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Abstract

Nanocrystalline Mn-Zn ferrite nanopowders (Mng 5Zn, sFe,04) were synthesized by co-precipitation technique and post-
fabrication annealing has been performed at different temperature ranges from 400 to 700 °C for 2 h. The effect of annealing
on morphology, crystalline phase formation, cation distribution, lattice constant, particle size, magnetic properties, and optical
properties was studied by scanning electron microscopy (SEM), x-ray diffraction (XRD), vibrating sample magnetometer
(VSM), and UV-visible spectroscopy (UV-Vis) respectively. The crystallite size increased from 14 to 24 nm with the annealing
temperature owing to the grain growth process or more technically we say Ostwald ripening mechanism. The decomposition of
ferrites at low-temperature results in the formation of hematite Fe,O; eventually reduced the magnetic properties of ferrites. The
hematite, impurity phase, started to dissolve or converted into the ferrite phase after 600 °C. The sample annealed at 700 °C
shows a better crystalline structure, phase formation, and larger magnetization compared to the other ferrite samples. The
improved magnetic behavior after heat treatment is due to the better alignment of domains at the cost of the grain growth process.

The UV-Vis spectroscopy result revealed the maximum absorbance at 380 nm.
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1 Introduction

The nanocrystalline ferrites have gained much attention due to
their technological applications. Scientists are keen to investi-
gate the various properties of doped ferrites prepared by differ-
ent methods. The soft spinel ferrites are the most important class
because of their technological application [1-4] since Mn-Zn
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ferrites belong to the direct band gap materials so they can be
used for optoelectronic sources. While dealing with the spinel
ferrites, in the general formula, MFe,O4 M represents the diva-
lent metal cations like Mn?*, Zn>*, Co**, and Ni2*. The divalent
metal cations having ionic radii greater than 1 A cannot form
the spinel structure [5, 6]. Tetrahedral and octahedral are the
two interstitial sites occupied by the metal cations present in the
spinel geometry. The distribution of metal cations between the
two sites is responsible for the formation of any of three types of
spinel, normal, inverse, and mixed spinels. The concentrations
of cations between the two sites highly influence the structural
and magnetic properties of ferrites [7-9].

The magnetic properties of spinel structures are often tuned
owing to the non-magnetic cations when they are introduced
interstitially or as a replacement to host material’s atoms [10].
For instance, zinc ferrites can be doped with Mg?* ions which
significantly change the magnetic behavior; in fact, it can in-
crease the saturation magnetization and other relevant param-
eters [11]. Furthermore, the core-shell structures comprising
of agglomerated Zn-Mg-Fe microspheres have been prepared
through solvothermal technique and investigated as
photocatalysts in the degradation of 1,2-dichlorobenzene
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[12-17]. In the wet chemical method, co-precipitation pro-
vides homogenous and smaller crystallite size as compared
to the other preparation techniques that involve the solid-
state reaction and high temperature. In this paper, Mn-Zn fer-
rites are prepared by the co-precipitation method. The as-
synthesized sample was annealed at 400 °C, 500 °C,
600 °C, and 700 °C for 2 h each. In the formation of oxides
or spinels, the choice of the precursor is very important.
Morphological, structural, magnetic, and optical properties
were investigated.

2 Experimental

Mny 5Zng sFe,O4 powder was synthesized through the co-
precipitation method. MnCl,-6H,0, ZnCl,-6H,0, and FeCl,-
4H,0 were used as starting materials. To get the desired stoi-
chiometry, we prepared 50 ml solution of MnCl,-6H,0, 50 ml
solution of ZnCl,-6H,0, and 100 ml solution of FeCl,-4H,O
in the de-ionized water and mixed thoroughly at 80 °C. The
separate solution of 0.8 M NaOH has been prepared and
mixed drop wise as the precipitating agent. The solutions were
homogenously mixed on the magnetic stirrer while the precip-
itating agent was added to the solution to maintain the desired
pH around 12. Homogenous mixing is very important other-
wise separation of phase can take place. The reaction was
continued for 60—-70 min at a temperature of 80 °C under
constant stirring. The metal salts converted into hydroxide
and then to nano-ferrites upon heating to 80 °C for 60 min.
Thus, reaction time was enough for the transformation of met-
al hydroxide into the spinel ferrite phase. The precipitates got
stable at the bottom of the vessel since they are less soluble in
the remaining solution. After the completion of the reaction,
the reaction vessel has been taken to room temperature and the
precipitates were separated from the rest of the solution. These
precipitated were washed 5 to 6 times with distilled water and
3 to 4 times with ethanol in order to remove the impurities.
After washing, the precipitates were placed inside the drying
oven at 80 °C for 4 h in order to remove the excess water. The
dried product was then very smoothly crushed with the help of
mortar and pestle into powder form. All the steps are clearly
illustrated schematically in Fig. 1 as shown below.

