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Abstract

Nanoparticles of magnesium ferrite (MgFe2O4) have been synthesized by chemical co-precipitation route. The microstructure, infrared spectral

and magnetic properties have been studied by means of X-ray diffraction, transmission electron microscopy, thermogravimetric analysis, infrared

spectroscopy, high field magnetization, low field ac susceptibility and Mossbauer spectroscopic measurements. Transmission electron microscopy

(TEM) observation showed that the nanocrystals present a needle-like shape with an aspect ratio of around 3.5 and long axis of 37 nm. The kinetics

of needle-shaped nanocrystals formation has been discussed. The Mg2+ seems to play key role in governing the rate of growth of growing planes of

nanocrystals. The magnetic behaviour is explained by invoking the concept of super-paramagnetism assuming core–shell structure of the

nanoparticles. Mossbauer spectral and susceptibility studies showed that the as-prepared nano-sized ferrite is super paramagnetic at room

temperature and magnetic ordering evolves on baking and annealing the nanopowdered sample due to increase in the crystalline size. The high

temperature annealing transforms the nanostructured ferrite to ordered magnetic structure of ceramic ferrite having long range ferrimagnetic

ordering. Infrared (IR) spectral analysis reveals the weak high frequency shoulder due to disparity in the masses of cations present at tetrahedral

sites, while splitting of low and high frequency absorption bands has been explained on the basis of Jahn–Teller effect in Fe2+-ions which lead to a

non-cubic component of the crystal field potential.
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1. Introduction

The research in nano-science can be framed with three

aims: to synthesize, understand and explore new nano-

materials and the related phenomena. Nanoparticles of spinel

ferrites are of great interest in fundamental science for

addressing relationship between physical properties and their

crystal chemistry and structure. Due to their reduced sizes,

these nanoparticles may possess novel and/or improved

properties in comparison to the bulk materials. This has

renewed interest to study different properties of pure and

mixed spinel ferrite systems in nanocrystalline regime. Awide

variety of techniques are being used to synthesize nanos-

tructured materials including gas condensation, rapid solidi-

fication, electrodeposition, sputtering, crystallization of
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amorphous phases [1], wet-chemical methods like co-

precipitation, sonochemical reactions, sol–gel method, com-

bustion, reverse micelle technique, hydrothermal route [2–8]

and mechanical attrition-ball milling [9–11].

Magnesium ferrite (MgFe2O4) is a partially inverse spinel

and its degree of inversion is sensitive to the thermal history of

the sample, microstructure and preparative parameters. More

importantly, it has been shown that shape of nanoparticles

strongly influences the magnetic properties and the coercive

force of needle-shaped particles is generally higher than that of

their isometric counterparts [12,13]. Furthermore, it has been

shown that specific surface area of needle-shaped nanoparticles

is greater than lamellar or rod-shaped particles [14]. In the field

of nano-magnetism this surface area plays very important role

in governing magnetic properties. The present work deals with

the synthesis of MgFe2O4 nanoparticles using chemical co-

precipitation, study of their structural and magnetic properties

and the change in its properties due to heat treatment given to

the material.
d.
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Fig. 1. X-ray diffraction patterns for wet sample (a) and annealed sample (b) of

MgFe2O4 at 300 K.
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2. Experimental details

The spinel ferrite, MgFe2O4, was prepared by air oxidation

of an aqueous suspension containing Mg2+ and Fe2+ cations in

stoichiometric proportions. The starting solutions were

prepared by mixing 50 ml of aqueous solutions of

MgSO4�7H2O and FeSO4�7H2O in proper proportions. A

2 M solution of NaOH was prepared as a precipitant. The

starting solution (pH �3.5) was added into the precipitant

because the solubility product constants for the hydroxides of

the cation are exceeded and sequential precipitation of the

hydroxides can be avoided. The suspension (pH 10.5)

containing dark green intermediate precipitates was formed.

