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Abstract.  Synthesis approaches usually affect the physical and chemical properties of ferrites. This helps ferrite materials to
design them for desired applications. Some of these methods are mechanical milling, ultrasonic method, micro-emulsion, co-
precipitation, thermal decomposition, hydrothermal, microwave-assisted, sol-gel, etc. These methods are extensively reviewed
by taking example of ZnFe,O,. These methods also affect the microstructure and local structure of ferrite which ultimately affect
the physical and chemical properties of ferrites. Various spectroscopic techniques such as Raman spectroscopy, Fourier
Transform Infrared spectroscopy, Ultra Violet-Visible spectroscopy, Mossbauer spectroscopy, extended x-ray absorption fine
structure, and electron paramagnetic resonance are found helpful to reveal this information. Hence, the basic principle and the
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usefulness of these techniques to find out appropriate information in ZnFe,O4 nanoparticles is elaborated in this review.
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1. Introduction

Ferrite nanoparticles have gained a lot of attention
because of their wide applications in numerous appliances
such as microelectronics (Kefeni et al. 2017), magnetic
devices (Pouponneau et al. 2009, Kadyrzhanov et al. 2019,
Pouponneau et al. 2009), gas sensing (Godbole et al. 2017),
adsorbents (Nassar and Khatab 2016, Reddy and Yun 2016,
Springer et al. 2016), water purification (Girgis et al. 2015,
Kumar Mukesh et al. 2020), catalysis (Kharisov et al.
2019), antibacterial activity (Gomes et al. 2018), as well as
contrast agents in magnetic imaging resonance and
biomedical field (Hayek 2019, Ito et al. 2005, Gao et al.
2009, Hazra and Ghosh 2014). It is well established that
these applications depend on the physics and chemistry of
ferrites. The chemical and physical properties of ferrite
nanoparticles are largely governed by their size, shape, and
morphology (Pal et al. 2014). A deviation in the size of
these nanoparticles can alter the behavior of ferrite without
changing composition. Thus, tailoring particle size to get
desired physical and chemical properties of ferrite, has
become a fascinating field of research and development. So
far, various methods of synthesizing spinel ferrite nano-
particles have been reported for the production of efficient
and high yield nanoparticles with ability of controlling
particle size. Some of these methods are hydrothermal (Li et
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al. 2010, Chen et al. 2010), co-precipitation (Sivakumar et
al. 2011, Patange et al. 2010), and thermolysis (Bao et al.
2007), etc. Various synthesis methods result in different
morphology and size of ferrite nanoparticles (Morales-
Flores et al. 2013, Syahmazgi et al. 2014, Rai and Bajpai
2021, Torres et al. 2021, Zeng et al. 2021) which is
responsible for synthesis-dependent physical and chemical
behavior of ferrites (Rahman et al. 2020, Munir et al. 2020).
These aspects are covered by many researchers so far,
However, less attention is given to investigate micro-
structural behavior using spectroscopic techniques. These
techniques such as Raman spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, UV (ultra voilet)-Vis
(Visible) spectroscopy (Lee et al. 2013), Mdossbauer
spectroscopy, extended x-ray absorption fine structure, and
electron paramagnetic resonance (EPR) is capable to
visualize the insights of the ferrite nanoparticles and reveal
the mystery behind various physical properties such as
electrical and magnetic properties. Thus, there is need to
provide concise and concrete information of these
spectroscopic techniques in order to gain in-depth
information of ferrite systems. In this review, recent
approaches to synthesize ferrite nanoparticles and their
characterization by using spectroscopic techniques are
elaborated by taking zinc ferrite (ZnFe,0.) as a prototype
material.