The final product was annealed at 400 °C, 500 °C, 600 °C,
and 700 °C in the annealing chamber for 2 h each. X-ray
diffraction (XRD-Philips/PANalytical X Pert Pro-MPD) anal-
ysis was performed to study the crystal structure, phase for-
mation, and crystallite size of as-synthesized and annealed
samples. The morphological and elemental analysis was done
by using a scanning electron microscope (TESCAN Vega
LMU Variable Pressure SEM) and EDX analyses. A vibrating
sample magnetometer (VSM-7407, Lakeshore) has been
employed to study the magnetic behavior of samples and to
observe the possible change in magnetic parameters owing to
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the heat treatment. The optical properties of ferrites were in-
vestigated by UV-Visible spectrophotometer (Perkin Elmer
Lambda 25).

3 Results and Discussion

Mng 5Zng sFe,04 as-synthesized and annealed at 400 °C,
500 °C, 600 °C, and 700 °C for 2 h each has been investigated
for its structural properties as shown in Fig. 2. These diffrac-
tion peaks are well matched with JCPDS card no. 10-0467
confirming the formation of Mn-Zn ferrites in all samples
[18]. The diffraction peaks corresponding to spinel ferrites
(220), (311), (422), (511), and (440) are indexed in accor-
dance with the JCPDS card as mentioned above. The diffrac-
tion peaks belong to hematite are indicated with an asterisk
with the help of JCPDS card no. 33-0664 [19]. The as-
prepared sample shows only three minor peaks at angle 30°,
35.3°, and 62.2° so in order to get the better crystalline struc-
ture and more diffraction peaks at various angles annealing
have been employed for 2 h with a stepwise increase in tem-
perature from 400 to 700 °C. After the heat treatment, sharper
peaks can be observed in the figure owing to the release of
stress in the unit cell. This happens due to the removal of
contaminations in the sample and unnecessary contents pres-
ent in the freshly prepared samples.

The lattice parameter has been calculated as
a=dVh +ik*+ P

Considering all the planes as shown in Fig. 2, the calculated
average value of unit cell edge length is 8.42 A. This value is
in agreement with the already reported values in the literature.
The average crystallite size of different peaks has been calcu-
lated by using Scherrer’s relation [20].

~0.89
~ BCOSH

D shows average crystallite dimension, 0.89 is shape fac-
tor, A=0.154 nm, and (3 is linked with peak broadening, i.e.,
FWHM. The peak broadening is affected by many factors
such as stress, strain, deformation, and size. The broadening
due to size and strain must be taken into account for the cal-
culation of grain size. Commonly, the broadening of XRD
peaks is associated with the reduction of crystallite size [21].

Figure 3 shows the graph between annealing temperature
and average particle size for all samples illustrating a gradu-
ally increasing particle size with temperature. The grain size,
crystal growth, and crystallization are highly affected by the
annealing temperature. Normally, grain size increases with an
increase of annealing temperature. This may be explained by
the nucleation and growth of particles in a solid solution, as
the two are the process of crystallization. In the heating
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Fig. 1 Complete co-precipitation
synthesis process illustrated
schematically
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process, when the particles are formed, they collide and either
coalesce with one another to form a larger particle or coagu-
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Fig. 2 XRD patterns of Mny sZn, sFe,O, ferrites nanoparticles annealed
at different temperatures for 2 h
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will enable Oswald ripening, i.e., larger grains grow bigger at
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diffusion oriented. Hence, grain growth typically goes expo-
nentially with temperature, only linearly with time at a given
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temperature. The average crystallite size for all the samples is
in the range of 14-24 nm. It is inferred from the results that the
co-precipitation method yields a smaller crystallite size of Mn-
Zn ferrites than the other reported methods [22]. The rea-
son behind Ostwald ripening is that Oswald ripening is
basically a function of the surface area to volume ratio. In
a given sample, crystallites are in a range in size from
very small to very large. The smallest crystallites have
the largest surface area to volume ratio. Given their higher
surface area, it is more likely they will dissolve (melt) as
the temperature is increased. This dissolved (or melted)
mass then gradually deposits on the crystals that remain,
which were already larger to begin with. The larger crys-
tals grow larger at the expense of the small crystals get-
ting smaller (or disappearing altogether). The temperature
simply increases the rate at which this phenomenon oc-
curs [23]. The physical behavior of ferrites is highly in-
fluenced by the dopants category, annealing temperature,
and cation distribution between the two sites, A and B.
Oxygen ions determine the crystal structure since the radii
of oxygen ion is much larger than metal ion, Mn and Zn.
The cation distribution is influenced by the synthesis
method and annealing temperature [24].

