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Abstract
We present an extensive review of different techniques, such as x-ray magnetic circular dichroism, Mössbauer spectroscopy, 
and x-ray absorption spectroscopy, for determining the cation distribution in ferrites, and a comparison between these tech-
niques is established. We describe the basic principles of these techniques to find the cation occupancies and highlight the 
important results obtained from these measurements on ferrite nanoparticles and thin films. Cation distribution, an important 
characteristic that controls the structural, electrical, and magnetic properties of ferrites, is strongly affected by the synthesis 
methods. Therefore, various synthesis techniques are reported for preparing ferrite nanoparticles and thin films. A summary 
correlating these techniques and the cation distribution in ferrite nanoparticles and thin films is presented.

Keywords Ferrites · synthesis · cation distribution · x-ray magnetic circular dichroism · Mössbauer spectroscopy · x-ray 
absorption spectroscopy

Introduction

The wide range of technological applications of ferrite 
nanoparticles and thin films in various fields has brought 
enormous interest by researchers. Ferrites are found to be 
applicable in various fields, such as sensors,1 memory,2 
and microwave devices,3 due to their electrical and mag-
netic properties. These materials are chemically stable 
and can be easily synthesized. Recently, ferrite materials 
with a spinel structure have shown a strong potentiality 
both academically and technically. Ferrites are mostly 

known for their magnetic applications in refrigerators, 
and in loudspeakers as permanent magnets, and soft fer-
rites are used in electronic devices, such as inductors and 
transformers. The magnetic behavior and interaction are 
strongly influenced by the occupancies of metal ions in 
the spinel structure.4 The magnetic properties of ferrites 
are governed by the antiferromagnetic superexchange 
interaction by  Fe3+ ions at tetrahedral (A) and octahedral 
(B) sites. These  Fe3+ ions create three antiferromagnetic 
superexchange interactions via O ions, denoted as A-O-A, 
B-O-B, and A-O-B. In an inverse spinel,  Fe3+ is present 
at both A and B sites, whereas  Fe3+ is present only at the 
B sites for a normal spinel structure. In the case of nor-
mal spinel ferrite, only the B-O-B interaction is present. 
Thus, the cation occupancies at the A and B sites deter-
mine the antiferromagnetic superexchange interactions 
that control the properties of the ferrites, so that deter-
mining the exact cation occupancy in ferrites is impor-
tant to obtain the origin of their magnetic behavior. For 
doped spinel ferrites, knowing the occupation sites of the 
doping ions is crucial for tailoring and improving their 
magnetic properties.5 In the case of Zn-doped  MgFe2O4, 
the  Zn2+ ions prefer to occupy  Fe3+ sites and enhance the 
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 Fe3+-O2−-Fe3+ superexchange interaction, leading to an 
enhancement of the magnetization. Thus, the growth and 
characterization of spinel ferrite materials are an emerging 
area of research. Currently, various methods are available 
for preparing spinel ferrite nanoparticles and thin films. 
The structural, magnetic, and electrical properties of the 
spinel ferrites are controlled by the synthesis methods that 
introduce various cation distributions in the system. Syn-
chrotron radiation-based x-ray magnetic circular dichro-
ism (XMCD) is a powerful technique for studying cation 
distribution.6 This method, along with x-ray absorption 
spectroscopy measurements, provides information related 
to the electronic and magnetic properties of nanoparticles 
and thin films under various temperatures and magnetic 
fields. The element-selective nature of the measurements 
facilitates the estimation of the spin and orbital magnetic 
moments of an atom. Element-specific magnetic hysteresis 
loops suggest changes in the magnetic properties of ferrite 
nanoparticles and thin films. Therefore, XMCD studies are 
crucial for understanding the atomistic origin of magneti-
zation in ferrites, and the effect of cation distribution on 
their structural, electrical, and magnetic properties. Apart 
from XMCD studies, other techniques, such as x-ray dif-
fraction,7 Mössbauer spectroscopy,8 x-ray absorption spec-
troscopy,9 and neutron diffraction,10 are used to find the 
cation distribution in ferrites.