Then the suspension was heated and kept at 60 8C temperature,

while hydrogen peroxide (H2O2) was added to promote

oxidation reaction until all the intermediate precipitates

changed into the dark brownish precipitates of the spinel

ferrite. The sample was filtered, washed by acetone and dried

at 100 8C under vacuum (wet sample). To study the structural

and magnetic phase evolution one set of the wet sample (as

prepared) was baked at 400 8C for 6 h while other set of sample

was sintered in air at 1100 8C for 18 h and slowly cooled to

room temperature (annealed sample). The stoichiometry of the

powdered sample was checked by energy dispersive analysis

of X-rays (EDAX). The compositional values were determined

within the accuracy of 1%. X-ray diffraction data were

collected on a Philips PW 1710 automated X-ray powder

diffractometer using Cu Ka radiation, graphite monochro-

mator, and Xe-filled proportional counter. Data were collected

in the angle range 5–908. Microstructural characterization was

performed by transmission electron microscopy (TEM), using

a TECNAIK20 (Philips) microscope operated at 200 kV. For

the TEM observations, the powder was first dispersed in amyl

acetate by ultrasonication and then the suspension was

dropped on a copper grid with a carbon film. The thermo-

gravimetric analysis (TGA) was carried out on Pyrif-1,

PerkinElmer, in the atmosphere of air from 50 8C to 500 8C at a

heating rate of 10 8C/min. For recording IR spectrum, powder

was mixed with KBr in the ratio 1:100 by weight to ensure

uniform dispersion in the KBr pellet. The mixed powder was

then pressed in a cylindrical die to obtain clear disc. The IR

spectrum in the wave number range 400–4000 cm�1 was

recorded at 300 K on PerkinElmer made IR spectrometer. The

saturation magnetization measurements of samples were

carried out using high field (4 kOe) hysteresis loop technique

[15] at 80 K. The ac susceptibility measurements on powdered

samples were made in the temperature range 300–750 K using

a double coil set up [16] operating at a frequency of 263 Hz and

in r.m.s. field of 0.5 Oe. Mossbauer spectrometer of electro

mechanical type was used, in the constant acceleration mode,

to obtain the spectra of the samples at 300 K, in the

transmission mode. A 10 mCi: 50Co source in rhodium matrix

was used where the absorber thickness was ideally thin. It is

quite possible that the nature of the sample will be

continuously changing when the sample temperature increases

beyond preparation temperature but our main objectives in this

work were to determine Neel temperature of the samples and to
see the collective response of particles of various size at

different temperatures.

3. Results and discussion

The room temperature (300 K) X-ray diffraction (XRD)

pattern for wet sample of magnesium ferrite is shown in Fig. 1.

The Bragg reflections (3 1 1), (4 0 0), (3 3 3) and (4 4 0) are

conspicuous and are correspond to spinel structure, while the

other reflections are comparatively weak. The background

noise and broadness of the peaks are characteristic of particles

with nanometer dimensions. This happens because in the nano-

sized particles there are insufficient diffraction centers that

cause the line broadening.

The XRD pattern of annealed sample shows sharp Bragg

reflections corresponding to the fcc spinel structure; thus

exhibiting no signature of evolution of any extra phase after

high temperature annealing; confirming good quality of wet-

prepared ferrite sample with expected stoichiometry. The

sharp Bragg reflection indicates that the fine particle nature is

lost due to high temperature annealing and the ferrite

material is akin to the coarse grained ceramically prepared

product.

The average particle size or thickness of the crystal (D) for

wet-chemically synthesized MgFe2O4 was determined from the

broadening of the respective high intensity (3 1 1) peak using



Fig. 2. TEM images for nanocrystalline magnesium ferrite.
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the Debye Scherrer’s formula [17]:

D ¼ Kl

B cos u

Here, l is the wave length of the Cu Ka radiation (=0.15418 nm),

constant K (=0.9) is related both to the crystallite shaped and the

way in which B and D are defined. B is the contribution to the

XRD peak width due to the small size of crystallites in radians.