The ionic radii, electronic configuration, and electrostatic
energy affect the distribution of metal ions over the two sites.
In the account of electronic configuration, 7Zn>* has filled d-
shell orbital and hence shows a tendency to occupy the tetra-
hedral site. This may be attributed to the formation of sp’
hybrid orbital [4]. In addition to it, if we take into account
the crystal field stabilization energy for a transition metal,
the zinc shows excess energy stabilization for the tetrahedral
site [25]. While the Fe** and Mn?** are distributed over the two
sites, tetrahedral and octahedral. Hence, the cation distribution
for the Mng sZn, sFe,O,4 can be written as.

(Zn§5 + Mg+ Feph) [Mngh + Fej§] 0

where () and [] brackets represent the tetrahedral and octahe-
dral sites respectively. The experimental lattice parameter cal-
culated from the X-ray diffraction data increases to some ex-
tent with the annealing temperature. The theoretical lattice
parameter ay, was calculated for the correlation between ionic
radii and to check the proposed cation distribution from the
following relation.

am = % (ratr Ro) + V3 (rs + R,)

where R,, is the radius of oxygen ion and 1.38 A, , and r are
the ionic radii of the tetrahedral and octahedral sites and can be
calculated by knowing the cation distribution. The theoretical
parameter ay, calculated from relation is 8.44 A. The theoret-
ical and experimental lattice parameters are in good agreement
confirming the cation distribution.
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The ionic radii of each site were calculated according to the
following relation

ra = [(0.5)r7) + (0.3)ry + (0.2)r3d |
rp = 0.5[(0.2)r + (1.8)r¢ ]

where r7,2", v, and et are ionic radii of the Zn?*, Mn**,
and Fe** ions respectively.

The oxygen parameter which is quite important in the case
of spinels has been calculated from the following relation.

1 1
u= (rA+R0)a\/§+4}

The value of the oxygen parameter was calculated by
0.391 A by using the value of the tetrahedral site radius, radius
of oxygen ion, and experimentally calculated lattice parameter
in the above relation. The value of the oxygen parameter is
0.375 A in the case of ideal spinels having exactly cubic
closed packing. The value of the oxygen parameter obtained
from the above relation is slightly larger than the ideal value
which is probably due to the small displacement of ion along
the body diagonal due to the expansion of the tetrahedral site.
The large concentration of Zn>* having larger ionic radii
0.68 A as compared to the Fe**, 0.58 A, leads to the slight
variation in the ideal position of oxygen anions. The change in
the experimentally calculated lattice parameter is also con-
firmed by this lattice disturbance [26]. The proposed increase
in oxygen parameter u reveals the trigonal distortion at the
octahedral B site. The proposed cation distribution in the
two sites and resulting lattice expansion has been further
checked by calculating the tetrahedral bond length, octahedral
bond length, tetrahedral shared edge, octahedral shared edge,
and unshared site edges (dao, dgo, dar, dgE, and dggy respec-
tively) of spinel lattice by using the value of theoretically
calculated lattice constant and oxygen parameter from the fol-
lowing relations [23].

dAO = a\/g(u—OZS)
dAE = a\/i (21/!*05)
dBE = (1\/5(1_21,1)

