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a b s t r a c t

Nanocrystalline NiFe2�xMnxO4 (2ZxZ0) ferrites were prepared by sol–gel method. X-ray diffraction
patterns reveal that synthesized compounds are in single phase cubic spinel lattice for all the compo-
sition. The surface morphology of all the samples were studied by scanning electron microscopy. The
particle size measured from transmission electron microscopy and X-ray diffraction patterns confirms
the nanosized dimension of the as-prepared powder. The elemental analysis was carried out by energy
dispersive X-ray analysis technique. Magnetic properties such as saturation magnetization, coercivity and
remanence are studied as a function of increasing Mn concentration at room temperature. The saturation
magnetization shows a decreasing trend with increase in Mn content. The substitution of manganese in
the nickel ferrite affects the structural and magnetic properties of cubic spinels.

& 2016 Published by Elsevier B.V.

1. Introduction

Mixed- metal oxides of nano size generated considerable in-
terest because of their unique relationship between size and
physico-chemical properties [1]. The synthesis, structural and
magnetic characterization of spinel nano-ferrites have been stu-
died by various investigators [2,3]. In magnetic nanoparticles,
ferrimagnetisms and superparamagnetism are interesting phe-
nomena [4–6]. In order to study the technological applications of
magnetic nanomaterials such as data storage, [7] magnetocaloric
refrigeration [8], drug delivery, medical diagnostics [9] and
magnetic resonance imaging contrast enhancement [10] con-
trolling and understanding of these behaviors are very important.
Spinel compounds are ideal systems for investigating the re-
lationship between magnetic properties and crystal chemistry of
materials [11]. These properties are dependent on the nature of
ions and their charge distribution among tetrahedral and octa-
hedral sites. In spinels, the oxygen ions form a close packed cubic
array, in which the A site cations occupy one-eighth of the tet-
rahedral sites while the B site cations are distributed over one
half of the octahedral positions. And hence the change in the
structural and magnetic properties of ferrites is due to

substitution of different ions [12–15].
For the investigation of change in magnetization in a single-

domain magnetic structure of the mixed spinel ferrite, the system
NiFe2�xMnxO4.has been synthesized. Here, Fe3þ is partially re-
placed by Mn3þ which has a weaker magnetic moment than Fe3þ;
that causes magnetic frustration. NiFe2�xMnxO4 nanoparticles
should have a single domain magnetic structure, which might
offer a simple system for understanding the magnetic behavior of
all compositions. Also the oxides like nickel ferrite, nickel man-
ganite display a negative temperature coefficient behavior where
resistance decreases with increasing temperature. This makes the
compound well suited for temperature sensing application [16].

2. Experimental details

During synthesis, powdered samples of the system NiFe2�xMnx

O4, (0.0rxr2.0) were synthesized by sol–gel method. High purity
AR grade ferric nitrate, manganese nitrate, nickel nitrate and citric
acid were used in the method of synthesis. The metal nitrate so-
lutions were mixed in the required stoichiometric ratios in dis-
tilled water. The pH of the solution was maintained between 9 and
9.5 using ammonia solution. The solution was slowly heated
around 373 K with constant stirring to obtain a floppy mass. The as
synthesized precursor powder where x¼1.0 was subjected to
thermal analysis. The precursor powder was sintered at 973 K for
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8 h then mixed with 2% polyvinyl alcohol as a binder and uni-
axially pressed at a pressure of 8 t/cm2 to form the pellets.

The phase formation of the samples was confirmed by X-ray
diffraction studies using Philips PW-1710 X-ray diffractometer
with CuKα radiation (λ¼1.54056 Å).The surface morphology and
elemental analysis of sintered powders were studied by using
scanning electron microscopy (SEM Model - JEOL-JSM 6360) and
energy dispersive X-ray analysis technique (EDAX). The nanosize
of the particles was further confirmed by Philips 200 CX trans-
mission electron microscope (TEM) by suspending the samples in
isopropyl alcohol. Magnetic properties were studied using B–H
loop tracer at a maximum applied field of 10 kOe.

3. Results and discussion

3.1. Thermal analysis

Thermogravimetric (TG) curve of an as synthesized NiFe2�xMnx

O4 ferrite powder (x¼1.0) was recorded from the temperature
range 10–1000 °C in air. Fig. 1 shows the thermogram with three
major weight losses. A first weight loss observed below 227 °C is
due to the evaporation of physically adsorbed water on the surface
of the particles. Second and third weight losses are observed in the
temperature range 227–384 °C. This weight loss corresponds to
the decomposition of carbonaceous and nitrogenous material
present in synthesized powder with liberation of CO2, NOx etc.
After 384 °C samples do not show any further weight loss and
attain stability.

3.2. X-ray diffraction

X-ray diffraction patterns of Mn-substituted nickel ferrites are
shown in Fig. 2. The values of lattice constant (a), crystallite size (t)
X-ray density (dx) and bulk density (dB) are calculated by using
following equations and summarized in Table 1. From Table, it is
showed that, all the samples of system are cubic and the lattice
constant increases with substitution of manganese content. The
increase in lattice constant with increase in Mn content is due to
the higher ionic radii of Mn3þ (0.645 Å) ions as compared to Fe3þ

(0.64 Å) ions (Table 1). Mn3þ ions have strong site preference
energy for octahedral site; it tends to occupy the B site rather than
A-site [17]. From the X-ray diffraction peaks, average particle size
was estimated using Debye–Scherrer's formula.

λ β θ= ( )t 0.9 / cos 1

where, symbols have their usual meaning.
The X-ray density (dx) was calculated using the following re-

lation.

= ( )dx M Na8 / 23

where,

N¼Avagadros number (6.023�1023 atom/mole)
M¼Molecular weight in gm
a¼Lattice constant.

The values of interplanar spacing (d), hkl planes and lattice
constant (a) were obtained from XRD data with an accuracy of
þ0.03 Å. The linear increase in lattice constant with Mn content
obeys Vegard's law and it is due to cationic size effect [18].

It is observed that X-ray density decreases with increase in Mn
content, which may be due to the increase in lattice constant. The
bulk density is lower than X-ray density which may be due to the
presence of pores which are formed and developed during the
sample preparation and sintering process. The substitution of Mn
ions decreases the X-ray density and increases the porosity of the
samples. This is because the sintering temperature of Mn2O3 is
more than that of Fe2O3 [19].

The X-ray diffraction data was further used to confirm the
single phase formation by calculating the tetrahedral and octa-
hedral site radii (rA and rB). The site radii, rA and rB were calculatedFig. 1. TGA-DTA traces for the sample with x¼1.0.

Fig. 2. X-ray diffraction patterns of NiFe2�xMnxO4 ferrite system.
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