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H. Sözeri • R. Topkaya • N. Akdoğan
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Abstract We present a systematic investigation on

the structural and magnetic properties of Mn0.2Ni0.8-

Fe2O4 nanoparticles synthesized by a polyethylene

glycol (PEG)-assisted hydrothermal route. XRD, FT-

IR, TEM and VSM were used for the structural,

morphological, dielectric properties and magnetic

investigation of the products, respectively. Average

crystallite size of product was estimated using Line

profile fitting as 6 ± 1 nm and particle size as

6.5 ± 1.0 nm from TEM micrographs. Magnetiza-

tion measurements have shown that the particles have

a blocking temperature of 134 K. Magnetization and

the coercive field of the sample increase by decreas-

ing the temperature. The conductivity measurements

reveal the semiconducting behaviour for the sample.

Temperature-dependent dielectric properties: dielec-

tric permittivity (e) and ac conductivity (rac) for the

sample were studied as a function of applied

frequency in the range from 1 Hz to 3 MHz. These

studies indicated that the dielectric dispersion curve

for the sample showed usual dielectric dispersion

which can be explained on the basis of Koop’s

theory, which is based on the Maxwell–Wagner

model for the interfacial polarization of homoge-

neous double structure.

Keywords Hydrothermal synthesis �
Coercivity � Magnetic nanomaterials �
Spinel ferrites

Introduction

Nanosized spinel ferrite particles have attracted con-

siderable interest, and efforts continue to investigate

them for their technological applications in the micro-

wave industries, disk recording, refrigeration systems,

electrical devices, ferrofluids, etc. (McMichael et al.

1992; Ghasemi et al. 2006; Sahoo et al. 2004;

Kasapoglu et al. 2007; Ozkaya et al. 2009). The

magnetic properties of spinel ferrites can be varied

Y. Köseoğlu (&) � M. Bay � M. Tan

Department of Physics, Fatih University, Buyukçekmece,
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systematically by changing the identity of the divalent

Me2? cations (Me = Co, Mn, Ni, Zn, etc.) without

changing the spinel crystal structure (Rondinone et al.

1999).

The spinel structure allows the introduction of

different metallic ions, which can change the mag-

netic and electric properties considerably. For exam-

ple, due to the antiferromagnetic nature of La3? ions,

there is a possibility of achieving control over

magnetic parameters like remanence and coercivity

in developing technologically important materials by

simple substitution of the La3? ions in NiAxFe2-xO4

(Kuznetsov et al. 1999).

Ferrites are well known for their electrical, mag-

netic and catalytic properties (Shyam et al. 2002;

Reddy et al. 2004). The general structure of ferrites

with spinel structure is [M2?]tet [Fe3?]octaO4. The

introduction of third metal ion modifies the distribu-

tion of ions in the spinel structure. Varying the

concentration of third metal ion can easily alter

distribution of Fe3? ion.

Recent studies have been proved that the substi-

tution of Mn3? reduces the active magnetic linkages,

and hence makes Tc decrease with increasing x in

CoFe2-xMnxO4 system. The decrease in Tc of the

present ferrites is very beneficial for the use in

magnetic and magneto-optical recording (Zhou et al.

2002; Zhou et al. 2006).

To the best of our knowledge, only the limited

number of report is available for the synthesis of

MnxNi1-xFe2O4 nanoparticles (NPs) and bulk by

various methods. In this study, we aim to prepare

Mn-substituted Ni ferrite NPs with a low sintering

temperature involving less energy and low cost metal

nitrates as raw materials.

Experimental

Synthesis

0.250 g MnCl2, 1.04 g NiCl2 and 5.4 g of FeCl3�
6H2O were each dissolved in 10 mL distilled water to

form a clear solution and mixed. The mixture was

stirred with a magnetic stirrer until the reactants were

dissolved completely. After that 10 mL PEG (10.000)

was added to the solution. And pH of the solution was

adjusted to 11.0 by adding 2 M NaOH as dropwise

during stirring. After continuous stirring at 400 rpm

for an hour, a homogeneous solution could be

obtained. The autoclave was kept at 150 �C for

12 h, then was allowed to cool to room temperature.

The product was then filtered and washed several

times with distilled water and absolute ethanol, and

subsequently dried in a vacuum oven at 25 �C for

12 h.

Measurements

X-ray powder diffraction (XRD) analysis was con-

ducted on a Rigaku Smart Lab Diffractometer

operated at 40 kV and 35 mA using Cu Ka radiation.