XMCD studies have been carried out on various ferrite 
nanoparticles and thin films prepared by different methods. 
Room-temperature XMCD studies were performed at Fe 
and Co  L2,3 edges on high-quality  CoFe2O4 nanoparticles 
in total electron yield mode.11 The Fe and Co cation dis-
tribution and their spin and orbital magnetic moments are 
calculated by simulating the experimental curves and using 
the sum rule. So, the XMCD is an efficient technique that 
can provide both cation distribution and magnetic moments 
of ions. XMCD studies on  CoFe2O4 nanoparticles showed a 
partial inverse spinel structure with similar cation distribu-
tion and stoichiometry for a series of samples.12 Combined 
studies of XMCD and magnetization showed different cation 
distribution and oxygen vacancy concentrations which cre-
ate local ferromagnetism in  ZnFe2O4 nanoparticles and thin 
films.13 It has been reported that the magnetic properties 
alter with the synthesis methods, and that nanoparticle size 
depends on the cation distribution in the systems.14,15 Apart 
from the XMCD studies, Mössbauer spectroscopy and x-ray 
absorption spectroscopy are also widely used to determine 
the cation occupancies in ferrites. Mössbauer spectroscopy 
is utilized to find the degree of inversion in bulk and nano-
sized particles of  CuFe2O4,  MnFe2O4, and  NiFe2O4.15 This 
technique was used to confirm the structural changes from 
inverse spinel to normal spinel in the case of  NiFe2−xCrxO4 
and  CoFe2−xCexO4 ferrites with increasing the content of 
Cr and Ce.16,17 X-ray absorption spectroscopy is used to 

find the degree of inversion in  MnFe2O4 and  CoFe2O4 and 
their variation with varying the particle sizes and synthesis 
methods.18–20

In this review article, various synthesis methods for pre-
paring ferrite nanoparticles and thin films, and their effects 
on structural, physical, and cation distribution properties, are 
discussed. The variation of cation occupancies in ferrites is 
reported in terms of various synthesis parameters. Since the 
cation distribution is an important parameter in defining the 
physical properties and structural changes of ferrites, various 
techniques, such as XMCD, Mössbauer spectroscopy, and 
x-ray absorption spectroscopy, are illustrated in terms of 
discovering the cation distribution. A detailed discussion of 
each technique and their comparison are made in this article.

Structure of Ferrites and Metal Ion 
Occupancy

Ferrite nanoparticles are metal oxides with spinel structure 
having the general formula,  MFe2O4 , where M represents 
divalent metallic cations (M = Co, Ni, Cu, Zn, Mn, or 
other metals). The word spinel is derived from the mineral 
 MgAl2O4 due to its structural similarity.21 In this mineral, 
oxygen ions are placed at the face centers of a cubic struc-
ture. However,  Mg2+ and  Al3+ ions occupy tetrahedral and 
octahedral voids surrounded by oxygen ions (Fig. 1). These 
metallic cations are positioned at two different crystallo-
graphic sites: tetrahedral (A) and octahedral (B). There are 
64 tetrahedral and 32 octahedral sites in the spinel structure. 
One-eighth of the A sites and one-half of the B sites are 
occupied by metal ions, the rest remain empty. Thus, in the 
structure, a unit cell contains 8 molecules. In the case of 
spinel ferrites,  Al3+ ions are replaced by  Fe3+, making the 
chemical formula  MFe2O4.22

Fig. 1  Spinel structure of  MgAl2O4.
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In the case of ferrites, transition metal can occupy 
either the A or B sites. There are two factors on which the 
site preference of metals may be determined.

 (a) Large ions having low charge prefer A sites.
 (b) The difference in the electronic configuration of the 

cations leads to another set of preference criteria for 
the A and B sites:

 (i) Ions with filled 3d shells like  Zn2+ tend to form cova-
lent bonds with sp3 orbitals. Therefore, they occupy 
the A sites in the spinel.

 (ii) Ions with noble gas structures show no preference for 
either A or B sites.

 (iii) For a half-filled 3d shell with spherical symmetry, 
the preference will be decided by the influence of 
the crystalline electric field originating from the 
neighboring ions on the average energy levels and 
the spatial distribution of the 3d charges.

In ferrites, the chemical bond is assumed to be ionic, to 
a first approximation. Therefore, the main part of the lat-
tice energy is Coulomb energy and Born repulsive energy. 
Other factors, such as polarization, individual preference 
of certain ions for 4-fold and 6-fold coordination, and 
magnetic interaction, also contribute to lattice energy. 
These energies depend on the lattice parameter, ‘a’, oxy-
gen parameter, ‘u’, and the cation distribution. According 
to the cation distribution among the A and B sites, the spi-
nel structure may be classified in the following categories:

 (i) Normal spinel structure: 8  M2+ ions at A sites and 
16  Fe3+ ions at B sites. Example:  ZnFe2O4

 (ii) Inverse spinel structure: 8  Fe3+ ions at A sites and (8 
 Fe3+ + 8 M.2+) ions at B sites. Example:  NiFe2O4

 (iii) Intermediate or mixed spinel structure:  Fe1−x
3+Mx

2+ 
at A sites and  Fe1+x

3+  M1−x
2+ at B sites. Example: 