2. Synthesis of zinc ferrite nanoparticles
2.1 Mechanical methods

In this method, high-energy shakers/ball mills and
sometimes tumbler mills are used. The limitation of this
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Fig. 1 Mechanical milling of ZnFe,O4 nanoparticles formation. Redrawn based on the description given by Kim
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Fig. 2 Schematic representation of ultrasound-mediated techniques for the synthesis of zinc ferrite nanocrystals

(Sivakumar et al. 2006)

method is the change in the stoichiometry of nanoparticles
by the contamination of milling tools during the milling
period. Some of the ferrite materials prepared by this
technique are zinc ferrite (ZnFe;0.) (Mozaffari and
Masoudi 2014), copper ferrite (CuFe204) (Marinca et al.
2012), cobalt ferrite (CoFe,04) (Manova et al. 2004), nickel
ferrite (NiFe;O4) (Marinca et al. 2011, Chen and Zhang
2012), and nickel manganese ferrite (NiixMnyFe;0u)
(Todaka et al. 2003). Fig. 1 shows the synthesis technique
of ZnFe,04 nanoparticles by mechanical milling method.

2.2 Ultrasonic method

This method provides control over reaction conditions
and particle size distribution. In this method, two major
factors that have an impact on the particle size are the
temperature and intensity of ultrasonic waves (Yadav et al.
2020). Ultrasonication is responsible for the mixing at the
atomic level and the formation of the crystalline phase at
low temperatures. Some examples are CuFe;O4 (Abbasian
et al. 2020), Fe3O4 (Lai et al. 2004, Goswami et al. 2013a),
CoFe;04 (Goswami et al. 2013b), manganese zinc ferrite
nanocrystals (Sivakumar et al. 2012). ZnFe,O4 nanocrystals
were synthesized by ultrasound-mediated emulsion method
using zinc and iron acetates and rapeseed oil shown in Fig.
2 (Sivakumar et al. 2006). The method is also able to
produce ferrite nanocubes (Yan et al. 2015).

2.3 Solvothermal or hydrothermal method

This method is one of the most economical and eco-
friendly methods because water is used as a solvent (Gan et
al. 2020). Nanoparticles of different sizes, shapes, and
morphologies can be obtained by controlling the
experimental reaction parameters such as temperature,
solvent, surfactant, time, and precursor nature. Nano-
particles of Fe3O4 (Su et al. 2016), CoFe,04 (Yéfiez-Vilar et
al. 2009, Allaedini et al. 2015), CuFe;Os, MnFe;Os,
NiFe,04 (Tang et al. 2012), Ni-Zn ferrite, Co-Ni ferrite, and
metal-doped MgFe;,0, can be synthesized by the
solvothermal method (Li et al. 2015, Ni et al. 2015, Yin et
al. 2017). This method is also suitable to form ferrite
composites (Yao et al. 2019). The pristine ZnFe;O.
nanoparticles were prepared by a hydrothermal route shown
in Fig. 3 (Anupriya et al. 2021). Preparation of super-
paramagnetic ZnFe,O4 sub-microsphere was carried out by
solvothermal method by Ma et al. (2017). In this procedure,
FeCls.6H20, ZnCl,, CH3COONa, and glycol were taken in
a three-necked flask and mixed for 2 h by continuous
stirring. The solution is transferred into an autoclave and
heated at 200-215 <C for 4-8 h. The autoclave was cooled at
room temperature for collecting the powder. Prepared
nanocrystals were washed with deionized water and ethanol
and dried at 60 <C.



Synthesis and spectroscopic characterization of zinc ferrite nanoparticles

’ (CH,OH),

CHL,COON
FeCl,.6H,0

at S0 %

% -
ere |

1 ( Lt um (
' 12h
| I | T TR, ST ST
' -
: \ lu MufMe furnace
]
: Stirring, 30 min
: 1000 rpm
\

- - - -

Dricd Oven

‘@5-—)

439

L T

Hydroxyl-Nimesulide \

N A0 A
HO NN

\"
~

\

I

7/

‘:\ . NN

0=5=0
- \
2B \
(] \
v 4
v

ZoFe 0,

Electrochemical
2
t, detection
=
+

+Hb "9

I
0=8=0 '

| ’