Fourier transform infrared (FT-IR) spectra were

recorded in transmission mode with a Perkin Elmer

BX FT-IR infrared spectrometer. The powder sam-

ples were ground with KBr and compressed into a

pellet. FT-IR spectra in the range 4000–400 cm-1

were recorded in order to investigate the nature of the

chemical bonds formed.

VSM measurements were performed by using a

Quantum Design Vibrating sample magnetometer

(QD-VSM). The sample was measured between

±10 kOe at room temperature and 10 K. ZFC (zero

field cooling) and FC (field cooling) measurements

were carried out at 100 Oe and the blocking temper-

ature was determined from the measurements.

Transmission electron microscopy (TEM) analysis

was performed using a FEI Tecnai G2 Sphera

microscope. A drop of diluted sample in alcohol

was dripped on a TEM grid.

The thermal stability was determined by thermo-

gravimetric analysis (TGA, Perkin Elmer Instruments

model, STA 6000). The TGA thermograms were

recorded for 5 mg of powder sample at a heating rate

of 10 �C min in the temperature range of 30–800 �C

under nitrogen atmosphere.

Conductivity (ac–dc) measurements of the product

were studied by Novocontrol dielectric spectroscopy

in the range 20–120 �C with a step of 10 �C

(frequency range 0.1 Hz–3 MHz).

Results and discussion

XRD analysis

XRD studies of product confirmed the formation

of single phase cubic spinel structure. Typical
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microphotograph of Mn0.2Ni0.8Fe2O4 system is pre-

sented in Fig. 1. All of the observed diffraction peaks

are indexed by the cubic structure of NiFe2O4

(JCPDS no. 19-629). The mean size of the crystallites

was estimated from the diffraction pattern by line

profile fitting method using the equation given in

studies of Wejrzanowski et al. (2006) and Pielaszek

(2003), as 6 ± 1.0 nm. The line profile, shown in

Fig. 1 was fitted for observed eleven peaks with the

following miller indices: (111) (220) (311) (400)

(422) (511) (440).

FT-IR analysis

Figure 2 shows the IR spectra of as prepared samples

at 300 �C. Two mainbroad metal–oxygen bands are

seen in the IR spectra of all spinels, and ferrites in

particular. The highest one, v1, (Fig. 2) generally

observed in the range 600–550 cm-1, corresponds to

intrinsic stretching vibrations of the metal at the

tetrahedral site, Mtetra $ O, whereas the v2-lowest

band, usually observed in the range 450–385 cm-1, is

assigned to octahedral-metal stretching, Mocta $ O

(Sertkol 2008; 2009a, b; Kavas et al. 2009). It is

known that Ni2? ions have octahedral-site preference,

while Mn2? and Fe3? ions can occupy both octa-

hedral and tetrahedral sites (Liu et al. 2006). The

band at 580 and 680 cm-1 are the characteristics of

NiMn ferrites as reported elsewhere (Liu et al. 2006).

However, no clear peak due to octahedrally coordi-

nated metal ions has been observed which is expected

to be below 400 cm-1. This may be due to the

broadening of this peak attributed to very small

particles of spinel ferrites.

The bands observed around 3430 and 1521 cm-1

frequencies are ascribed due to the stretching modes

and H O H bending vibration of the free or absorbed

water molecules.

Thermal analysis

Thermal stability of the precursor powder and final

powders has been analyzed using TGA (Fig. 3). To

further confirm the existence of PEG on the surface

of Mn0.2Ni0.8Fe2O4 nanoparticles and quantify the

proportion of organic and inorganic phase, TGA was
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performed in the temperature range of 30–600 �C.

Pure PEG combustion started at *340 �C and

completely combusted at *420 �C (Xiaotun et al.

2003). Evidently, the combustion is delayed for the

PEG-coated Mn0.2Ni0.8Fe2O4 nanoparticles which

starts at *380 �C and completes at *410 �C. The

increase of combustion tempearture is due to the

extra interaction between the PEG and Mn0.2Ni0.8-

Fe2O4 nanoparticles (Zhang et al. 2008; Li et al.

2007). Up to 400 �C, the observed weight loss for

product is due to the adsorbed water. Nanocomposite

shows a major weight loss of *20% over the

temperature range of 30–600 �C due to the decom-

position and combustion of PEG. This implies that

nanocomposite has *80% inorganic phase as

Mn0.2Ni0.8Fe2O4 nanoparticles.

TEM analysis

TEM micrographs of as-synthesized MnNi ferrite

nanoparticles were given in Fig. 4a and their particle

size distribution were presented in Fig. 4b. A histo-

gram of the size distribution is fitted to log normal

function with 6.5 ± 1.0 nm (by counting 160 nano-

particles) except for some agglomerated particles

(which can increase the magnetic interaction between

particles, and therefore may influence the magnetic

properties of the product).

