.175 0.165 0.152
JCPDF #74-2403 0.49138 0.30090 0.25661 0.21277 0.17373 0.16379 0.15045
Crystallogr. plane {111} {220} {311} {400} {422} {333} {440}

clusters. The analyses show a constant Mn:Fe atomic ratio of 1:2,
which corresponds to the MnFe,04 phase (Fig. 6).

The magnetic measurements were performed at room tem-
perature and results for all samples were shown in Fig. 7 and
Table 2. As could be seen, the magnetization showed almost the
same dependence on milling time for both case of syntheses. At
the start magnetization values were low, because, the reactions of

formatting of MnFe, 04 phase did not start before the degradation
and size reduction of mixtures of precursors. For powders a-Fe;03
the magnetization remarkably increased after 1h of milling and
reached the maximum at 3 h [32]. The magnetization during first
few hours could be attributed to a-Fe; 03 while considerably higher
values of our samples corresponded to be contribution of ferrite
phase. For milling times up to 3 h magnetization increased slowly,

4000 —

3600 —

3200 4

2800 —

2400 —

Counts

2000 —

1600

1200

800

400 —

| Mn:Fe =1:2

2.00

3.00 4.00

5.00
keV

6.00 9.00 10.00

Fig. 6. EDS spectrum of Mn(OH), and a-Fe;03 after milling for 25 h shows the presence of single MnFe,04 phase. The inset shows a HRTEM image of rounded MnFe,04
nanoparticles with well resolved lattice fringes, characteristic for the spinel structure. Cu peak stems from the Cu-grid of the TEM specimen, whereas the minor peak of Cr

could not be explained.



Z.Z. Lazarevié et al. / Journal of Alloys and Compounds 509 (2011) 9977-9985

9983

a 80 \ b 80
] =0 ﬁ/ 1 30d
60 A/ 60 1 A/
3o . B [Mn(OH),+Fe,0,= MnFe,0, | 5] s
20l o o A8 —o— ~ A —_—
40 4 _5_'2 J/i77% 40 - E Q*ﬁ;/;ufg A= —
s /A %m A/
— 20 22/ %207 * /A
S 0]~ T
S -500 w08 250 500 ; '307% jARdARA AR AR AN AR
g 0 [Oe] g o4 *® H1oe] 0
s L 3 =
—0-13h —0—-3h
-40 - —0-12h —0-—12h
N ~ A 25h —A—25h
-80 T T T T T T T T T T T T T T T T T T T
-8 -6 -4 -2 0 2 4 6 8 2 4 6 8

H[10" x Oe]

H[10* x Oe]

Fig. 7. The magnetic hysteresis curves of the mixture of: (a) Mn(OH), and a-Fe,03 and (b) Mn(OH), and Fe(OH); powders after various milling time. The inset shows low

magnetization behavior.

Table 2
Magnetization measurements of the samples for the different milling time (3, 12
and 25 h) of the mixture powders.

Milling time (h) M (emu/g)
Ml’l(OH)z +a-Fe, 05 MH(OH)Z +FE(OH)3
3 4.8 12.3
12 15.8 10.2
25 70.4 711

indicating some structural changes. For the sample milled for 12 h,
the increase in the magnetization was a result of the partial con-
version of starting materials to the MnFe,04 spinel phase. The
slower change from 3 to 12h could be attributed to the influ-
ence of water vapor evolution. After 12h the surplus of water
vapor was eliminated from the system by periodically opening
the milling vessel. Results of magnetic measurement after 25h
of milling showed that the sample obtained from the mixture
of Mn(OH), and Fe;03 powders had higher percent of formed
MnFe,04 phase then the sample obtained from the mixture of
Mn(OH), and Fe(OH); powders. On other hand, room tempera-
ture hysteresis curves for the sample obtained from the mixture
of (a) Mn(OH), and Fe,;03 and (b) Mn(OH), and Fe(OH)3 pow-
ders after various milling time are shown in Fig. 7. These curves
show the absence of coercive field, indicating the superparmag-
netic behavior of the material. Also, they are typical of soft ferrites,
however, complete magnetic saturation is not achieved even at
70 kOe. The spontaneous magnetizations, Ms are very similar (70.4
and 71.1 emu/g), that is smaller than the value for bulk MnFe; 04,
80 emu/g [33], and increases with milling time and decreases with
crystallite size. This is consistent with the assertion that can be
found in the work Aslibeiki et al. [20]. An increase in magne-
tization with the annealing temperature or milling time can be
attributed mainly to the enhancement of crystallite size and crys-
tallinity of samples. The increasing of magnetization by increasing
milling time could be ascribed to the lower surface canting and
surface disorder of the larger magnetic nanoparticles [20,34]. Also
the low values of the saturation magnetization of these nanoparti-
cles (compared to the bulk value, about 80 emu/g in manganese
ferrite) [33,35] may be due to the presence of a magnetic dead
layer or disordered layer on the surface of nanoparticles. These
magnetically disordered states at grain surface are due to the