Nimesulide -

-

Fig. 3 The schematic diagram for the synthesis procedure and fabrication of the ZnFe,O4 nanoparticles along

with electrochemical mechanism (Anupriya et al. 2021)
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Fig. 4 The schematic diagram for the growth process of porous ZnFe,O4 nanorods (Zhu et al. 2008)

2.4 Microemulsion method

This method is known for its size-controlled nature of
the particles. In this method, the two immiscible
thermodynamically feasible liquids are stabilized by adding
surfactant molecules. This method is environmentally
friendly, requires low temperature, and reuses surfactant for
several cycles. The main disadvantage of this method is the
requirement of a large amount of solvent and prepared
particles having poor crystalline nature. Some of the
examples are MngsZnosFe;04, NigsFez 204, Fes0s (Pang et
al. 2016, Kefeni et al. 2017, Asab et al. 2020), barium
hexaferrite (Palla et al. 1999), neodymium-doped
LiNigsFe.Os (Gilani et al. 2017), and Mn-Zn ferrite
nanoparticles (Pemartin et al. 2014). The microemulsion
method is used to fabricate porous ZnFe;O4 nanorods with a
diameter and length of 50 nm and several micrometers
respectively (Fig. 4) (Zhu et al. 2008). The microemulsion
method for the preparation of ferrite nanoparticles offers a
series of advantages due to the possibility to confine
reactions into nanosized reactors under the influence of
microemulsion properties and dynamics on the control of
the shape of nanoparticles discussed. The synthesis
procedure evolution by both direct and reverse
microemulsions over a selection of ferrite nanoparticles is
also described by Scano et al. (2019).

2.5 Co-precipitation method

The co-precipitation method is a preferred method to get
uniform size particles. Other benefits of this method are less
time-consuming, economic, easy to perform, and high mass
production. Mixing of the aqueous solution of transition
metal salt and the alkaline medium in 1:2 ratios can be done
uniformly. The disadvantage of this method is the low
crystallinity of the nanoparticles. Various particles such as
CoFe,O4 (Olsson et al. 2005, Darwish et al. 2019),
MnFe;O4 (Pereira et al. 2012, Kurtinaitiené et al. 2016,
Islam et al. 2020), Sn-doped MnFe;O4, FesOs (EI
Moussaoui et al. 2016), NiFe;O4 (Sagadevan et al. 2018),
and Nio4Cuo2Zng4Fe,04 (Peng et al. 2021) were prepared
by this method. The flow charts for preparing ZnFe;O4
nanoparticles using the co-precipitation method are
elaborated by Andhare et al. (2020), (Fig. 5) and
Sathiyamurthy et al. (2020). In a recent work by Gul et al.
(2020), this method was adopted to synthesize aluminum
doped zinc ferrite for photocatalytic applications.

2.6 Sonochemical method
In this method, microwave energy is used for the

combustion of precursors. During the reaction, the
microwave energy is converted into thermal energy, and the
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Fig. 5 Flow chart of the synthesis of ZnFe,O4 nanoparticles prepared by co-precipitation method (a) Andhare et

al. (2020)
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Fig. 6 (a) Flow chart for the formation of zinc ferrite nanoparticles. Redrawn based on the description from
(Singh et al. 2011a); (b) Transmission electron microscopic image of zinc ferrite nanoparticles by this method

temperature rises from 100 <C to 200 <C in a shorter period.
The common ferrites prepared by this method are Fe3Oa,
CoFe;04 (Kozakova et al. 2012, Venkatesh et al. 2016),
Mn1xNixFe204, ZnFe;04 (Tadjarodi et al. 2015, Jesudoss et
al. 2016, Giridhar et al. 2020, Yu et al. 2020).