 MnFe2O4

Although categories (i) and (ii) are defined, the exam-
ples also show slight deviations from the crystal structure. 
Thus, most of the ferrites are characterized by a general 
formula as  (Fe1−x

3+Mx
2+)A{Fe1+x

3+M1−x
2+}B to show the 

distribution of ferrite. This distribution not only affects 
the structure but also leads to significant changes in the 
magnetic properties of the ferrite. According to cation dis-
tribution, the magnetic moment of ferrite is given as

This makes the determination of this distribution 
extremely important. In general, the distribution is char-
acterized by the presence of  Fe3+ ions on the A site and is 
widely termed cation inversion, which is defined as

m =
(

(1 + x)m3+
Fe

+ (1 − x)m2+
M

)

B
−
(

(1 − x)m3+
Fe

+ xm2+
M

)

A

where x = 1 for the normal spinel structure, and 0 for the 
inverse spinel structure, while the value is 0 < x < 1 for 
the mixed spinel structure. Keeping in mind the necessi-
ties of cation inversion, numerous efforts are being made by 
researchers to precisely control this factor by synthesis pro-
cesses. More than this, significant attention is being given to 
determining this factor by suitable methods. So this review 
article discusses various synthesis approaches to prepare fer-
rite nanoparticles and thin films, and their cation distribution 
studies.

Ferrite Nanoparticle Synthesis

Spinel ferrite nanoparticles are synthesized by various meth-
ods, such as mechanical milling, ultrasonics, hydrothermal/
solvothermal, micro-emulsion, co-precipitation, microwave-
assisted, and sol–gel. The preparation of ferrite nanoparti-
cles by each method is described below.

Mechanical Milling Method

The top–down approach of mechanical milling is used for 
large-scale production of nanoparticles. A high-energy 
shaker or ball mill or sometimes tumbler mills are used. The 
nanoparticles prepared by this method have a random shell 
and an ordered ferromagnetic core. The limitation of this 
method is the contamination of the nanoparticles by the mill-
ing tools during the milling process, which results in non-
stoichiometry in the nanoparticles. Nanocrystalline  NiFe2O4 
was successfully synthesized by the reactive milling method 
using a stoichiometric mixture of commercial nickel and 
iron oxides.23 The  NiFe2O4 nanoparticles were found to 
be disordered and to incorporate defects. It is reported 
for  NiFe2O4 nanoparticles that the magnetization depends 
on the milling time and annealing temperature due to the 
cation reordering in the crystal structure. Magnetization 
increases initially up to a milling time of 12 h, and reduces 
with further increasing the milling time after completion of 
the reaction between the starting oxides.23  CuFe2O4 crystals 
have been prepared by the combined methods of reactive 
milling, heat treatment, and mechanical milling.24 The reac-
tive milling contained a stoichiometric mixture of CuO, and 
α-Fe2O3 hematite.  CuFe2O4 was formed at a temperature of 
600–1000°C. Finally, mechanical milling was carried out 
using the same mill, vial, and disc rotational speed to refine 
the crystalline size of the  CuFe2O4. The magnetization of 
 CuFe2O4 decreased due to the partial redistribution of the 
cations in the spinel by increasing the milling time.24 A 

� =
1 − x

1 + x
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mechanochemical process of synthesizing ferrite nanoparti-
cles using a ball mill was investigated by Todaka et al.25 Dif-
ferent ferrites, such as  Fe3O4,  CoFe2O4, and  Ni0.5Zn0.5Fe2O4 
nanoparticles, were prepared by taking aqueous solutions 
of various chlorides,  FeCl3,  CoCl2, or  NiCl2/ZnCl2, and 
NaOH, in a horizontal ball mill (SUS304). The pH of the 
solution was controlled by varying the amount of NaOH, 
and a centrifuge was used to separate the nanoparticles from 
the solution. A combined approach of microwave-assisted 
ball milling was introduced for the synthesis of nanocrystal-
line  NiFe2O4 particles with a mean size of about ~ 20 nm.26 
Nickel carbonate and iron powders were used as precursors. 
Initially, an intermediate product,  Fe2Ni2(OH)8CO3.2H2O, 
was formed during the milling process, and this product 
further reacted to form  NiFe2O4 nanocrystals.  ZnFe2O4 
nanoparticles were prepared by mechanical milling using 
ZnO and α-Fe2O3 powder.27 The  powders were placed in 
a stainless steel vial with a ball-to-powder weight ratio of 
10:1. The milling process was carried out at 275 rpm for 50 
and 35 h. The effect of lattice constant, inversion degree, and 
crystallite size on the variation of magnetization was dem-
onstrated. It was reported that cation inversion is the most 
significant parameter that can most effectively tune the mag-
netic properties. The saturation magnetization was found to 
be 79 emu/g at 5 K, with the degree of inversion varying 
from 0.56 to 0.61.27  ZnFe2O4 and  MgFe2O4 nanocrystalline 
powders were prepared by high-energy milling using a plan-
etary ball mill with a  2 × 150 grinding chamber and balls 
made of α-Al2O3.28 The degree of inversion for the  MgFe2O4 
decreased with the increasing the milling time. The inversion 
was found to be 0.904(1) for bulk  MgFe2O4 and changed to 
0.856(3) and 0.756(1) with increasing the milling time to 15 
and 30 min, respectively. With further increasing the milling 
time, the degree of inversion saturated at 0.73. In the case of 
 ZnFe2O4, the degree of inversion was reported to be 0.41.28 
Synthesis parameters for preparing various ferrite nanopar-
ticles by mechanical milling are listed in Table I.