high degree of contamination, breaking of Fe-O-Fe paths, devia-
tion of stoichiometric composition, termination of crystal structure
and dislocation. The change in magnetization is very intensive
between 12 h and 25 h, showing that the mechanochemical reac-
tion mainly takes place in this time interval (Fig. 7, Table 2). The
measurement of the coercivity warrants the determination of the
magnetization response with better accuracy and resolution par-
ticularly at small applied fields. Hence, a separate set of hysteresis
curves was showed for each sample with an applied field of —500
to 500 Oe at room temperature (the inset M-H curves in Fig. 7a
and b). While the M-H curve shows no hysteresis and no satura-
tion for the mixture of (a) Mn(OH), and Fe,03 and (b) Mn(OH),
and Fe(OH)3; powders obtained by the soft mechanochemical syn-
thesis for 3h and 12 h milling time, respectively. The absence of
saturation, remanent magnetization and coercivity in M-H curves
indicates the superparamagnetic nature of the materials. By the
increasing the milling time to 25 h, the coercivity of samples are
increasing and reaches to a coercivity of Hc ~ 500 Oe. It shows a
small hysteretic behavior of samples obtained for 25h at room
temperature. The maximum magnetization for MnFe,0,4 ferrites
obtained for 25 h of milling time from the mixture of (a) Mn(OH),
and Fe, 03 and (b) Mn(OH);, and Fe(OH)3 powders is quite interest-
ing for such small nanoparticles, and is due to the crystallinity of
the obtained samples. It is also well known that milling parameters
can significantly influence the microstructural evolution includ-
ing nanocrystallinity or amorphization during mechanical alloying
[25]. The synthesis conditions are demonstrated to have a clear
influence on their saturation magnetization (Fig. 7, insets). The hys-
teresis curve at low applied fields shows the values of the coercive
field, H. ~ 500 Oe and the remnant magnetization, M; ~ 32 emu/g
for sample obtained for 25h of milling time from the mixture
of (a) Mn(OH); and Fe;03 and (b) Mn(OH), and Fe(OH)3 pow-
ders. The saturation magnetization measured on the MnFe;04
spinel ferrite nanopowder by a soft mechanochemical synthesis
is higher than that for spinel ferrites produced by polymeric pre-
cursor [8]. The way we performed the extrapolation of results
obtained by magnetic measurements at room temperature is the
same as that which can be found in works by many authors
[36-38].

Fig. 8 shows two Mdossbauer spectra for samples obtained at
room temperature from the mixture of: (a) Mn(OH), and a-Fe,03
and (b) Mn(OH), and Fe(OH)3 powders after 25 h milling time. The
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Fig. 8. Mossbauer spectra at room temperature of the mixture of: (a) Mn(OH), and
a-Fe,03 and (b) Mn(OH); and Fe(OH); powders after 25 h milling time.

Mossbauer spectra for both samples consist of the twelve subspec-
tra. They are divided in the three groups, depending of the particles
size. Alarge nanoparticle requires five subspectra to describe cation
distribution at the mixed spinel (MnyFe;_,)T(Mn;_xFe .+x)M04. The
first sextet is assigned to ferric ion at tetrahedral site (T) with
the cubic point symmetry group Td. It is confirmed with zero
quadrupole splitting. Cations at this site feel the strongest antifer-
romagnetic hyperfine interaction as result of the superexchange
interaction via oxygen ions. The ferric ions positioned at octahe-
dral coordination site (M) show four sextets due to different local
environment. The ferric cations at (M) site are very sense to the dis-
tribution of cations at (T) site [39]. Therefore, the belonged sextets
have broadened line widths. The octahedral site has the trigo-
nal point symmetry D3d group, and one expects certain electric
field gradient EFG. The strength of hyperfine induction depends
of distance between the magnetic ions and angle of Fe-O-Fe
bonds. Also, the strength decreases as the volume of particles
decreases. The superparamagnetic relaxation effect occurs at very
small nanoparticles and we cannot observe a sextet any more,
as consequence. We found that are presented the one doublet
and the singlet, originated in octahedral and tetrahedral coordi-
nation, respectively. The cation site preference is affected when
the size of particles are small, too. We found out in the first
sample obtained of the mixture of Mn(OH), and «a-Fe;03 pow-
ders after 25h milling time amount of Mn?* at tetrahedral site
decrease from 76% to 51%, as size of particles decreased (Table 3).
Also, tetrahedral preference of Mn2* decreases from 80% to 54% as
function of particle size at the second sample obtained from the
mixture of Mn(OH);, and Fe(OH); powders after 25 h milling time
(Table 3).