2.7 Sol-gel method

In this method, metal alkoxide solution undergoes
hydrolysis and condensation reactions. In the process, the
sol is converted into a gel at the end of the reaction.
Impurities in the final product can be removed by heat
treatment (Gatelyté et al. 2011, Zhang and Wu 2013,
Shirsath et al. 2017, Rashdan and Hazeem 2020). The metal

ferrites prepared in this method are Nig.4Zngs-xCo/
MngFe204, MnFe;04, NiFe;04, CuFe;04, ZnFe0,4, etc.
(Carta et al. 2008b, Mukhtar et al. 2015, Sharma et al.
2015) Nio,52n0,4F8204 and Nio_sZﬂo,zCEo_zFEzO4 Spinel
magnetic nanocubes were fabricated by Hammad et al.
(2020). An eco-friendly sol-gel method with citrate was
used to synthesize the nano-cubic activated nickel-zinc
ferrite magnetic nanostructures. The structural and magnetic
results showed a high crystallinity in nano-cubes magnetic
structure and an enhancement in the total magnetization. A
remarkable inhibitory effect on microbes was seen in real
sewage samples (Hammad et al. 2020). Schematic for the
formation of ZnFe,O4 nanoparticles is shown in Fig. 6(a).
Starting materials were taken as zinc nitrate and ferric
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Fig. 7 Raman Spectra of ZnFe,O, of (a) different particle sizes (Singh et al. 2011c). Permission obtained and
(b) doped with different Mn concentrations (Thota et al. 2016)

nitrate. Citric acid was used as a host for synthesizing zinc
ferrite nanoparticles (Singh et al. 2011a, 2016). Fig. 6(b)
shows the transmission electron microscopic (TEM) results
obtained for the zinc ferrite nanoparticle synthesized at
300°C (Singh et al. 2016). Nanoparticles exhibit clear
boundary with well defined shape as can be seen in the
TEM image.

2.8 Non-hydrolytic method

High-quality and controlled size nanoparticles are
formed by the non-hydrolytic method. Here a suitable
organic solvent is used at a high temperature. Well-
crystallinity in the nano-particles is formed due to the
molecular precursor of organometallic compounds or
inorganic-co-ordination complex (Andrianainarivelo et al.
1996). This method is called the non-aqueous method
because of the formation of nanoparticles as ternary metal-
oxides (MFe20.). e.g. CoFe;04, MnFe;O4 (Song and Zhang
2012), and Fe,O3 (Li et al. 2016). Ferrite nanocrystal was
synthesized by a microwave-assisted non-hydrolytic sol-gel
process (Bilecka et al. 2011). 1 mM of Fe (Ill) acetyl-
acetone was mixed with 5 ml of benzyl alcohol in an inert
environment and transferred into a 10 ml glass tube at
1702C for 12 min. When the reaction was completed, the
solution was thermally quenched by compressed air. At last,
centrifugation was done and the precipitate was washed
with ethanol and diethyl ether and kept for drying. The
motor was used to ground powder. The non-hydrolytic
coprecipitation method was used for the synthesis of
caprylate capped cobalt ferrite nanoparticles (Johnson et al.
2020). The particles have a bactericidal effect against
Erwinia carotovora and Stenotrophomonas maltophilia. The
particles responded to the neodymium magnet with an
average particle diameter of 3.81 nm. In addition to these
methods, green synthesis methods are also used to grow
ferrite nanoparticles (Gokila et al. 2021).

3. Spectroscopic methods
3.1 Raman and FTIR spectroscopy

Zinc ferrite which exhibits a cubic spinel structure

belongs to the O, (Fd3m) space group. According to the
group theory, this space group has the following sets of
optical phonon mode at y point of the Brillouin zone (Fraas
and Moore 1972, Singh et al. 2013b)

F = A]_g (R) + Eg (R) + F]_g + 3F2g (R) + 2A2u + 2Eu +
4F1 (IR) + 2Fy,

There are five first-order Raman active modes
(A1 + Eg + 3F2g). The bands corresponding to these modes
are observed at ambient conditions in the Raman spectrum
of ZnFe,0s as follows: TogF(l)=221cm™, Ey =
246 cm™, Tog/F24(2) = 355 cm™, Fz4(3) = 451 cm™tand Eg=
647 cm™.