Ultrasonic Method

This method is very popular because of the control of the reac-
tion conditions and particle size distribution. The temperature 
and intensity of the ultrasonic waves are the two major factors 
that control the particle size of nanocubes. Here, high-energy 
collisions between the particles forms the nanocubes which 
undergo in situ calcination. Ultrasonication is responsible 
for the mixing at the atomic level and the formation of the 
crystalline phase at low temperatures. Some examples are 
cobalt and manganese ferrites.29,30 Magnetization is shown to 
be decreased to 21.58 emu/g in  Gd3+ -substituted  CoFe2O4 
compared to 40.19 emu/g in pure  CoFe2O4 nanoparticles. 
On the other hand, electrical properties, such as dielectric 
constant and ac conductivity, increased in  Gd3+ -substituted 
 CoFe2O4 nanoparticles. The cation distribution in  Gd3+ -sub-
stituted  CoFe2O4 nanoparticles prepared by the sonochemical 
method plays a significant role in determining these physical 
properties.29 The cation distribution was found to be varied 
in  MnFe2O4 nanoparticles with the variation of sonication 
time. The formula of  MnFe2O4 is reported as  (Mn0.29Fe0.42)
[Mn0.71Fe1.58]O4 and  (Mn0.28Fe0.54)[Mn0.72Fe1.46]O4 for sonica-
tion times of 20 and 80 min, respectively. The saturation mag-
netization was enhanced from 1.9 emu/g to 52.5 emu/g with 
increasing sonication time from 20 to 80 min. These changes 
are attributed to the cation occupancies in the  MnFe2O4 nano-
particles.30 Sonochemical syntheses of  CoFe2O4  were carried 
out in which cobalt acetate and iron acetate were placed (1:2 
ratios) in millipore water.31 The solution was kept on a soni-
cator for 30 min at 70°C. The pH ~ 4.5 was maintained with 
0.1 N NaOH or 0.1 N HCl. The chemical reactions of  CoFe2O4 
synthesis were:31

Fe
(

CH3COO
)

2
+ H2O2 → Fe(OH)2 + 2CH3COOH

3Fe(OH)2 + H2O2 → Fe3O4 + 4H2O

Table I  Selected ferrite nanoparticles synthesized by mechanical milling

Nanoparticle Synthesis parameters Crystallite size References

Precursor Weight ratio 
(ball: powder)

Milling time Vial rotational speed Annealing tempera-
ture and time

NiFe2O4 NiO, α-Fe2O3 15:1 4–30 h 800 rpm 350°C, 4 h 9–39 nm Marinca et al.23 (2011)
CuFe2O4 CuO, α-Fe2O3 11:1 4–30 h 800 rpm 600–1000°C, 4 h 6–9 nm Marinca et al.24 (2012)
Fe3O4 FeCl3, NaOH – 24–120 h – 52.4°C 20–100 nm Todaka et al.25 (2003)
CoFe2O4 CoCl2,  FeCl3, NaOH – 72 h – – 30 nm Todaka et al.25 (2003)
Ni0.5Zn0.5Fe2O4 NiCl2/  ZnCl2,  FeCl3, 

NaOH
– 96 h – – 30 nm Todaka et al.25 (2003)

NiFe2O4 NiCO3.2Ni(OH)2.4H2O, 
Fe powder

8:1 30 min 200–400 rpm 50°C, 12 h 20 nm Chen et al.26 (2012)