The contribution must separate out from the measured line width

BM which includes instrumental broadening b, always parent

irrespective of the particle size, for this one can record XRD

pattern of a well crystallized, bulk standard material such as

silicon powder under identical geometrical condition and mea-

sure the peak width b (=0.088 = 1.3955 � 10�3 radian is taken).

The broadening parameter B is obtained from the relation:

B ¼ ðB2
M � b2Þ1=2

The average particle size is found to be �26 nm. The particle

size when calculated at different Bragg angle values, was found

to remain unaltered, indicating the absence of strain.

The X-ray diffraction (XRD) pattern analysis reveals the

crystal structure, crystal parameters and average crystalline

size, while transmission electron microscopy (TEM) shows the

particle morphology and its size distribution. XRD gives the

average crystalline size and no clue about its distribution. On

the other hand, TEM can be used to measure the particle size of

individual particles, which is one of the most basic parameters

in nanoparticle research. That can then be used to quantitively

look at the particle size distribution in the sample. Also, if there
are more than one phases in the sample that can be revealed by

using XRD and TEM results.

Typically TEM images for magnesium ferrite are shown in

Fig. 2. It can be seen that the particles are quite well dispersed

and not much agglomerations are present. They reveal that the

obtained ferrites are thick needle-shaped (acicular) nanocrys-

tals with an aspect ratio of around 3.5 and a average long axis of

37 nm. We have also observed very few nanoparticles of

distorted hexagonal morphology.

The particle size estimated from TEM is slightly greater than

the particle size estimated from XRD using Scherrer’s formula.

This is because X-ray diffraction gives the information of

crystalline region only and the contribution from the

amorphous grain surface does not contribute. On the other

hand TEM gives the complete picture of the nanoparticles. By

analyzing TEM and XRD one can have almost complete picture

of the particle size, their distribution and morphology.

Recently, it has been reported by Cao and Gu [4] that the

smooth decomposition of urea and the resulting co-precipita-

tion in oleic acid micelles lead to needle-shaped nanocrystals

on a large scale. On the other hand Qu et al. [14] have shown

that reaction temperature, reactant concentration and alkaline

injecting rate are crucial factors in determining the morphol-

ogies of the nanoparticle while Moon et al. [18] have suggested

that the presence and addition sequence of hydrogen peroxide

significantly influence particle characteristics. It has been

demonstrated by Khunti et al. [19] that the Mg2+ plays

important role to change morphology of calcite crystals from

rhombohedral to complicated floral type or bunch type in the

sea water.



Fig. 3. TGA curve for nanocrystalline MgFe2O4.

Fig. 4. Infrared spectrum of nanocrystalline MgFe2O4 at 300 K.
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It is well know that materials with a cubic crystal structure

are prone to grow into a spherical shape [2–3,20] to minimize

the surface tension. Based on above studies, mechanism for the

formation of needle-shaped nanoparticles of MgFe2O4 can be

explained as follows. In the present case strong alkaline

solution, sodium hydroxide (NaOH) used as a precipitant

smoothly liberate hydroxide ions, that would retard the

nucleation and growth rate of nanocrystals which is advanta-

geous for the growth of one-dimensional (1D) structures. On

the other hand hydrogen peroxide (H2O2) used as a oxidizing

agent and Mg2+ ions altered the surface tension of the growing

crystal and the growth rate of the nanocrystal along the bound

crystal planes is slowed down or stopped [21,22], resulting in

the formation of needle-like nanocrystals.

Thermogravimetry is the measurement of the mass of a

sample as the temperature increase. This method is useful for

determining sample purity and water, carbonate and organic

content, and for studying decomposition reaction. TGA curve

for wet sample of magnesium ferrite is shown in Fig. 3. TGA

curve shows continue weight loss on heating. The observed

weight loss is due to desorption of water and removal of organic

impurity if any, from the sample. The net weight loss is found to

be �24% in the temperature range studied and the maximum

weight loss takes place before 200 8C.