2/ —3y+-LL
dBEU =da (4M2 Sutig

V3

LA :a?
2

2

LB—aT

L4 and Ly are the hoping lengths. The obtained values are
listed in Table 1 where the larger values of dao, dgo, daE, dBE,
dgru, La, and Ly are attributed to the larger concentration of
Mn ions and cation distribution.
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Table 1 The bond length of A site dao and B site dpo, the tetrahedral
edge dap, the shared and unshared octahedral edges dgg and dpgy, and
hoping length at A site L, and B site Lg for Mng sZng sFe,O4

x dao dpo [ON dpg dpeuy La Ly

0.5 2.060 A 1.951 A 3315A 258 A 296 A 3.612A 2965 A

The morphology of nanocrystalline Mny sZn, sFe,O4 has
been studied by scanning electron microscopy. The direct ob-
servation of the micrographs reveals that the morphology is
porous and agglomerated. The segregation of the particles
may be due to the magnetic behavior of the transition metals
[5]. The small black voids representing the pores in the pre-
pared ferrites [26]. The SEM micrographs of the as-
synthesized sample are shown in Fig. 4 with different magni-
fications. The annealing temperature has the predominant ef-
fect on the formation of clear crystalline structure and homog-
enous microstructure which is already elaborated through
XRD analysis.

The compositional analysis was done by the EDX analysis
as shown Fig. 5. The EDX spectrum indicates the presence of
Mn, Zn, Fe, and O which confirms the formation of Mn-Zn
ferrites.

The M-H hysteresis loops of as-synthesized and annealed
samples have been measured by employing VSM as shown in
Fig. 6 and the magnetic parameters are tabulated in Table 2.
The magnetization of ferrites is affected by the temperature.
The M-H loops of all samples annealed at different tempera-
tures 400 °C to 700 °C are showing the same trend; i.e., the
overall magnetic behavior of the samples is improved with an
increase in annealing temperature. The low magnetization is
indicating the antiferromagnetic ordering, i.e., hematite, the
indication of which is also given in the XRD pattern. This
may be attributed to the small quantity of ferrite formation.
The samples did not attain the higher magnetization values
due to the applied field limitation; usually, the magnetization

Fig. 4 SEM images of as-
synthesized Mng sZng sFe;04
nanoparticles
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Fig. 5 EDX spectrum of Mn-Zn ferrites nanoparticles showing the
required contents

increases with the temperature and attains the maximum value
for the field higher than 12,000 Oe. However, in our results,
we observe an overall increase in saturation magnetization
with the increase in annealing temperature that is due to the
better alignment of magnetic domains owing to the release in
the stress among the grains and better ordering of directional
atomic pairs [27-29].

Figure 7 shows the change in coercivity and squareness
with the increase in annealing temperature illustrating the in-
crease in both the magnetic parameters to a maximum value
and then decrease. Similar to the increase in the saturation
magnetization values, the increase in coercivity values is also
due to the removal of impurities and stress relief among the
grains as this leads to the better alignment of grain and ulti-
mately the improved manifestation of magnetic domains after
receiving the external magnetic field. Furthermore, the sudden
decrease of these two magnetic parameters at higher temper-
atures as shown in the figure could have a few possible
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Table 2 Variation in different magnetic parameters and crystallite size of Mng sZng sFe,O, nanoparticles annealed at different temperatures

Sr. no. Samples M, (emu/g) x 1073 M, (emu/g) x 10°° SQ = M,/M, H, (Oe) Crystallite size (nm)
1 As synthesized 26.51 31.02 0.0012 13.815 14.47

2 400 °C 42.83 662.45 0.015 143.28 18.64

3 500 °C 28.04 563.01 0.020 192.94 20.64

4 600 °C 61.20 704.27 0.011 84.343 22.49

5 700 °C 65.58 797.80 0.012 48.723 24.69

reasons. One of the possible reasons is that the melting points
of several materials when they are in the nanometer range are
considerably smaller than their counter bulk parts. So this
could be one of the reasons that up to some extent, there can
be melting effects leading to the formation of non-magnetic
oxide causing the reduction in coercivity and squareness
values. Another possible reason is that with the increase in
annealing temperature, there is a possibility of the formation
of regions having antiferromagnetic orderings and this causes
a loss of free ferromagnetic iron atom and again causing a
decrease in coercivity value. lons have their own site prefer-
ence energy for the occupancy of specific site. It is unlikely for
the Mn”* ions to occupy all octahedral sites; consequently, no
B-B or Fe’*-O-Fe* magnetic interaction is possible in the
MZF [20, 30, 31]. On the other hand, it is reported that a part
of total Mn?* can occupy the octahedral site that is why it is
not surprising that MZF shows lower magnetization at higher
concentration of zinc since zinc does not take part in the mag-
netic properties, filled d orbitals, or zero magnetic moments
[18, 20].