ZnFe2O4 ZnO, α-Fe2O3 10:1 150 h 275 rpm – 12 nm Cobos et al.27 (2020)
MgFe2O4 MgO, α-Fe2O3 50:1 – 750 rpm – – Šepelák et al.28 (2004)
ZnFe2O4 ZnO, α-Fe2O3 50:1 – 750 rpm – – Šepelák et al.28 (2004)
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A simple and easy technique of ultrasonic cavitation-
induced water in vegetable oil emulsion droplets was used 
to synthesize manganese zinc ferrite nanocrystals.32 This 
method consists of rapeseed oil as an oil phase and an 
aqueous solution of  Mn2+,  Zn2+, and  Fe2+ acetate. The 
reaction was performed at 300°C for 3 h, so that the small 
amount of oil present on the surface of the ferrite could 
be eliminated. The prepared manganese zinc ferrite was 
nanocrystalline. Another method of ultrasonic-assisted 
synthesis of self-assembled  CuFe2O4 nanoparticles was 
also reported by Abbasian et al., 33 in which   FeCl3.6H2O, 
 CuCl2.2H2O, and sodium acetate were used as precur-
sors. The solution was stirred and exposed to ultrasonic 
waves. Finally, centrifuging, washing, and drying were 
carried out to obtain  CuFe2O4 nanoparticles. The ferrites 
synthesized by ultrasonic methods are listed in Table II.

Co
(

CH3COO
)

2
+ 2H2O → CoO + 2CH3COOH + 2H2O

2Fe3O4 + 3CoO →
[O] 3CoFe2O4 (in presence of ultrasound)

Hydrothermal/Solvothermal Method

This method is well known because different sizes, shapes, 
and morphologies of ferrite nanoparticles can be prepared 
by controlling the experimental parameters.37 It is also 
known as an economical and eco-friendly method, due to 
the use of water as a solvent. Using this method, various 
ferrites nanoparticles, such as multiwalled carbon nano-
tube  CoFe2O4,  Fe3O4,  CoFe2O4, Ni-Zn ferrite,  MnFe2O4, 
and metal-doped  MgFe2O4 have been synthesized.38–40 
 Co1−xNixFe2O4 nanoparticles were successfully pre-
pared by this method using ethylene glycol as solvent.41 
Co(NO3)2.6H2O/Ni(NO3)2.6H2O, and Fe(NO3)3.9H2O as 
precursors were taken in a 1:2 molar ratio and dissolved in 
ethylene glycol. Anhydrous sodium acetate and polyethyl-
ene glycol were added to the mixture and stirred continu-
ously for 30 min. The mixture was kept in an autoclave 
at 200°C for 12 h and then cooled to room temperature. 
The final product was washed with distilled water and 
anhydrous ethanol and dried at 70°C for 12 h under vac-
uum.41 Cobalt ferrite nanoparticles have been synthesized 

Table II  Selected ferrite nanoparticles, their synthesis parameters, and crystallite size using ultrasonic methods

Nanoparticle Synthesis parameters Crystallite size Reference

Precursor Reaction temp. Ultrasonication time Freq. and power

CoFe2−xGdxO4 
(x = 0–0.2)

Co(NO3)2.6H2O 
Fe(NO3)3.9H2O 
Gd(NO3)3·6H2O

90°C 60 min 20 kHz, 70 W 9.2–7.6 nm Yadav et al.29 (2018)

MnFe2O4 Mn(NO3)2·4H2O 
Fe(NO3)2·9H2O 
NaOH

– 20–80 min 20 kHz, 70 W 19.3–25.5 nm Yadav et al.30 (2020)

CoFe2O4 Cobalt acetate 
tetrahydrate, iron 
(II) acetate, NaOH 
pellets

70°C 24 min 20 kHz, 100 W 24 nm Goswami et al.31 
(2013)

Mn0.5Zn0.5Fe2O4 Consisting of 
rapeseed oil as 
an oil phase and 
aqueous solution 
of  Mn2+,  Zn2+ and 
 Fe2+ acetate

25–30°C 20 min 20 kHz, 70 W 20 nm Sivakumar et al32 
(2012)

CuFe2O4 FeCl3 .6H2O,  CuCl2 
.2H2O and sodium 
acetate

– 30 min 20 kHz, 350 W 12.4 nm Abbasian et al.33 
(2020)

Cu doped 
 NiMnFe2O4 
(x = 0.1–0.4)

Fe(NO3)3.9H2O, 
Ni(NO3)2.6H2O, 
 MnSO4.H2O and 
Cu(NO3)2.3H2O

80°C 60 min 20 kHz 19–23 nm Amulya et al.34 (2020)

MnFe2O4 MnAc2.2H2O  FeAc2, 
NaOH, HCl

70°C 30 min 20 kHz, 100 W 34–46 nm Goswami et al.35 
(2013)