In the Raman spectrum of any ferrite, the bands above
600 cm™ mostly correspond to the motion of oxygen in the
tetrahedral AO4 group (Wang et al. 2002) while other low-
frequency bands represent the characteristics of the
octahedral BOeg site. Fig. 7(a) shows the typical Raman
spectrum of ZnFe,04 (ZF) nanoparticles synthesized using
different annealing temperatures 400 (ZF400), 500 (ZF500),
700 (ZF700), 900 (ZF900), and 1000 °C (ZF1000) in the
effect of 100 MeV O™* ions under the fluence of 1x10% and
5x10% ions/cm? (Singh et al. 2011c). The Raman spectra of
ZnFe;,04 show peaks appearing at 452 and 490 cm™
corresponding 1o Tog (2) and Toq (3), respectively (Fig.
7(b)). It may be noted that both of these modes shift
towards the higher wavenumber as the Zn is substituted by
Mn in MnyZn,xFe;O, ferrite. The shift in the frequency of
these modes strongly suggests that Mn substituted Zn
ferrites possess spinel structure lying between normal and
inverse.

In the above equation, the four F1y modes (v1, vz, v, and
va) are infrared active, hence bands corresponding to these
modes are observed in the FTIR spectrum (Fig. 8). The
high-frequency bands ~549-555 cm™ and 422-383 cm in
FTIR spectrum are corresponding to modes vi and
vz respectively. The presence of these bands is attributed to
the stretching vibration of Fe3*in both tetrahedral and
octahedral positions, respectively. The third vibrational
frequency mode vs, (370-325 cm™) is associated with the
divalent octahedral metal ions and oxygen complexes. The
fourth vibrational mode, vi, (280-246 cm™) is attributed to
the lattice vibrational frequency (Ahmed et al. 2002). Fig.
8(a) shows the FTIR analysis of the as-prepared and
annealed zinc ferrite by Khalili and Farahmandjou (2020).
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Fig. 9 (a) UV-Vis absorbance spectra of zinc ferrite nanoparticles (Ramachandran and Vishista 2014); (b) UV-
Vis absorption spectra of ZnFe,O4 sintered at different temperatures (Singh et al. 2010)

Fig. 8(b) shows the FTIR spectra of zinc ferrite (ZF400) in
the effect of 100 MeV O7* ions under the fluence of 1x10%®
and 5x10%% jons/cm? (Singh et al. 2013c). The bands
appearing above 3000 cm™ are due to absorbed moisture
from environment (Busca et al. 1993).

3.2 UV-Vis spectroscopy

Fig. 9(a) shows the UV-Vis spectra of zinc ferrite
synthesized by Ramachandran and Vishista (2014). In Fig.
9(b), UV-Vis for zinc ferrite synthesized under different
annealing temperatures ranging from 300 to 1000 °C is
shown (Singh et al. 2010). In both cases, three distinct
regions in the UV-Vis absorption spectra can be easily
identified: (1) weak absorption tail, which originates from
defects and impurities, (2) exponential edge region, related
to the structural randomness, and (3) high absorption region
that determines the optical band-gap (Tauc 1974, Urbach
1953). The spectrum shows strong absorption in the UV
region, which is a characteristic feature of ferrite materials
(Muret 1974). The absorption spectra of these samples
reflect the smooth absorption spectra in the wavelength
range from 300 to 400 nm. This is attributed to the 3d° —

3d*4s! transition of Fe3* ions (Tanaka et al. 2006).

