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Mg2* and Zn2* substituted manganese ferrite nanoparticles were synthesized by chemical co-
precipitation route. The synthesized samples were characterized by powder X-ray diffraction which con-
firms the cubic spinel ferrite structure and the crystallite size is in nanoscale. High resolution transmis-
sion electron microscope and scanning electron microscope were used to examine the surface morphology.
The elemental composition and purity of the sample were confirmed from energy dispersive X-ray spectro-
scopic analysis. The band gap energy determined from UV-Vis absorption spectra reveals the semiconduct-
ing behavior of both the samples. The optical parameters calculated from the UV-Vis absorption spectra
show that MMF has better optical property compared to ZMF nanocrystallites. The magnetic parameters
determined using vibrating sample magnetometer show low coercivity, low squareness ratio exhibiting su-
perparamagnetic behavior of the Mg2* and Zn2* substituted manganese ferrite nanoparticles which are im-

portant for technological applications.
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1. INTRODUCTION

Tremendous research work has been going on to
synthesize applications oriented pure and mixed
nanoferrites. These ferrites are an important group of
metal oxide magnetic materials used in variety of ap-
plications, such as inductor cores, sensors, magnetic
information storage, microwave devices, magnetic reso-
nance imaging, cancer treatment, pollution control,
catalysis, etc. [1, 2]. Progressive researches are carried
out to prepare highly pure, good quality, technologically
important ferrite nanoparticles. Spinel ferrites are ex-
cellent magnetic materials due to their versatile na-
ture, high stability and reduced cost, greater electronic
and magnetic performance over an extended range of
frequencies [3]. The properties of nanoferrites are
largely different from their bulk counterparts due to
their quantum confinement and larger surface area.

For further improvement, ferrites can be doped with
other divalent and trivalent metal ions. Mgo.5Zno.s.
xCuxFe204, Mn1.xZnxFe204, Mgi1-xCoxFe204 are some of
the commonly synthesized ferrites by various synthesis
techniques, such as co-precipitation, combustion, hy-
drothermal, solgel, microemulsion and so on [4-7]. Any
synthesis method depends on various factors, such as
concentration of dopant, pH, temperature, stirring ve-
locity, etc., which have to be maintained as the prepa-
ration forms an important basis in determining the
properties of the nanomaterials [8]. Chemical co-
precipitation is one of the simplest, low temperature
techniques yielding good quality nanopowders in large
amount. In this method, an appropriate ratio of metal
ions was taken, which are precipitated at desired pH
and temperature. Mixed manganese ferrites are par-
tially inverse spinel in structure as a result of which
they are used practically compared to other ferrites. In
order to achieve specific improved properties they are
doped with other magnetic and nonmagnetic ions.
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PACS numbers: 61.46.Df, 68.37.0g, 75.60.Ej

Magnesium and zinc are some appropriate divalent
metal ions that can be doped with manganese ferrites,
as it is expected to improve the behavior and shall be
put to use for device fabrication [9, 10].

In the present work, Mg2" and Zn2* substituted
manganese nanoferrites (MMF and ZMF respectively)
were synthesized by chemical co-precipitation tech-
nique. The as-synthesized samples have been charac-
terized for their structural, morphological, optical and
magnetic properties. The results are compared and dis-
cussed in detail.

2. MATERIALS AND METHODS
2.1 Synthesis

Mixed MMF and ZMF were synthesized by chemical
co-precipitation technique using highly pure analytical
reagents of sulphate salts of M2+ (Mg2+, Zn2*), Mn2* and
Fe3* with sodium hydroxide (NaOH) as precipitant and
deionized water as solvent. Aqueous solutions of M2*,
Mn2+ and Fe3* were taken in the stoichiometric ratio
0.5:0.5:2. This is stirred continuously for 30 minutes to
form the starting solution with pH ~ 3. The starting
solution is precipitated by dropwise addition of NaOH
until the pH reaches 11. The formed precipitate is
stirred continuously for 2 hours maintaining a temper-
ature of 70 °C to get a uniform phase of spinel ferrites.
The obtained precipitate is washed repeatedly, filtered
and dried at 150 °C. This is further grinded to get MMF
and ZMF nanopowders.