ZnFe2O4 ZnAc2.2H2O,  FeAc2, 
 H2O2,  NH4OH

70°C 1 h 35 kHz, 35 W 6–17 nm Choudhury et al.36 
(2013)
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by the solvothermal method.42 Co(NO3)2.6H2O and 
Fe(NO3)3.9H2O were mixed with 3 M NaOH solution in 
deionized water. The solution was mixed by simultaneous 
heating and stirring, then transferred into an autoclave. 
Finally, the nanoparticles were washed, dried, and calci-
nated. Various nanoparticles of  MFe2O4 (M = Mn, Co, Ni) 
have been synthesized by the hydrothermal method.43 For 
the preparation of 0.1 g ferrite,  MnAc2 was mixed with 
 FeAc2 and dissolved in a suitable solvent, such as benzyl 

alcohol or hexanol. The resulting solution was stirred and 
crystallized at 180°C for 24 h. Finally, the autoclave was 
cooled to room temperature and the sample was centri-
fuged at 5000 rpm for 30 min. The product was washed 
with ethanol and dried at room temperature.43 A facile 
synthesis of α-Fe2O3 and  Fe3O4 nano- and microstruc-
tures by the hydrothermal/solvothermal process is shown 
in Fig. 2.44 The process involved in the morphology and 
size-control with the role of the reaction medium was also 
studied.

Superparamagnetic  ZnFe2O4 submicron spheres were 
prepared by the one-pot solvothermal method.45 In this 
preparation,  ZnCl2,  FeCl3, and  CH3COONa were used as 
precursors and ethylene glycol was taken as a solvent. The 
solution was kept in an autoclave at 200–215°C for 4–8 h. 
The autoclave was cooled to room temperature before col-
lecting the  ZnFe2O4 nanocrystals, which were finally washed 
with deionized water and ethanol and dried at 60°C. A one-
step hydrothermal method for the synthesis of  CuFe2O4/
reduced graphene oxide aerogel was reported by Yao et al.46 
The observed properties, such as high efficiency, good reus-
ability, and a simple synthesis process, make this aerogel 
a promising catalyst for wastewater treatment. Saturation 
magnetization increases in Cu-substituted  CoFe2O4 nano-
particles with increasing Cu content up to 0.3, and decreases 
with larger Cu content. These changes are attributed to the 
crystallinity, cation distribution, misbalance of  Fe3+ ions in 

Fig. 2  Synthesis of α-Fe2O3 and  Fe3O4 nano- and microstructures by 
the hydrothermal/solvothermal process; reprinted from Ref. 44 with 
permission from Elsevier.44

Table III  Synthesis parameters and nanoparticle sizes of selected ferrites using the hydrothermal/solvothermal method

Nanoparticle Synthesis parameters Particle/crystallite size Reference

Precursors Solvent Temp. Time

NixZn1−xFe2O4 FeCl3.6H2O, 
Zn(NO3)2.6H2O, 
Ni(NO3)2.6H2O

Ethylene glycol 160–220°C 2–12 h – Ni et al.38 (2015)

MnFe2O4 FeCl3·6H2O, 
Mn(CH3COO)2·4H2O, 
 MnCl2·4H2O

Ethylene glycol 200°C 12 h 230–950 nm Li et al.39 (2015)

MgFe2O4/graphene MgCl2.6H2O, 
 FeCl3.9H2O

Ethylene glycol 60°C 24 h 100–160 nm Yin et al.40 (2017)

Co1−xNixFe2O4 Co(NO3)2.6H2O, 
Ni(NO3)2.6H2O, 
Fe(NO3)2.9H2O

Ethylene glycol 200°C 12 h 40–90 nm Tang et al.41 (2012)

CoFe2O4 Co(NO3)2.6H2O, 
Fe(NO3)2.9H2O

Deionized water 150°C 6 h 34 nm Allaedini et al.42 (2015)

MFe2O4 (M = Mn, Co 
and Ni)

Mn(acac)2, Fe(acac)2, Ni 
(acac)2, Co(acac)2

Hexanol 180°C 24 h 5–10 nm Vilar et al.43 (2009)

α-Fe2O3 and  Fe3O4 FeCl3.6H2O Deionized water 200°C 24 h 60–100 nm Su et al.44 (2016)
ZnFe2O4 FeCl3.6H2O,  ZnCl2 Ethylene glycol 200–215°C 4–8 h 375–500 nm Ma et al.45 (2017)
CuFe2O4 reduced 

graphene oxide
Cu(NO3)2.3H2O, 

Fe(NO3)2.9H2O
Deionized water 180°C 8 h 50 nm Yao et al.46 (2019)

Co1−xCuxFe2O4 (x = 0, 
0.3, 0.7)

Co(NO3)2.6H2O, 
Fe(NO3)3.9H2O, 
 CuSO4.5H2O

Deionized water 65°C 15–30 min 15–30 nm Aswad et al.47 (2021)
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tetrahedral and octahedral sites, and super-exchange interac-
tion.47 A list of different ferrite nanoparticles prepared by the 
hydro(solvo) thermal method is given in Table. III.

