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Abstract

Ferrite material nanoparticles comprised of manganese and zinc were chemically synthesized by the co-precipitation method. The
designated ferrite X-ray diffraction peaks and characteristic ferrite absorption bands in Fourier transform infrared absorption spectra
confirmed the formation of a spinel structure. Determination of the full width at half maximum values of the X-ray diffraction peaks
and the corresponding calculations using the Scherrer formula suggested the generation of nano-grains. Micrographs obtained
using a transmission electron microscope confirmed the nano-scale dimensions of the particles. Deviations in the characteristic
resistivity and thermopower values in response to ambient sample temperature variations were experimentally observed and used

for correlation-derived temperature-dependent transport behaviour analysis. Samples with a concentration x  = 0.8 and 1.0 showed
high thermopower values at reasonably low temperatures with moderate specific resistance.
© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction

A significantly high deviation of the physical prop-
erties of materials at nano-scale dimensions aroused
curiosity and renewed interest in many already famil-
iar materials in the broad domain of industrially feasible
materials. Spinal ferrites can be classified as belonging
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iour analysis; Spin-Seebeck effect

to these materials because of their commercial impor-
tance in industry that utilise a combination of excellent
electrical and soft magnetic properties. The co-existence
of high relative magnetic and electric polarization along
with high electrical resistivity observed in spinel ferrite
materials has led to the abundant use of this mate-
rial in the electronics industry. Mixed spinel ferrites,
essentially with low hysteresis loss and small parti-
cle sizes, are considered to be emerging materials for
novel applications in areas such as drug delivery sys-
tems and hyperthermia [1]. Manganese zinc (Mn–Zn)
spinel ferrite, which can be produced at a practical
cost, is extensively used in a large number of electronic
behalf of Taibah University. This is an open access article under the

devices that utilize its favourable physical properties,
such as high permeability at high frequency, remarkably
high electrical resistivity, good mechanical hardness,
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nd reasonable chemical stability. A recent research
tudy conducted on Mn–Zn ferrite materials fabricated
n nano-scale thin films revealed an enhancement of
he magnetic property of coercivity [2–5]. Investigations
onducted using the Mössbauer spectroscopy technique
o probe the structural and magnetic property devia-
ions in gamma irradiated Mn–Zn nanoferrite materials
evealed amazing alterations in the cation distribution
6]. An enhancement of the industry-oriented useful
roperties of Mn–Zn ferrite materials through the modi-
cation of the cation distribution inside the nanoparticles
y exposing it to gamma radiation was reported recently
7]. In another study, the introduction of Al3+ ions into

n–Zn nano ferrite materials was found to increase its
esistivity at a lower temperature range [8].

The experimentally observed transport properties
n ferrites, specifically resistivity and thermopower,
rovide valuable information regarding the behaviour of
ocalized electric charge carriers, leading to the greater
nderstanding of the transport mechanism. Further, ther-
oelectric power generation is an emerging technology

hat may be the solution to current environmental and
nergy issues around the world [9]. This type of power
eneration is primarily based on electric conductors
hat show substantial generation of electric voltage over

 reasonable difference in temperature caused by the
eebeck effect. However, the present constraints of effi-
iency and device costs place a reasonable restriction
n the use of thermoelectric power generation based on
his effect. The recently discovered spin-Seebeck effect
SSE) [10], which involves the generation of spin volt-
ge, has the potential to drive a non-equilibrium spin
urrent [11] from a heat current in magnetic metals,
emiconductors and magnetic insulators, thereby pro-
iding a method of overcoming the abovementioned
onstraints by making use of insulators as thermoelectric
ower sources. Using a suitable coupling of a para-
agnetic metal to a magnetic insulator, the thermally

enerated spin voltage can be converted into electrical
oltage via the inverse spin-Hall effect (ISHE) [12]. By
dentifying an insulator with low thermal conductivity
o suppress energy loss caused by heat conduction, the
se of SSE could enhance the thermoelectric power gen-
ration efficiency [13]. A recent report highlighted the
ppearance of the longitudinal spin-Seebeck effect in a
intered polycrystalline bulk (Mn–Zn)Fe2O4 slab [14].
he effect drives a spin current to flow across an inter-

ace between the (Mn–Zn)Fe2O4 slab and an attached Pt

lm along a temperature gradient to generate an electric
oltage via the inverse spin-Hall effect in the Pt film.
ecause this observed phenomenon enables thermal
eneration of an electric voltage from a commonly used
ity for Science 11 (2017) 654–660 655

polycrystalline insulator, it has the potential to be used as
a versatile and low-cost thermoelectric power generator.
This paper aims to identify an appropriate stoichio-
metric composition of a Mn–Zn ferrite thermoelectric
material based on the resistivity–thermopower correla-
tion derived temperature-dependent transport behaviour
analysis of MnxZn1−xFe2O4 nanoparticles for probable
utilization in the manufacturing of devices based on the
spin-Seebeck effect.