Ferrite possesses the structure of mineral spinel (MgAl2O4)

that crystallized in the cubic form with space group Fd3m-Oh
7

[23]. It is generally know that the spinel ferrites exhibit four IR

active bands, designated as y1, y2, y3 and y4. The occurrence of

these four bonds have been rationalized on the basis of group

theoretical calculations employing space group and point

symmetric both in normal and inverse spinel. The first three IR

bands are due to tetrahedral and octahedral complexes while the

fourth one is due to some type of lattice vibrations. According

to Waldron’s classification [24], the vibration of the unit cell of

cubic spinel can be constructed in the A- and B-sites, so, the

high frequency absorption band y1, is caused by the stretching

vibration of the tetrahedral metal–oxygen bond (t–O) and the

low frequency absorption band y2 is caused by the metal–

oxygen vibration in octahedral sites.
The room temperature (300 K) infrared spectrum for wet

sample of MgFe2O4 is shown in Fig. 4. It can be seen that the IR

spectrum of magnesium ferrite is found to exhibit two major

bands in the range 400–700 cm�1. The high frequency band y1

is centered about 625 cm�1 and the lower frequency band y2,

with central frequency at 415 cm�1. These bands are common

features of all the ferrites [24]. The IR absorption band about

3400 cm�1 and weak band about 1600 cm�1 are assigned to

stretching vibrations of bonded –OH and H–O–H of adsorbed

water hydroxyl ions and 1100 cm�1 to sulphates ions (SO4)

while bands about 1400 cm�1 and 882 cm�1 may be due to

presence of sulphone impurity present in the material.

A careful examination of IR spectrum reveals the fact that

weak high frequency shoulders (ysh), high frequency ðy01Þ and

low frequency ðy02Þ� 402 cm�1 splitting occur in the IR

spectrum. The high frequency shoulder is due to the disparity in

the masses of Mg (24.31 amu) and Fe (55.85 amu) ions present

at A-sites, while high and low frequency splitting may be due to

small amount of A- and B-sites occupancy of Fe3+ ions in other

oxidation state. The presence of Fe2+ ions in the ferrite can

cause a splitting of the absorption band. Local deformations can

occur due to Jahn–Teller effect [25] in Fe2+ ions which can lead

to a non-cubic component of the crystal field potential and

hence to splitting of the band. The distinct band observed at

680 cm�1 is assigned to the in-plane Fe–O–H bending

vibrations [26,27]. The difference in the band position (y1

and y2) is expected because of the difference in the Fe3+–O�2

distances for the octahedral and tetrahedral complexes. It is

found by Evans and Hafner [28] that Fe–O distance of A-site

(0.189 nm) is smaller than that of the B-site (0.199 nm). This

can be interpreted by the stronger covalent bonding of Fe3+ at

the A-sites than the B-sites.

The value of saturation magnetization ss, for wet and

annealed samples of MgFe2O4 is found to be 14 emu/g and

27 emu/g, respectively at 80 K. The ss value of wet sample is

found to be very low compared to the annealed sample. Such

behaviour is attributed to surface effects and has been already

observed for stoichiometric nanoparticles of Mn-ferrite [29],

Mn–Zn ferrite [3] and Co-ferrite [29]. It is found through the
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TGA measurement for wet sample that the net weight loss at

500 8C is 24%, the presence of water and hydroxyl ions which

decreases per gram magnetization for wet sample. Thus, the

lower value of ss for wet sample compared to annealed sample

cannot be explained only on the basis of the presence of non-

magnetic mass of weight loss (unknown missing mass). The

missing mass can partially account for this decreasing

saturation magnetization.