In high absorption region, the transition can be
characterized by the following relation (Tauc and Menth
1972, Fox and Bertsch 2002, Joshi et al. 2003)

ahd = A(hd — Ep)" a = 2222 \where, A

constant, Egis the energy bandgap of the material, n is an
index showing the nature of the transition. n = 1/2, 2, 3/2, or
3 for allowed direct, allowed indirect, forbidden direct, and
forbidden indirect electronic transitions respectively.
Estimation of the bandgap is done by plotting a curve
between (ahv)™ and hv. Optical band-gap values can be
obtained by extrapolating the curve to the hv-axis. Fig.
10(a) shows the representative (ohv)? vs hv plot and its
extrapolation to a straight line. This estimates a value of an
optical band gap of 2.4 eV (Ramachandran and Vishista
2014). The estimated bandgap of the nanosized zinc ferrite
as a function of annealing temperature is shown in Fig.
10(b). The values of the bandgap are of the order of 4.0 eV
and correspond to n = 1/2 transitions (Singh et al. 2010).
The variation of optical band-gap with annealing
temperature is explained by Singh et al. (2010) based on the
existing theories (Schmitt-Rink et al. 1987, Zhi-hao et al.
2008).

is a
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3.3 Mossbauer spectroscopy

This technique responds to the radioactive 5’Fe present
in ferrites. Pure body-centered cubic (bcc) iron is magnetic
at room temperature. There is no electric quadrupole
splitting due to the symmetry. The Mdéssbuaer spectrum of
Fe consists of a sextet (Fig. 11(a)) (Grandjean and Long
2021). The sextet in the spectrum is due to 6 nuclear
transitions which are allowed by the magnetic dipole
selection rule. Note that it is symmetric, but its center of
symmetry has an offset from v = 0 (caused by the isomer
shift) (Bhide 1973). The hyperfine magnetic field of bcc Fe
at room temperature is 310 kG. The selection rule for
magnetic dipole transitions restricts transitions to AM = 0,
1.

The relative intensities among peaks are determined by
the state of the magnetic field in the sample. For a sample
of isotropic magnetic field distribution, the relative
intensities of the six peaks are

liilhhilailails:1g=3:2:1:1:2:3

Though, nanosized ZnFe,O4 exhibits either super-
paramagnetic at room temperature (Fig. 11(b)), however,
the double sextet is observed due to the presence of Fe ions
at A and B-sites at low temperature (Singh et al. 2012).

The area ratio of sextet corresponding to A-site and B-

site is utilized to estimate cation inversion using the
following relation (Kumar Hemaunt et al. 2016)

1
X =24 where, Ia and lg are the areas of sextet

1-x Ip
corresponding to A and B-site, respectively. To date, this
technique is suitable to estimate the cation inversion in
ferrite nanoparticles and is successfully applied to ZnFe;04
by several researchers (Upadhyay and Verma 2004,
Lazarevi¢ et al. 2014). The obtained Mdssbauer spectrum is
simulated using simulation packages like MOSPLAV
(Chipaux 1990), SpectrRelax (Matsnev and Rusakov 2012),
and MossWinn (Klencsér et al. 1996). NORMOS is one of
the widely used simulation packages in ferrite materials
(Kumar et al. 2017). ZnFe,O4 nanoparticles synthesized by
mechanical method show a typical superparamagnetic-like
behavior at room temperature as determined from this
spectroscopy (Nachbaur et al. 2009). ZnFe,O4 nanoparticles
of crystallite size 10 nm synthesized using high-energy ball-
milling from a powder mixture of zinc oxide (ZnO) and
hematite (a-Fe,O3 exhibits formula (Zno.312*Feo.ee®")a
(Znoeo® Fe131%")804%~ (Ammar et al. 2001). The onset of
cation inversion was also observed in ZnFe,O4 when
synthesized using the microemulsion method (Ahn et al.
2002), and aerogel procedure (Sivakumar et al. 2012).
Mossbauer spectra of combustion synthesized NiFe,O4
nanoparticles relate to the occupancy of different numbers
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of Ni?* cations at Fe3* tetrahedral and octahedral sites
(Ushakov et al. 2017). Mdssbauer spectroscopy studies on
sol-gel synthesized Ce doped CoFe.Os nanoparticles
confirm the magnetic order with increasing super-
paramagnetic contribution and cation distribution showing
partial inverse spinel structure (Hashhash et al. 2020).
Though this technique is superior to others, it has the
following drawbacks (Cohen 1976)