2.  Experimental

Nanoparticles of MnxZn1−xFe2O4 (x  = 0.0, 0.2, 0.4,
0.6, 0.8 and 1.0), wherein x  represents the stoichiometric
concentration index, were prepared by co-precipitating
aqueous solutions of ZnSO4, MnCl2 and FeCl3 mix-
tures in an alkaline medium [15]. The base materials
ZnSO4:7H2O, MnCl2:6H2O and FeCl3:6H2O were
taken in their respective stoichiometry, dissolved in dis-
tilled water, and then heated to 65 ◦C. The respective
metal ions were precipitated by adding a suitable precip-
itating reagent while boiling the solution for 10 s under
constant stirring. After maintaining the solution along
with the precipitate at 80 ◦C for 1 h, the precipitate was
filtered and dried at 100 ◦C. The dried powder was pel-
leted and subjected to heat treatment in a box furnace
at the desired temperature and temperature ramp rate
for 15 h, resulting in the formation of MnxZn1−xFe2O4
nanoparticles.

The powdered samples were characterized using a
high-intensity rotating anode Rigaku X-ray diffractome-
ter. The Fourier transform infrared (FT-IR) absorption
spectra of the samples were recorded on a Shi-
madzu 8900 FT-IR spectrometer. Transmission electron
microscope (TEM) micrographs were taken on a Hitachi-
H-7650. The resistivity measurements were performed
via the two probe method using a Keithley electrometer
(model 6514) by maintaining a constant voltage across
the sample. Thermo-electric power (TEP) measurements
were conducted on an automated indigenously built, lab-
oratory based set-up at temperatures ranging from 0 ◦C
to 200 ◦C.

3.  Results  and  discussion

The X-ray diffraction (XRD) pattern for
MnxZn1−xFe2O4 is shown in Fig. 1.
The positions of the observed intensity peaks, which
are in agreement with the reported and established fer-
rite peak positions derived by Rietveld refinement [6],
confirm the formation of a single phase cubic spinel
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ern of MnxZn1−xFe2O4.

Table 1
Variation of lattice constant and particle size.

Mn concentration
x

Lattice constant
‘a’ in Å

Particle size
D in nm

0.0 8.4615 ± 004 47 ± 2
0.2 8.4621 ± 002 41 ± 2
0.4 8.4748 ± 005 36 ± 1
0.6 8.4847 ± 004 46 ± 2
0.8 8.4848 ± 006 34 ± 2
1.0 8.5078 ± 005 40 ± 3
Fig. 1. XRD patt

structure. The crystal interplanar spacing (d) was cal-
culated using Bragg’s law, presented as Eq. (1).

2d  sin θ  =  nλ  (1)

where θ  represents the angle of incidence, n is an integer
and λ  is the wavelength of the X-ray source used for
diffraction studies. The value of lattice constant ‘a’ was
obtained by substituting the corresponding ‘d’ values in
Eq. (2) given below.

a  =  d
√

h2 +  k2 +  l2 (2)

where h, k and l are the Miller indices.
The calculated numerical values for the grain size

were obtained by substitution of the full width at half
maximum values (β) in the Debye Scherrer formula (Eq.
(3)) given below.

D  = 0.9λ

β cos θ
(3)

The numerical values of the lattice constant and the grain
size were calculated for each spinel peak position in the
XRD data; the average values for the samples are listed
in Table 1.

The variation of the lattice constant and grain size
with respect to the increase in Mn concentration along
with the estimated error presented in Table 1 is repro-
duced in Fig. 2a and b.
The lattice constant ‘a’ (8.4615 Å) for x = 0.0 with
a consistent gradual increase up to 8.5078 Å for x = 1.0
due to the substitution of Mn2+ ions with a larger radius
(0.8 Å) in place of Zn2+ ions with a smaller radius
(0.74 Å), is in good agreement with numerous literature
reports [6,16–18]. The dependence of the particle size
with respect to the Mn concentration does not show any
specific trend, and the average particle size is found to
be 44 nm.

The IR absorption spectra show two broad absorp-
tion bands, as shown in Fig. 3. The higher band ν1
between 610–550 cm−1 and lower band ν2 between
450–375 cm−1, which are expected common features
for ferrites, are prominently observed in all samples.
It is observed that the MeT–MeO stretching vibration
at 350–330 cm−1 is weak and merges with the MeO–O
stretching vibration at 450–485 cm−1, forming the sin-
gle wide band ν2. The observed band ν1 is due to
MeT–O–MeO stretching vibrations. MeO represents the
metal in octahedral sites, MeT represents the metal in

tetrahedral sites and O represents oxygen. This reveals
the formation of a single phase spinel structure with two
sub lattices [19].
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Fig. 2. Variation of the lattice constant and grain size.