Magnetic measurements

Figure 5 shows the magnetization loops of the

Mn0.2Ni0.8Fe2O4 nanoparticles at some selected tem-

peratures. As it is seen from the figure, at room

temperature, it shows that the sample has no hyster-

esis. By decreasing the temperature down to 130 K, it

also does not show hysteretic behaviour. While the

temperature is further decreased, the sample shows

hysteretic behaviour vith small coercivity. By decreas-

ing the temperature, the coercivity of the sample is

increasing and reaches to a coercivity of 272 Oe at

lowest temperature (10 K). The coercivity (Hc) of a

magnetic material is generally a measure of its

magnetocrystalline anisotropy, but it may also origi-

nate from exchange anisotropy due to spin disorder at

the particle surface at low temperatures (Sertkol et al.

2010). At all temperatures, the magnetization does not

reach the saturation even at 5 kOe applied magnetic

field.

Saturation magnetizations (obtained from the lin-

ear extrapolation of M vs. 1/H) of 31.48 and 41.96

emu/g are obtained for the room temperature and the

lowest temperature measurements. The obtained

values of saturation magnetization for Mn0.2Ni0.8-

Fe2O4 are much lower than the saturation magneti-

zation of bulk MnFe2O4 (Ms = 110 emu/g), and of

bulk NiFe2O4 (Ms = 55 emu/g) (Balaji et al. 2002;

Smith and Wijn 1959). The absence of saturation,

remanent magnetization, and coercivity at high

temperature region in the M–H curve indicates the

superparamagnetic nature of the particles, which

relax back their spins by rotation on removal of

applied magnetic field so as to give a zero net

magnetic moment. In this case, even though the

temperature is below the Curie temperature and

the thermal energy is not sufficient to overcome the

coupling force between neighboring atoms, the

thermal energy is sufficient to change the direction

of magnetization of the entire crystallite (Sertkol

et al. 2009a, b; Atif et al. 2006). It is also known that

fine particles can be easily activated thermally and

overcome magnetic anisotropy. Nanoparticles lost

their hysteresis property above blocking temperature

and magnetic moments follow the same direction

with applied magnetic field, so that the magnetic

moments do not have any remanent magnetization

and a hysteresis loop to observe coercive field. Below

the blocking temperature, the particles do not have

adequate thermal energy to attain complete thermal

equilibrium with the applied field during the mea-

surement time and hence, hysteresis appears. The

nonsaturation of the magnetization even at the

highest applied field of 5 kOe also implies the

presence of single domain nanoparticles in super-

paramagnetic state (Upadhyay et al. 2007; Chinnas-

amy et al. 2000).

Figure 6 presents the results of the magnetization

measurements of Mn0.2Ni0.8Fe2O4 nanoparticles

obtained in ZFC and FC (with 50 Oe applied field)

conditions. The temperature-dependent magnetiza-

tion of Mn0.2Ni0.8Fe2O4 nanoparticles increases by

decreasing the temperature, and ZFC curve exhibits a

relatively broad cusp at around 130 K and achieves

maximum at 134 K that corresponds to the blocking

temperature, TB which is a clear signature of

superparamagnetism. The broadness in magnetization

indicates the existence of particles with different

sizes. It can be noted that the FC magnetization also

2238 J Nanopart Res (2011) 13:2235–2244

123



increases with decreasing temperature due to clusters

ordering along the field direction as seen for field

induced cluster glass system.

In magnetic materials, decreasing the size to

nanometer dimensions leads to unique effects like

superparamagnetism, enhanced magnetization and

(below a critical dimension) single domain magnetic

nanoparticles. Such nanoparticles exhibit single

domain ferromagnetism below the blocking temper-

ature, TB, and superparamagnetism above TB. In the

superparamagnetic state, the moment of each nano-

particle freely rotates, so a collection of nanoparticles

acts like a paramagnet where the constituent

moments are ferromagnetic nanoparticles (rather than

atomic moments as in a normal paramagnet). In the

ZFC measurement of the magnetization as a function

of temperature, the above behaviour leads to the

presence of a peak at a temperature commonly taken

as the blocking temperature. The features of the peak

that reveals the superparamagnetic state (namely its

width and position) and the behaviour of the high-

temperature tail contain useful information about

various characteristics of nanoparticles for example

size and size distribution. While such information can

be obtained accurately with the assumption of non-

interacting magnetic nanoparticles, even simple com-

parison of curves of different nanoparticles is very

useful since it can reveal how the nanoparticles

evolve under an external control parameter like

doping, annealing, etc.