2.2 Characterization

The as-synthesized MMF and ZMF nanopowders
were characterized to study the structure, morphology,
optical and magnetic behavior. Structural analysis was
made from powder X-ray diffraction (pXRD) studies
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obtained using XPERT — PRO diffractometer system
with CuKa radiation of wavelength 1.5406 A. The crys-
tallite size, shape and morphology were analyzed using
high resolution transmission electron microscope
(HRTEM) (Model: JEOL/JEM 2100). Further, surface
morphology was observed from the micrographs ob-
tained from scanning electron microscope (SEM)
Model:JEOL/JSM 6390). To verify the elements pre-
sent and to determine their composition, energy disper-
sive X-ray (EDAX) spectra was taken along with SEM.
UV-Vis absorption spectrum in the wavelength range of
190 nm to 1100 nm was recorded using UV-Vis spectro-
photometer, from which the band gap energy was de-
termined. Using Lakeshore 7410 model vibrating sam-
ple magnetometer (VSM) the magnetic analysis at room
temperature was made in the field range of — 15000 to
+ 15000G.

3. RESULTS AND DISCUSSION
3.1 Structural and Morphological Analysis

The X-ray diffraction is an effective analysis to de-
termine the structure of a material. The pXRD patterns
of as-synthesized MMF and ZMF samples are shown in
Fig. 1. They exhibit strong widened peaks due to the
reflections at the planes that agree with JCPDS 89-
4924 of MgFe204 and JCPDS 89-1012 of ZnFe204 nano-
particles. No impurity peaks were observed. This con-
firms the cubic ferrite nanocrystalline structure of MMF
and ZMF nanoparticles.

J. NANO- ELECTRON. PHYS. 11, 01021 (2019)

@311

(440)

MMF

Intensitty (arb.units)

20 30 40 50 60 70 80
28 (degrees)

Fig. 1 — Powder XRD pattern of MMF and ZMF nanoparticles

The various lattice parameters from XRD data were
calculated using the relations discussed elsewhere [11].
The values are given in Table 1 and Table 2.

The lattice constant (@) of MMF is lesser than ZMF
due to the fact that the ionic radius of Mg2* (0.66 A) is
smaller than Zn%* (0.74 A). The X-ray density (pox) of
MMF is smaller than ZMF due to very low density of
Mg2+ (1.741 g/lem?3) compared to Zn2* (7.140 g/cm3). The
distance between the magnetic ions or the hopping
lengths corresponding to the tetrahedral site (La) is
greater than the value of the octahedral site (L) for
both the samples as they depend purely on the lattice
constant. Also the hopping lengths of MMF are lesser
than the hopping lengths of ZMF nanocrystallites.

Table 1 — Values of lattice parameters determined from XRD analysis

Sample 26 (311 plane) a, A Vv, A3 Px, glem? La, A Ls, A
MMF 35.5578 8.3738 587.18 4.8708 3.6260 2.9606
ZMF 35.3884 8.4126 595.36 5.2618 3.6428 2.9743
Table 2 — Values of crystallite size, surface area, dislocation density and microstrain
Crystallite size, nm d-spacing, A R 1014 -2 1n-3
Sample D Dr XRD SAED S-103, m2/g pp-1014 m &-10
1.704 (422) 1.742
MMF 18 4.5 9.521 (311) 957 72.46 34.6 6.87
3.027 (220) 2.865
ZMF 19 4.9 1.465 (440) 1473 60.02 27.7 5.50

The crystallite size (D) calculated using the Scherrer’s
relation shows that both MMF and ZMF are in nano-
scale. The specific surface area (S) of both the samples
is large, which leads to better mechanical properties.
The dislocation density (op), a measure of dislocations
in a unit volume of a crystalline material is large due to
the smaller size of the MMF and ZMF nanoparticles.
The microstrain (&) that is produced due to the defects
and stress in the synthesized materials is high due to
the large surface showing the nanosize of the particles.
The values of surface area, dislocation density and mi-
crostrain of MMF nanoparticles are larger than those of
ZMF nanoparticles as the values depend on the crystal-
lite size. HRTEM is a direct observation of particle’s
appearance. Fig. 2 (a)-(b) shows HRTEM micrographs
of MMF and ZMF, respectively. The morphology exhib-
its spherical profile of the two samples with some ag-
glomerations due to the weak surface interaction, such

as Van der Waals forces between the particles [12]. The
average crystallite size (Dr) of both the samples is about
5nm (Table 2). The diffraction rings observed from
SAED pattern (see Fig. 2 (¢)-(d)) explain the crystalline
nature of the materials. The d-spacing values deter-
mined from the diffraction rings are in good agreement
with the d-spacing values determined through XRD
and given in Table 2. The materials clearly exhibit the
cubic spinel structure as explained in XRD.