After dissolving in distilled water, the UV-visible absor-
bance spectrum of Mny sZn, sFe,O4 nanoparticles has been
recorded in the range 200-800 nm wavelength as shown in
Fig. 8. The measurements have been done in a usual way of

0.06 / /

0.04 A A
s AT =
. N
E 00 /1
H ]
'{.‘: 0.00 As synthesized
N ——400°C
.00 /4 ——500°C
R = 7 S
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Fig. 6 Magnetic hysteresis curves for Mng sZng sFe,O4 nano-powder
annealed at different temperatures
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transmittance mode in which basically the ratio of transmitted
and incident radiation is recorded. The next useful step is to
take the negative logarithm of transmittance that gives the
absorbance against the wavelength range as shown in Fig. 8.
In transition metals, the 3d and 4d orbitals are responsible for
the absorption mechanism. The maximum absorbance is ob-
served at 380 nm and the optical absorbance coefficient is
calculated using the following relation [20].

A
a =2.303 n

where « is the optical absorption coefficient, A is the absor-
bance, can be calculated from the absorbance spectrum corre-
sponding to the wavelength, and ¢ is the thickness of the sam-
ple, usually taken as 1 cm. The emission wavelength from a
semiconducting material is related to the band gap or material
constant. The band gap E, is calculated using the relation [32].

ahrv = A(hv—E,)

In the above relation, the value of n determines the allowed
direct and indirect band gap. The value of # is 0.5 in case of
allowed direct transition. Figure 9 shows the Tauc plot or plot
between (ahv)* and hv, by extending the linear part of the
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Fig. 7 Variation in coercivity and squareness with the increase in
annealing temperature
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plot to the energy axis gives the optical band gap. The calcu-
lated value of the optical band gap for the Mng sZn sFe,Oy, is
3.05 eV. The estimated value of the band gap is in accordance
with the reported literature. The literature reported the band
gap energies of Mn-Zn ferrites in the range of 2.62 to 3.09 that
have different size, metal substitution ratio, geometry, and
synthesis method [31].

The larger band gap is attributed to the quantum confine-
ment effect. The implication of the quantum confinement ef-
fect is the allowed transition between the discrete energy
levels of the electron. The most important implication is the
1/a* dependence or simply if you change the size of the quan-
tum well (i.e., particle size), the band gap will tune-up. The
reduction in the size of the particle made the density of states
becomes more quantized and the band gap shifts to higher
energy; the material spectrum shows a blue shift. The high

100
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Fig. 9 Variation of (ochv)? with photon energy (hv)
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blue shift may be attributed to the high concentration of metal
substitution. The size, synthesis method, and metal substitu-
tion are the potential parameters that affect the optical band
gap [33-35].

4 Conclusion

The nanocrystalline Mng sZng sFe,O, ferrites in powder form
have been prepared by the co-precipitation method by varying
temperature ranges from 400 to 700 °C. Keeping in mind the
heat treatment, the ferrite samples have been investigated for
structural, magnetic, and optical behavior by employing XRD,
VSM, and UV-Vis spectrophotometer respectively. The crys-
tallite size increases from 14 to 24 nm with the annealing
temperature due to Ostwald ripening mechanism which let
the smaller particles to get dissolve into the bigger grains and
this is basically one of the attributions of the grain growth
process. XRD results reveal that crystallinity increases with
temperature as shown with the sharper peaks. At a temperature
lower than 600 °C, the hematite phase with a poor magnetic
response is formed which is started to dissolve or convert into
the ferrite phase at a temperature higher than 600 °C. SEM
micrographs reveal that morphology is porous and agglomer-
ated but homogeneity increases with temperature. The UV-Vis
spectroscopy study shows the intense absorption peak at
380 nm and the value of the optical band gap calculated with
the Tauc plot is 3.05 eV. This might be attributed to the high
concentration of transition metal and quantum confinement
effect. VSM results report the increase in saturation magneti-
zation with annealing temperature owing to decreased impurity
contents which in turn provides better alignment of magnetic
domains. This is confirmed through the graph between square-
ness ratio and temperature too. The sample annealed at 700 °C
shows fine crystalline structure, homogenous particle size dis-
tribution, larger saturation magnetization value of 65.58 x
1073 emu/g, and lower coercivity value of 48.723 Oe. This
could be attributed to the enhancement in phase purity, crys-
tallinity, size distribution, and crystallite size.

Funding This work is supported by the Higher Education Commission of
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