As it is well known, above TB, superparamagnetic

moment of particles becomes thermally unstable and
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magnetizations exponentially decrease as MVH/kBT

become smaller than 1. The superparamagnetic

particles deflect uniquely to the strong field side of

the gradient magnet, but this effect decreases as a

function of increasing temperature. Above the block-

ing temperature TB, the thermal fluctuation energy

(kBT) is larger than the uniaxial anisotropy energy

(KV), because the critical volume for nanoparticles

behaving as a single domain is larger than the studied

magnetic particles (Pelecky and Rieke 1996; Köseo-

glu and Kavas 2008; Özkaya et al. 2009). At high

temperature regime, assuming an equilibrium state,

the magnetic susceptibility follows a Curie–Weiss

law (Sawatsky et al. 1968) with a ferromagnetic

transition temperature Tc. Hc and Mr have shown

superparamagnetic behaviours by increasing the

temperature above the blocking temperature. Below

the blocking temperature, TB, the uniaxial anisotropy

energy (KV) is larger than the thermal fluctuation

energy (kBT) and the magnetic moments of the

particles are magnetically frozen along their anisot-

ropy axes.

Consequently, the magnetization of the nanopar-

ticles has a hysteretic feature. The decrease in

magnetization below TB should be attributed to this

spin frustration in spin-glass like phase. A spin-glass-

like ordering of magnetic moments may be thought of

for the random distribution of magnetic dipoles. This

is consistent with spin-canting due to the decrease in

effective super exchange interactions among mag-

netic spins at the surface regions, which reflects itself

as a decrease of average magnetization of single

particle domain as mentioned above.

ac/dc conductivity

Figure 7 shows ac electrical conductivity, rac, of

Mn0.2Ni0.8Fe2O4 nanoparticles as a function fre-

quency at some selected temperatures. From the plot,

it is evident that the electrical conductivity is stricktly

frequency and temperature dependent. The rac

slightly changes between 1 Hz–1 kHz at all temper-

atures.Above this frequency, it increases fast. Also,

by increasing the temperature, the rac increases

sharply as it can be seen from figure.

Figure 8 shows the temperature dependence of dc

conductivity, rdc, of the sample which was derived from

the plateau regions. As expected for semiconductors,
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the conductivity of ferrites increases with rising

temperature according to the well-known relation

r ¼ r0 exp �Ea=kTð Þ ð1Þ

where Ea denotes the thermal activation energy of

electrical conduction, ro is pre-exponential parameter

which depends on the semiconductor nature, and k is

the Boltzmann’s constant. As seen from dc conduc-

tivity graph, the conductivity of the sample is

increasing with the temperature indicating the semi-

conducting nature of the sample. The increasing trend

in the dc conductivity, rdc, with the temperature is

due to the increase in drift mobility of the thermally

activated charge carriers (electron and hole) accord-

ing to hopping conduction mechanism.

The temperature dependence of rdc shows a

straight line with two different activation energies.

The line changes its slope at the Curie temperature Tc

*360 K, as was expected theoretically (Kapse et al.

2009). It was reported that on passing through the

Curie point a change in the gradient of the straight

line (Fig. 8) must take place. The magnitude of this

effect (gradient or slope) depends on the exchange

interaction, which determines the Curie point, Tc

(Sertkol et al. 2009).

Dielectric properties

The dielectric properties of NP ferrite materials are

influenced mainly by the method of preparation,

cation distribution, grain size, sintering temperature,

oxygen parameter, the ratio of Fe2?/Fe3? ions, and

oxygen anion vacancies in lattices out of which the

grain size plays a key role (Mohammed et al. 2002).

The samples which assumed heterogeneous nature

due to the individual grains influences the dielectric

variation with frequency. Thus, the dielectric behav-

iour of the ferrites is attributed primarily to interfacial

polarisation resulting from their heterogeneous struc-

ture comprising low resistivity grains separated by

high resistivity grain boundaries as suggested by

Koops phenomenological dispersion theory (Koops

1951; Miroshkin et al. 1981; Viswanathan and Murthy

1990). The Fe2? and Fe3? ions present in ferrites

contribute effectively to produce interfacial polarisa-

tion. This is supported by the inverse proportionality

between dielectric permittivity and resistivity as

observed by various researchers.

The complex dielectric permittivity is represented

e* = e0 - ie00 where e0 is the real part of dielectric

permittivity, which describes the stored energy, while

e00 is the imaginary part of dielectric permittivity,

which describes the dissipated energy (Farea et al.

2008). The frequency and temperature dependence

effects on both e0 and e00 are shown in Fig. 9.