Fig. 3. FT-IR spectra of MnxZn1−xFe2O4.
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Fig. 4. TEM monograph of

region (up to approximately 423 K) is attributed to the
Fig. 5. DC resistivity of MnxZn1−xFe2O4.

The particle sizes and morphologies of the samples
were investigated using TEM micrographs. Analysis of
the micrographs (see Fig. 4) revealed a near spherical
shape of the nanoparticles with reasonably low agglom-
eration. The sizes of the particles appearing in the TEM
micrograph were found to be consistent with the grain
sizes determined from the XRD data.
The temperature-dependent dc resistivity measured
from room temperature to 550 ◦C is shown in Fig. 5. For
all samples, the variation of resistivity with increasing
 Mn0.6Zn0.4Fe2O4.

temperature is found to follow a trend that is indicative
of semiconductive behaviour, which could be described
as the Arrhenius relation presented in Eq. (4):

ρ  =  ρ0 exp −
(

E

KT

)
(4)

where E is the activation energy, K  is the Boltzmann
constant, T  is temperature and ρ0 is a temperature-
independent constant.

The prominent change in slope indicates that a change
in the conduction mechanism occurred over the temper-
ature range of 353–478 K for all samples. This change in
slope was found to be predominantly sharp for samples
up to x = 0.6 and relatively gradual for samples x  = 0.8
and 1.0. A mild slope change indicative of a shift in
conduction behaviour was observed at 533 K, 593 K,
638 K, 728 K, and 838 K for sample x  = 0.0. This trend
was repeated for samples x  = 0.2, 0.4 and 0.6. For sam-
ple x = 0.8, this mild slope change was observed in four
steps at temperatures of 533 K, 603 K, 633 K and 738 K;
the number of steps was found to be reduced to three
at temperatures of 508 K, 608 K and 723 K for sample
x = 1.0.

In general, for ferrites, the first low-temperature
effects of conduction on the surface-absorbed impuri-
ties, including moisture, voids and defects. The second
temperature region (up to the Curie temperature) is
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showed a maximum thermopower value at a lower
Fig. 6. Variation of thermopower with temperature.

he ferrimagnetic region. The third temperature region
above the Curie temperature) is the paramagnetic region
20].

Thermo-electric power (TEP) measurements con-
ucted on the samples are presented in Fig. 6. TEP

nalysis confirmed the semiconducting nature of the
aterial, with a predominance of n-type charge carriers

or all samples. At room temperature, p-type conduction

Fig. 7. Variation of thermopower and specific

Fig. 8. Variation of thermopower and specific
ity for Science 11 (2017) 654–660 659

was observed for samples x  = 0.0, 0.4, 0.8 and 1.0, which
shifted to n-type conduction well before 320 K. How-
ever, for the samples with x  = 0.2 and 0.6, the n-type
charge concentration was predominant, with reasonable
amplitude fluctuations. A maximum thermopower value
of −0.629 mV/K was observed for sample x  = 1.0 at
320 K, followed by −0.574 mV/K for sample x = 0.8 at
370 K.

Because MnxZn1−xFe2O4 nanoparticles with con-
centrations of x  = 0.8 and 1.0 showed sensible
thermopower values at reasonably lower tempera-
tures, the resistivity–thermopower correlation derived
temperature-dependent transport behaviour of these
samples was the focus of this study; a visual repre-
sentation of this behaviour in graphical form is shown
in Figs. 7 and 8. The samples experienced a mod-
erate specific resistance of 100 k�  and 140 k�  at
temperatures in which the maximum thermopower was
observed. Thus, samples with a concentration of x  = 1.0
temperature with a slightly higher specific resistance
compared to those of the samples with a concentration =
0.8.

 resistance with temperature (x = 0.8).

 resistance with temperature (x = 1.0).
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4.  Conclusions

Polycrystalline ferrite nanoparticles of
MnxZn1−xFe2O4 (x  = 0.0, 0.2 0.4, 0.6, 0.8 and
1.0) were prepared via the co-precipitation method.
The samples were characterized using XRD and FT-IR
spectroscopy. The dimensions of the crystalline grain
sizes estimated from the XRD data were corroborated
by the particle sizes observed in TEM micrographs.
Conductivity and thermopower measurements of
the samples were performed on pelleted material;
and then, the resistivity–thermopower correlation
derived temperature-dependent transport behaviour of
MnxZn1−xFe2O4 nanoparticles with concentrations
of x  = 0.8 and 1.0 was analysed. Nano-scale ferrite
samples with a concentration of x  = 1.0 were found to
exhibit the maximum thermopower value at a lower
temperature with a slightly higher specific resistance
compared to those of samples with a concentration
of x = 0.8. This analysis highlights the suitability of
MnxZn1−xFe2O4 nanoparticles with a stoichiometry of
x = 0.8 and 1.0 as preferred material for use in emerging
thermoelectric power generation applications involving
the longitudinal spin-Seebeck effect.
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