Micro‑emulsion Method

This method of ferrite nanoparticle synthesis is known for 
its environmentally friendliness and the size-controlled 
nature of the nanoparticles. It requires a low temperature 
and a large amount of solvent, reuses the surfactant sev-
eral times. One of the main drawbacks of this method is the 
poor crystalline nature of the nanoparticles. Preparation of 
nanoparticles of barium ferrite using the micro-emulsion 
method was investigated by Palla et al.48 The precursor 
carbonate and hydroxide can be precipitated by the aque-
ous cores of the water-in-oil micro-emulsion method. The 
prepared precursor was calcinated at 925°C for 12 h. After 
12 h, the product was transferred to hexagonal ferrite. The 
pH of the reaction was maintained between 5 and 12, affect-
ing the magnetic properties of the particles. It was reported 
that the barium ferrite crystals prepared by the micro-
emulsion method had both higher intrinsic coercivity and 
saturation magnetization. Neodymium-doped  LiNi0.5Fe2O4 
nano-crystalline was prepared via micro-emulsion.49 The 
preparation of ferrite nanoparticles by the oil-in-water 
micro-emulsion method was carried out by organometallic 
precursors by mixing with a surfactant, oil component, and 
Milli-Q-water.50 All the components were mixed at 25°C 
and stirred until a brown transparent micro-emulsion was 
formed. Finally, centrifugation and washing were carried 
out with a water and ethanol mixture (1:1) and drying in the 
oven at 70°C for 2 days to obtain Mn-Zn ferrite nanoparti-
cles. In  Mg1−xCaxNiyFe2−yO4 nanoparticles synthesized by 
the micro-emulsion method, the saturation magnetization 
increased from 9.84 to 24.99 emu/g with increasing Ca and 
Ni content up to x = 0.2 and y = 0.4, while the dielectric 
constant decreased with increasing Ca-Ni concentration. 
These changes were attributed to the cation distribution in 
 Mg1−xCaxNiyFe2−yO4 with changing the Ca-Ni content. It 
has been shown that Ca and Ni prefer to occupy octahedral 
sites, while  Fe3+ migrates from octahedral to tetrahedral 
sites.51 Similarly, magnetization values increased from 20.5 
to 47.6 emu/g with increasing x in  Ni0.5Sn0.5CoxMnxFe2−2xO4 
ferrites. The origin of the magnetization is the imbalance 
of the magnetic moments at the tetrahedral and octahedral 
sites. As the cation distribution depends on the ionic radii of 
the cations, introducing different cations into the structure 
causes changes in the magnetic moments.52 A list of dif-
ferent ferrite nanoparticles prepared by the micro-emulsion 
method is given in Table IV.

Co‑precipitation Method

Co-precipitation is an easy method to perform economically 
to obtain high mass production in less time. Various spinel 
ferrite nanoparticles have been synthesized by this method 
to get uniform-sized nanoparticles. A careful observation of 
the pH in the solution is needed to get good quality nano-
cubes. For the preparation of nickel ferrite nanoparticles, 
the co-precipitation method is very popular and easy.57 The 
flow chart of nickel ferrite preparation by this method is as 
follows (Fig. 3).