SEM micrographs of MMF and ZMF nanocrystallites
are shown in Fig. 3(a)-(b), respectively. The images re-
veal spherical morphology of both the samples. As seen
in HRTEM, the particles are observed to be agglomer-
ated in the SEM images. EDAX in the energy range
from 0 to 20 keV (see Fig. 4(a)-(b)) show the chemical
composition of elements present in Mg?* and Zn?* sub-
stituted manganese nanoferrites. The elements man-
ganese (Mn), magnesium (Mg), zinc (Zn), iron (Fe) and
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Fig. 3 — SEM images of MMF(a) and ZMF (b)
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Fig. 4 — EDAX pattern of MMF (a) and ZMF (b)

oxygen (O) present in each sample were observed with no range originate mainly from the absorption of UV radi-
impurity components confirming the desired formation ation by magnetic nanoparticles [13].

of MMF and ZMF nanoparticles. The weight percentage Band gap energy E; (Table 3) was directly calculat-

of the elements is given as insets in Fig. 4(a)-(b). ed using the Planck’s relation:

3.2 Optical studies E,=hc/2, 1
In order to analyze the optical behavior of the syn-  where A is the Planck’s constant, c¢ is the velocity of

thesized materials, UV-Vis absorption studies have light and A is the cutoff wavelength. The band gap en-
been carried out. UV-Vis absorption spectrum has been  ergy of MMF is less than of ZMF due to the reduced
recorded in the wavelength range of 190-1100 nm for  crystallite size of MMF compared to ZMF. Also the val-
MMF and ZMF as shown in Fig. 5. The absorptions ues explain the semiconducting nature of the synthe-
observed at 392.55 nm for MMF and 383.85nm for  sized materials. To understand the optoelectronic be-
ZMF inform that the size of the particles are in na-  havior of a material, refractive index (n) acts as an es-
noscale for both the samples, since absorptions in this  gential parameter. Using band gap energy, the value of
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Fig. 5 — UV-Vis spectra of MMF and ZMF nanoparticles

n can be determined using the relation given by Moss as
suggested by Gupta and Ravindra [14]

Table 3 — Optical parameters determined from UV-Vis analysis

J. NANO- ELECTRON. PHYS. 11, 01021 (2019)

Egn4 =k, 2

where k=108 eV is a constant. Also Anani et al. have
suggested an empirical relation for refractive index of
semiconducting solids [15]. The relation is:
17-E
n= £,
5

3

The relations are found to give values in better
agreement with known data of semiconducting materi-
als [16]. It is observed that the refractive index increas-
es with decrease in the band gap energy as expected.
The optical dielectric constant, which is the square of
refractive index (&»), increases as the band gap energy
decreases. This is an opt result showing enhanced opti-
cal properties.

Sample 2 Eg, €V n &
P > hcll Moss method | Anani method | By Moss method| By Anani method
MMF 209.4 5.93 2.07 2.21 4.27 4.90
ZMF 206.9 6.00 2.06 2.20 4.24 4.84
Table 4 — Magnetic parameters determined from hysteresis curve

Sample M;, emul/g H, G M,, emul/g M,/ M; Mp(up)

MMF 25.7214 78.278 2.6258 0.1021 0.9917

ZMF 32.3146 6.058 0.1687 0.0052 1.3646

3.3 Magnetic Studies

Magnetic property of nanoferrites depends on the par-
ticle’s surface, cation distribution, spin order, synthesis
method etc. [17]. In order to analyze the magnetic behav-
ior of the synthesized materials, magnetic studies at room
temperature were carried out using VSM. The obtained
hysteresis curves of MMF and ZMF nanoparticles are
shown in Fig. 6. The curves exhibit the soft magnetic na-
ture of both MMF and ZMF nanoparticles.

a0
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T T
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Fig. 6 — Comparison of hysteresis curves of MMF and ZMF
nanoparticles

Saturation magnetization Ms, coercivity He and re-
tentivity M, were obtained from the hysteresis curve
and are given in Table 4. The saturation magnetization
varies due to the exchange interaction of the cations in
tetrahedral (A) and octahedral (B) sites. Neel’s theory
insists that the effective magnetization is the difference
in magnetization of the two sites with the B sublattice
having a higher magnetization [18]. The saturation

magnetization values are smaller than bulk ferrites
(~ 80 emu/g) for both ZMF and MMF nanoparticles.
The ZMF nanoparticles show very low value of coercivi-
ty, which indicates the excellent superparamagnetic
behavior which is an important requirement for techno-
logical applications. The high value of coercivity of
MMF might be due to the spin disorder that may occur
on the surface and within the cores of the nanoparticles
due to vacant sub-lattice disorder sites of Fe3* at the
tetrahedral site [19].