The acicular nanoparticles can be thought of having core–

shell structure with ferrimagnetically ordered core and shell of

finite and constant thickness made of weak-magnetic and non-

interacting mass i.e. magnetically dead layer. The existence of

the non-magnetic layer might be caused by the canting of the

surface spins [30,31], a high anisotropy layer or loss of the long

range order in the surface layer [32] or other reasons [28]. It has

been found that this shell layer can have thickness approxi-

mately equal to one lattice constant, which means that the

magnetic nature of the first crystalline layer on the

nanoparticles is weakened by surface adsorption of non-

magnetic ions but the magnetic properties of the core remains

intact and resembles to bulk magnetization [33]. Assuming the

thickness of the shell layer (t) constant the magnetization of the

particles to the first order has been given by snano
s ¼

sbulk
s 1� ð6t=dÞ½ � where, d is the particle diameter. This

accounts for the almost 50% reduction in the ss value in case

of nanoparticles compared to the bulk counterpart. Thus, in the

present case the wet sample having nano-sized particles

exhibits very low saturation magnetization but after annealing

them at high temperature (1100 8C) the annealed sample shows

expected bulk value of saturation magnetization at 80 K [34].

Thermal variation of low field (0.5 Oe) ac susceptibility

curves (xT/xRT! T; x(T)) depicted in Fig. 5, for wet sample,

backed sample and annealed sample of MgFe2O4 exhibit

differences in the shape of the x(T) curves. The wet sample

showed very weak signal for magnetic susceptibility at 300 K

and showed continuous decrease of relative susceptibility on
Fig. 5. Thermal variation of normalized magnetic susceptibility for wet (as

prepared) (a), baked at 400 8C (b) and annealed at 1100 8C (c) samples of

MgFe2O4.
increasing temperature i.e. paramagnetic behaviour. It may be

inferred that the wet sample with nano-sized particles must be

having their blocking temperature (TB) much lower than room

temperature. The blocking temperature is the threshold point of

thermal activation energy for whole nanoparticles sample

where thermal energy (kBT) becomes sufficient to overcome the

anisotropy energy barrier. Therefore, at T > TB, magnetic

anisotropy is overcome by thermal activation and the

magnetization direction of each nanoparticle simply follows

the applied field direction. Consequently, the nanoparticles

become superparamagnetic and show paramagnetic behaviour.

The larger the particles, the higher the anisotropy energy,

barrier the larger kBT is required to become superparamagnetic.

Therefore, with increasing particle size, blocking temperature

also increases. Similar behaviour was observed for CoFe2O4

nanoparticles [35]. This study suggested clearly that the TB

depends upon the size of the nanoparticles and it increases as the

mean diameter of the nanoparticle increases. This theory was

checked for the present case by baking the as-prepared sample of

MgFe2O4 at 400 8C in air thereafter, thermal variation of low

field susceptibility was recorded. The change in the shape of the

curve is attributed to the increase in the particle size and therefore

the blocking temperature as observed in Fig. 5. If the temperature

of a nano-sized acicular single domain (SD) particle is increased

it may so happen that the thermal energy may become

comparable to the effective magnetic anisotropy when the

magnetization direction spontaneously fluctuates between the

easy axes of the grain. In such state, a particle is said to be

exhibiting super-paramagnetism (SP). The specific temperature

at which the SD to SP transition for a particle or cluster of volume

V takes place is known as the blocking temperature TB, and the

relation governing this given by: VJsHc = 2kTB, where Js is the

saturation intensity, Hc is the coercive force of the material and k

is the Boltzman constant. For single domain particles Hc is large

where as it tends to zero for SP particles. Thus, susceptibility

which is inversely proportional to Hc is large for SP of the same

material and hence there is peak in x(T) curve at TB. A broad

maximum observed in x(T) curve of baked sample may be due to

the response of single domain (SD) particles of various sizes as

they undergo SD to SP (superparamagnetic) transition. The x(T)

plot of annealed sample shows normal ferrimagnetic behaviour

similar to that of MgFe2O4 prepared by usual double sintering

ceramic technique [34]. The Neel temperature for baked sample

and annealed sample is found to be 675� 2 K and 730� 2 K

respectively. The Neel temperature for baked sample is found to

be lower compared to annealed sample, which may be attributed

to the change in the distribution of cations among the available

tetrahedral (A-) and octahedral (B-) sites of spinel lattice, and/or

finite size effect [28].