(i) It is sensitive to >'Fe, which is only 2% of Fe, Thus, a
large amount of sample is required for measurements.

(if) Measurement time is usually longer around 10-12 h.
In addition to this deposition of 5’Fe layer is required along
with ZnFe;Oa4.

(iii) Distribution of Zn?* cannot be determined. It is
assumed based on the distribution of Fe®* ions in the
system.

(iv) It cannot determine cation redistribution in the case
of paramagnetic/superparamagnetic states.

Thus, any technique which does not depend on the
magnetic state of metal ferrites for the determination of
cation redistribution will be much informative. This
techniques is discussed in next section.

3.4 Extended X-ray absorption fine structure (EXAFS)
Measurements

These measurements do not only help to understand the
cation inversion but also provide information about
coordination numbers and metal-oxygen bond length in a
tetrahedral and octahedral environment. These measurements
are successfully applied to ferrite nanoparticles (Chinnasamy
et al. 2007, Upadhyay et al. 2007, Carta et al. 2008a).
Cation occupancies are investigated in Mg, Co, Ni, Zn, and
Al ferrite nanoparticles by this technique (Henderson et al.
2007, Akhtar et al. 2009). The detailed information on this
technique is depicted elsewhere and can be found in the
recent chapter from our group (Sharma et al. 2018). Fig.
12(a) depicts the EXAFS spectrum for Pt foil showing the
origin of various regions.

The EXAFS spectrum is depicted by the EXAFS
equation shown below (Sharma et al. 2018)

20 = 3, 8850 o-20F g =2ka/ 120 in[2kR, +
6,(k)] where N, denotes the total number of atoms in the

kRZ
7" shell, A is the mean-free path of photoelectron and f; is
the backscattering amplitude. o, which is the fluctuation in

R, due to structural disorder and temperature. Sin
[2kR+8,(K)] represents oscillations in the EXAFS spectrum
and &,(K) is the phase shift. S¢? is known as the amplitude
reduction factor. k is wave-vector and y(k) is the absorption
coefficient. Since wave vector is related to the energy of X-
ray photon, hence, EXAFS spectrum in Fig. 12(a) is plotted
as a variation between the absorption coefficient and photon
energy.

EXAFS measurements are generally performed by using
synchrotron radiation which is produced by the accelerators
based on a storage ring (Basu et al. 2014). One of the major
sources of synchrotron radiation is Pohang Accelerator
Laboratory, Pohang, South Korea (Aquilanti et al. 2015).
This laboratory comprises almost 24 beamlines. 1D KIST
(Korea Institute of Science and Technology) beamline is
utilized for measuring EXAFS (Parc et al. 2009). A
description of the storage ring, beamline, and measuring
EXAFS spectrum is depicted in Fig. 12(b).