The small value of squareness ratio (M,/Ms) (Ta-
ble 4) indicates the presence of non-interacting single
domain particles with cubic anisotropy in nanoferrites.
The magnetic moment (MBp) is calculated from the mo-
lecular weight (Myw) and the saturation magnetization —
using the relation:

_M,-M,

- 4
B~ 5585 )

The variation of the magnetic moment (see Table 4)
is in correlation with magnetization as expected. The
magnetic moment in ferrites might vary from the theo-
retical values, because the distribution of cations might
vary when the crystallite is reduced to nanosize.

The magnetic analysis shows that the magnetic
quantities are distinguishable for manganese ferrites
when substituted by Mg2* and Zn?* divalent ions.

4. CONCLUSIONS

The mixed spinel structured MMF and ZMF nanopar-
ticles were chemically synthesized successfully by co-
precipitation technique. The pXRD studies confirm cubic
spinel ferrite nanostructures and high purity of the syn-
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thesized samples. The HRTEM micrographs results are
compared with XRD results, and they are in good agree-
ment. The diffraction rings observed in SAED patterns
further confirm the crystalline structure of MMF and
ZMF nanoparticles. Spherical morphology of the synthe-
sized samples was further confirmed from SEM images.
The EDAX pattern of all the samples shows the presence
of corresponding elements and their composition with no
impurities exhibiting the purity of the obtained nanofer-
rites. The optical parameters calculated from the UV-Vis
absorption spectra show that MMF has better optical
property compared to ZMF nanocrystallites. The magnetic
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Bamimeni Mg?t 1 Zn?* y HaHOYACTMHKAX (DEPUTy MAPraHINO OyJIM CHHTE3yBaHl IJIAXOM XIMIYHOIO CITiBOCA-
mxeHHsa. CHHTe30BaHl 3pasKy XapaKTepPU3yBaJIUCs IIOPOIIKOBOI PEHTTEHIBCHKOIO TU(PAKINEI0, 10 IHATBEPIKYE
KyOIuHy CTPYKTYpy (heppHTy IIIMHE, a po3Mip KPHCTAJITIB 3HAXOMUTHCA y HaHomianmasoHl. s mocmmxenms
MOpPQOJIOTIi TIOBEPXHI BUKOPUCTOBYBAJIUCS IIPOCBIUYIOUNI €JIEKTPOHHUIN MIKPOCKOIT 3 BUCOKOK PO3JIIBHOI0 3aT-
HICTIO TA CKAHYIOUMH eJIEKTPOHHUHN MIKPOCKOIL. FEyileMeHTHMI CKJIas 1 YMCTOTY 3pasKa IMiATBEpIKyBAJIN 34 JIOI0-
MOTOI0 €HEeProJIUCIIEPCIAHOI0 PEHTTeHIBCHKOI0 CIEKTPOCKomyHoro anamay. [lupura 3aboporeHoi 30HM, BU3HA-
YeHa 31 CIIeKTpIB morymHaHHsa YO Ta BUIUMOro JTiana3oHiB, BUSBJISIE HAMIBIPOBIIHIKOBY ITOBEIIHKY 000X 3pas-
KiB. MarHiTHi mapamMerpy, BUSHAYEH] 3a JOIIOMOTOI0 BIOPAITIITHOIO0 MArHITOMETPA, JIEMOHCTPYIOTh HU3bKY KOEepITH-
THBHICTb TA HU3BKUN KOE(IITIEHT IIPSIMOKYTHOCTI, 10 TIOKA3ye CyleprapaMarHiTHy HOBeIIHKY 3amireHnx Mgt 1
7Zn2?* HAHOYACTMHOK, € BAYKJIMBUMHU JJIsI TEXHOJIOTIYHUX 3aCTOCYBAHb. BCTAHOBJIEHO HASIBHICTH BIIIOBITHUX eJie-
MEHTIB Ta X CKJay 0e3 IOMIIIOK, SIKl JIEMOHCTPYIOTh YMCTOTY OTpUMAaHuX HaHodeppwuTie. Onrmyni mapamerpu,
po3paxoBaHi 31 CreKTpiB morymHaHHEA YD Ta BUAMMOro JialasoHiB, IOKA3yIOTh, 1m0 HaHokpucramr MM® mae
KpAllly OOTHYHY BJIACTHUBICTH IIOPIBHAHO 3 HaHOKpHcTaTavu ZMF.

Knrouosi ciosa: Croisocamrenus, Judpariis, Mopdomoris, Koepumrusaicrs, Cynepnapamaraerusm
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