Room temperature (300 K), 57Fe Mossbauer spectra of three

specimens of MgFe2O4: wet, baked at 400 8C and annealed at

1100 8C are displayed in Fig. 6. All the spectra have been fitted

using the NORMOS software. The solid line through data

points are the results of computer fits of spectra obtained

assuming equal line widths for A- and B-sites. The wet sample

shows a paramagnetic doublet, which is due to the super-

paramagnetic relaxation, that is, each particle is a single



Fig. 6. Mossbauer spectra of three specimens of MgFe2O4: as prepared (a),

baked at 400 8C (b) and annealed at 1100 8C (c) of MgFe2O4.
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domain. These quadrupole doublets indicative of the absence of

magnetic hyperfine interactions (long range ordering). This

observation leads to the conclusion that in magnesium ferrite

the particles have a very fine size or more probably these

ferrimagnetic nanoparticles are separated magnetically from

the matrix since the region is surrounded by non-magnetic

Mg2+-ions. Thus, the Mossbauer spectrum of as prepared

sample reveals the existence of SP clusters or paramagnetic

centers [36]. This indicates that ferrimagnetic wet sample is

superparamagnetic at 300 K, their blocking temperature being

lower than the room temperature as observe in x(T)

measurement.

Recalling the core–shell structure of the nanoparticles, a

different environment is experienced by Fe atoms residing in

the shell compared to those inside the core. The broad doublet

is therefore fitted with two sets of doublet corresponding to the

quadrupole splitting (Q.S.) of the iron nucleus in the shell

(surface region) and the core region of the particle. It is

deduced from the area ratio of the doublets that the

contribution from the sell region atoms is 23%, which is
agreeing to the reduction in saturation magnetization for as-

prepared sample. The QS in the shell region (0.48 � 0.02 mm/

s) is much larger than the QS in the core region

(0.26 � 0.02 mm/s). This is ascribed to the disorder and

reduction in the local symmetry of the Fe atom in the shell

region of the nanoparticle. The Mossbauer spectrum of baked

sample exhibits simultaneous presence of a central para-

magnetic doublet superimposed on broad magnetic sextet,

indicating the partial transformation to an ordered magnetic

structure. The Mossbauer spectrum of annealed sample shows

two well resolved Zeeman split sextets corresponding to A-

and B-sites Fe3+-ions with nuclear hyperfine fields

480 � 1 kOe and 510 � 1 kOe respectively. The magnetic

phase change of the ferrite particles is attributed to the change

in particle size as a function of heat treatment employed.

4. Conclusions

The nanoparticles of MgFe2O4 have been successfully

synthesized by a co-precipitation technique. TEM analysis

reveals the fact that the obtained ferrite particles are

thick needle-shaped nanocrystals with an aspect ratio of

around 3.5 and long axis of 37 nm. This is due to collective

role of NaOH, H2O2 and Mg2+ in governing the rate of

growth of growing planes of nanocrystals. We have

established that the wet chemically prepared magnesium

ferrite contain nanoparticles which give rise to the unusual

magnetic properties like super-paramagnetism leading to the

suppression of long range magnetic ordering and quenching

of magnetic moments in spite of having Neel

temperature > 700 K, in annealed state. The lower value

of saturation magnetization for as-prepared nanopowder can

be explained on the basis of core–shell structure and surface

effects corroborated by Mossbauer spectral signature.

Mossbauer spectral and susceptibility studies showed that

the as-prepared nano-sized ferrite is superparamagnetic at

room temperature and magnetic ordering evolves on baking

and annealing the nanopowdered sample due to increase in

the crystalline size. The high temperature annealing trans-

forms the nanostructured ferrite to coarse-grained ceramic

ferrite powder.

In IR spectrum, the weak high frequency shoulder is due to

the disparity in the masses of cations present at A-sites, while

high and low frequency splitting may be due to small amount of

A- and B-sites occupancy of Fe3+ ions in other oxidation state.

Local deformation can occur due to Jahn–Teller effect in Fe2+

ions which can lead to a non-cubic component of the crystal

field potential and hence to splitting of the bands.
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