Table 3

Mossbauer parameters for the mixture of powders of Mn(OH); and a-Fe; 03 (sample
1) and Mn(OH); and Fe(OH); (sample 2) after milling of 25 h: § — isomer shift with
reference to a - Fe, A - quadruple splitting (2¢-shift), B - hyperfine induction, I"
- line width (FWHM) and A - relative area fraction of component. For site occu-
pancies by cations Fe3* are used signs: T for tetrahedral and M for octahedral site
coordination.

Sample § A B r A Site
(mms—') (mms ') (T) (mms=') (%)

2
0.286(5) —0.014(8) 49.04(5) 0.27(2) 15.2 T
0.447(6)  033(2)  47.82(6) 0.26(3) 9(2) M
0.395(6) —0.16(2)  47.59(7)  0.36(3) 21(5) M
0.60(2)  0.10(2)  444(1)  0.34(6) 7(2) M
0.48(1) 0.102)  41.2(1) 0.54(8) 11(3) M
0.36(1) 0.01(1)  44.7(1) 0.43(4) 17(3) T
0.52(2) 0.14(5) 38.1(2) 0.6(1) 6(2) M
0.41(3) 0.01(5) 35.0(2) 0.6(1) 5(1) M
0.39(2) 0.21(4) 30.8(1) 0.22(7) 15(4) M
0.80(2) 0.40(5) 25.8(2) 0.53(6) 49(7) M
0.43(3) 0.6(2) 123) T
0.66(6) 2.3(1) 0.8(2) 123) M

1
0.275(5) —0.040(8) 48.97(6)  0.27(2) 11.7 T
0.422(6) 030(2)  47.82(5) 0.29(2) 11(2) M
0376(6) -0.18(2)  47.68(7)  0.35(3) 18(5) M
0.60(1) 0.10(2)  44.40(8)  0.32(4) 7(2) M
0.460(7) 0.10(1)  41.20(9)  0.48(4) 11(2) M
0.354(8) 0.008(8) 44.69(6)  0.42(3) 18(3) T
049(1)  018(3)  37.8(1)  0.54(6) 7(1) M
0.36(2) 0.06(4) 34.9(2) 0.64(9) 6(1) M
0.38(1) 0.13(2) 30.36(9)  0.21(4) 18(4) M
0.75(2) 0.50(3) 253(2) 0.65(5) 6.1(9) M
0.54(3) 0.6(1) 1.02) T
0.77(2) 2.01(6) 0.64(8) 142) M

4. Conclusions

In this paper, we show that it is possible to obtain MnFe,;04
ferrite by soft mechanochemical synthesis starting from the mix-
ture of (a) Mn(OH), and a-Fe;03 and (b) Mn(OH), and Fe(OH);3
powders. Ball milling was a suitable technique for the prepara-
tion of nanocrystalline MnFe,0, ferrite. It has been shown that
mechanochemical treatment of mixtures with starting materials
lead to the amorphization of the starting powders and to their par-
tial reaction, producing after 3 h of milling a mixture Mn(OH), and
Fe,03, after 12 h of milling a mixture Fe,O3, MnO and FeO(OH),
and finally after 25h MnFe;04, for case (a). On the other hand,
observing case (b), after 3h of milling starting powders can be
observed in the presence of Mn(OH),, Fe(OH)3; and Fe,03, after
12 h of milling a mixture Fe,03, Mn(OH), and FeO(OH), and finally
after 25 h MnFe,0y4. It could be concluded that mechanochemical
treatment leads to the successful formation of ultrafine powders
of MnFe,04 ferrite. On the basis of Raman research is observed
five first-order Raman active modes. The intensity of the Raman
modes in the formation of ferrite phase in both cases of syn-
thesis are very close of values, but there are differences which
indicates that milling leads to phase changes in the development
of ferrite use soft mechanochemical method. More deep Raman
study will be the subject of future investigations. The magnetic
measurements after 25h of milling show magnetization value of
70.4emu/g and 71.1 emu/g. The Md&ssbauer spectra show the one
doublet and the singlet, originated in octahedral and tetrahedral
coordination, respectively. The cation site preference is affected
when the size of particles are small, too. We found out in the
both cases synthesis amount of Mn2* at tetrahedral site decrease
as size of particles decreased. This simple, low cost route should
be applicable for the synthesis of other functional nanoparticles
materials.
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