It is clear that the sample exhibits dielectric

dispersion where both e0 and e00of the studied system

show a decrease with increasing frequency. The values

of e00 decreases faster than e0 and becomes closer in the

high-frequency range. The decrease in dielectric

constant is rapid at low frequency and approach to

frequency independent behaviour. The dielectric dis-

persion curve can be explained on the basis of Koop’s

theory, which based on the Maxwell–Wagner model

10-1 100 101 102 103 104 105 106 107

10-8

10-7

10-6

Frequency (Hz)

σ ac
 (

S
/c

m
)

 20 oC
 30 oC
 40 oC
 50 oC
 60 oC
 70 oC
 80 oC
 90 oC
 100 oC
 110 oC
 120 oC

Fig. 7 Frequency dependence of ac conductivity at some

selected temperatures

2,50 2,75 3,00 3,25 3,50

10-9

10-8

10-7

10-6

10-5

σ d
c (

S
/c

m
)

1000/T (1000/K)

Fig. 8 Temperature dependent dc conductivity

J Nanopart Res (2011) 13:2235–2244 2241

123



for the homogeneous double structure (Farea et al.

2008). The polarization in ferrites is through a

mechanism similar to the conduction process by

electron exchange between Fe2? and Fe3?, the local

displacement of electrons in the direction of the applied

field occurs and these electrons determine the polar-

ization. The polarization decreases by increasing the

frequency and approaches to a constant value due to the

electron exchange between Fe2? and Fe3? cannot

follow the alternating field. Previously, the large value

of dielectric constant at lower frequency was attrri-

buted to the predominance of species like Fe2? ions,

oxygen vacancies, grain boundary defects, etc. (Max-

well 1973). The decrease in dielectric constant with

frequency is expected because of the fact that any

species contributing to polarizability is found to show

lagging behind the applied field at higher and higher

frequencies (Gul et al. 2007).

Figure 9 clearly shows the enhancement of dielec-

tric permittivity at low frequencies. However, dielec-

tric permittivity decreases at higher frequencies since

the mobility of charge carriers is low at higher

frequencies and cannot follow the alternation of

applied ac electric field (Abdeen 1999). There are two

mechanisms responsible for the permittivity disper-

sion for polycrystalline ferrites at higher frequency;

they are ion and electron polarization (Psarras 2006).

The oxygen ion vacancies produced during the

synthesis may also contribute to dielectric permittiv-

ity which is predominant at lower frequencies

(Ponpandian and Narayanasamy 2002).

It can be seen that the sample shows the

frequency-dependent phenomena, i.e., the dielectric

constant decreases with increasing frequency. This is

a normal behaviour observed in most of the ferri-

magnetic materials, which may be due to the

interfacial polarization as predicted by Maxwell–

Wagner (Wagner 1914). According to Rabinkin and

Novikova (1960), the polarization in ferrites is

through a mechanism similar to the conduction

process. By electron exchange between Fe2? and

Fe3?, the local displacement of electrons in the

direction of the applied field occurs and these

electrons determine the polarization. The polarization

decreases with increasing frequency and then reaches

a constant value due to the fact that beyond a certain

frequency of external field, the electron exchange

between Fe2? and Fe3? cannot follow the alternating

field. The large value of e’’ at lower frequency is due

to the predominance of species like Fe2? ions,

interfacial dislocations pile ups, oxygen vacancies,

grain boundary defects, etc. (Maxwell 1973), while

the decrease in e00 with frequency is natural because

of the fact that any species contributing to polariz-

ability is found to show lagging behind the applied

field at higher and higher frequencies.

Conclusion

In this study, manganese-substituted nickel ferrite

nanoparticles of Mn0.2Ni0.8Fe2O4 have been prepared

successfully by using surfactant-assisted hydrothermal

route. Crystallite size of the product was found as 6 nm

by using line profile fitting of XRD pattern. From

magnetic measurements the absence of saturation,

remanent magnetization and coercivity at high tem-

perature region in the M–H curve and broad peak in

ZFC indicates the superparamagnetic nature of the

particles with a blocking temperature TB of 130 K. The

saturation magnetization of the sample increases with

the decrease in temperature. It is observed that the dc
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imaginary, b e00of dielectric

constant versus frequency at

some selected temperatures
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conductivity increases with increasing temperature

indicating the semiconducting nature of the sample.

This was attributed to the increase in drift mobility of

the charge carriers. While the dielectric constant was

found to decrease with frequency, it was increasing

with the temperature as observed in semiconductors.

Also, revealed sharply reduced dielectric loss in this

nanomagnetic sample making it as a suitable candidate

for applications as inductive and capacitive materials

as well as microwave absorbers.
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