The measured EXAFS spectrum is normalized and
converted to momentum space from energy space using
ATHENA. Thus, obtained spectrum is Fourier transformed
to radial (R) space. The quantitative information of cation
redistribution is obtained by simulating the spectrum using
the ARTEMIS program (Lee et al. 2010). Thus, several
researchers utilized this technique to estimate cation
occupancies in ferrite nanoparticles (Oliver et al. 2000,
Calvin et al. 2002, Ravel and Newville 2005, Nakashima et
al. 2007, Gomes et al. 2011). In zinc ferrite, super-
occupation of Fe®* ions at tetrahedral sites without Zn?*
inversion was established under certain conditions (Gomes
et al. 2011). The non-equilibrium cation site occupancy in
nano-sized ZnFe;O4 (~6-13 nm) with different degrees of
inversion (~0.2 to 0.4) was investigated using Fe and Zn K-
edge XANES and EXAFS measurements (Oliver et al.
2000). In our group, an attempt was made to determine
cation occupancies in zinc ferrite. For this purpose, a zinc
ferrite sputtering target was procured from Alfa Aesar, and
the Fe K-edge EXAFS spectrum is measured as shown in
Fig. 13(a). Fig. 13(b) shows the simulated Fourier transform
of EXAFS spectra at the Fe K-edge of this material. This
shows that almost 9% of Fe atoms reside on the A-site.

In addition, these measurements can inform any change
of valence state and hybridization in ferrite nanoparticles
(Stewart et al. 2007, Singh et al. 2016, 2018). The main
drawback of this technique is that no information of
magnetic order can be obtained.
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Spectrum showing peak to peak line-width (AHpp) and resonance field (H,) of electron paramagnetic resonance

spectrum.

3.5 Electron
Spectroscopy

paramagnetic resonance (EPR)

EPR studies the interaction between the electron’s
magnetic moments and the magnetic fields. The EPR has its
base on the extension of the Stern-Gerlach experiment
which showed that an atom with a net magnetic moment
can take up only discrete orientations in a magnetic field.
Electrons have two orientations corresponding to two
different spin energy states (i) (S; = +1/2h), which
corresponds to higher energy states, and (ii) (S;= —1/2 h)
which corresponds to lower energy states. The energy
difference between these two states is thus given by
(Parmar et al. 2015)

AE = gugH

Resonance takes place when radiation of frequency o is

provided such that
AE = hwy = gugH

From this equation, resonance takes place only in the
presence of a static magnetic field H. This requirement is a
unique aspect of magnetic resonance (Fig. 14).

The information about the line-position is given by g-

value, which was estimated by using g = 2.00367HDHﬂ

where H; in the original absorption curve is the field

corresponding to absorption (i.e., resonance field) for the
given sample. Hpppy is the resonance field corresponding to
the diphenyl picrylhydrazyl (DPPH) marker. Thus, this
technique was utilized by our group to investigate magnetic
interaction in zinc ferrite nanoparticles based on parameters
like g-value and peak to the peak line width (Murphy 2008,
Singh et al. 2008). The drastic change in these parameters
for the zinc ferrite nanoparticle after irradiation may be
attributed to the irradiation-induced anisotropy of the
magnetic moment due to the splitting of crystallites and
change in the shape of particles (Singh et al. 2009). The
variation of g-values and peak-to-peak linewidth with
temperature envisages different wvalues of activation
energies of the spins in zinc ferrite nanoparticles of two
different sizes (Singh et al. 2011a). Further, the change in g-
values of pristine and irradiated specimens shows the
attributes of cation inversion after irradiation (Singh et al.
2013a, Singh et al. 2014). This technique is also effective to
elaborate the preferential orientation of grains in zinc ferrite
thin films (Singh et al. 2011b).

4. Conclusions

In conclusion, various synthesis techniques for preparing
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zinc ferrite nanoparticles are discussed. Spectroscopic
techniques to characterize these nanoparticles are also
included in this review. Techniques such as Raman and
FTIR spectroscopy give microstructural information.
However, UV-vis spectroscopy determines the optical
behavior of ferrites by depicting nature of transition.The
quantitative information of cation redistribution is
determined using Mdssbauer spectroscopy and extended X-
ray absorption fine structure measurements. The spin-
canting effects in metal ferrite nanoparticles are determined
using in-field Madssbauer spectroscopy. The electron
paramagnetic resonance spectroscopy depicts the nature of
exchange interaction. Overall this article provides detailed
information on the synthesis and spectroscopic techniques
of ferrite nanoparticles.
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