Nano-spinel ferrites  (Ni0.4Cu0.2Zn0.4Fe2O4) were prepared 
by co-precipitation assisted by ultrasonic irradiation pro-
duced by an ultrasonic cleaner with a frequency of 20 kHz.58 
Chlorinated salts and KOH were used as the initial materials. 
The microstructure and magnetic properties dependence on 
the ultrasonic power and reaction temperature were studied. 
X-ray diffraction studies confirmed the formation of pure 
(NiCuZn)Fe2O4 ferrite nano-spinel with crystallite sizes of 
less than 40 nm and  a lattice constant of 8.39 Å. Nanopar-
ticles of  MnFe2O4 with different sizes by varying the pH 
have been prepared by chemical co-precipitation.59 These 
nanoparticles were modified on their surfaces with polysac-
charide chitosan to discover the characteristics of hyperther-
mia and magnetic resonance imaging (MRI). The sizes of 
the  MnFe2O4 particles varied from 5 to 15 nm at pH 9–12. 
The hydrodynamic sizes were less than 250 nm, with a poly-
dispersity index of 0.3, and zeta potentials were higher than 
30 mV, which proved the electrostatic repulsion for a stable 
colloidal suspension. The MRI properties at 7 T described 
that the transverse relaxation (T2) doubled as the size of the 
CS-coated  MnFe2O4 nanoparticles tripled in vitro. However, 
through the study of in vivo positive contrast MRI angi-
ography, the longitudinal relaxation (T1) was strongest for 
the smallest CS-coated  MnFe2O4 nanoparticles. Finally, the 
results showed the exciting potential of CS-coated  MnFe2O4 
nanoparticles in MRI and of hyperthermia studies for bio-
medical research.  CoFe2O4 and  ZnCoFe2O4 have been pre-
pared by a modified co-precipitation method,60  which was 
reported to be a simple, environment-friendly, and low-tem-
perature process in which no oxidizing or coating agent was 
used. The composition of the precursor materials was also 
changed (molar ratio of  Fe+3:Fe+2:Co+2/Zn+2 of 3:2:1). Fer-
rites synthesized by the co-precipitation method are listed 
in Table V.  Sn1−xMnxFe2O4 nanoparticles, synthesized by 
co-precipitation method, showed increasing magnetization 
and coercive fields with increasing the content of Mn in 
 SnFe2O4. These changes were attributed to the increasing 
degree of inversion of  Fe3+ and the decreasing degree of 
inversion for  Mn2+ ions.61
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Microwave‑Assisted Method

This method is a new technique, that is fast, simple to use, 
has a high yield, low cost, and shorter reaction time, in which 
microwave energy is used for the combustion of precursors. 
During the reaction, the microwave energy is converted 
into thermal energy and the temperature rises for a shorter 
period at 100–200°C. The common ferrites prepared by 
this method are  Fe3O4,  NiFe2O4,  CoFe2O4,  Mn1−xNixFe2O4, 
and  ZnFe2O4.64,65 Nanocrystalline  NiFe2O4 and  CoFe2O4 
have been prepared by the microwave-assisted combustion 
process. The stoichiometric proportion of nickel nitrate 
hexahydrate (Ni(NO3)2.6H2O), ferric nitrate nonahydrate 
(Fe(NO3)3.9H2O), and urea  NH2CONH2 were dissolved 
in deionized water. The solution was kept in a crucible in 
a microwave oven. At first, the solution boiled and under-
went dehydration and decomposition with a large number of 
gases. As a point of spontaneous combustion was achieved, 
the solution began to burn, a great deal of heat was released, 

Table IV  Ferrite nanoparticles prepared by micro-emulsion method

Nanoparticle Synthesis parameters Particle/crystallite 
size

Reference

Precursors Solvent Annealing temp. 
and time

BaFe12O19 (Fe(NO3)3, (Ba(NO3)2, 
C-TAB

NaOH,  Na2CO3 925°C (12 h) 3–8 nm Palla et al.48 (1999)

LiNi0.5NdxFe2−xO4 Fe(NO3)2.9H2O, 
 NiCl2.6H2O, CTAB, 
Nd(NO3)3.6H2O

Distilled water 950°C (-) 30–120 nm Gilani et al.49 (2017)

Mn-Zn ferrite Mn, Zn, Fe ethylhex-
anoate

Isopropa-nol, NaOH 70°C (48 h) 6–12 nm Pemartin et al.50 
(2014)

Mg1−xCaxNiyFe2−yO4 Fe(NO3)2.9H2O, 
 CaCl2.2H2O, 
 MgSO4.7H2O, 
 NiCl2.6H2O

Aqueous  NH3 700°C (7 h) 29–45 nm Ali et al.51 (2014)

Ni0.5Sn0.5CoxMnxFe2−2xO4 Ni(NO3)2.6H2O, 
Co(NO3)2.6H2O, 
 SnCl2·2H2O,  MnO2 
and  FeCl3, Cetyltri-
methylammonium

Aqueous  NH3 950°C (6 h) 11.8–19.7 nm Ali et al.52 (2017)

Mg1−xNixCoyFe2−yO4 MgSO4.7H2O, 
 NiCl2.6H2O, 
 CoCl2.6H2O, 
Fe(NO3)2.9H2O

Aqueous  NH3 700°C (7 h) 15–26 nm Ali et al.53 (2014)

YxMnFe2−xO4 Fe(NO3)2.9H2O, 
Mn(CH3COO)2·4H2O

1-butanol, NaOH 400°C (4 h) – Yousuf et al.54 (2020)

Cr-substituted  MnFe2O4 Fe(NO3)2.9H2O, 
Mn(CH3COO)2·4H2O, 
Cr(NO3)2.9H2O

1-butanol, NaOH 400°C (4 h) 6–15 nm Yousuf et al.55 (2019)

Ni0.6Co0.2Zn0.2Fe2−yLayO4 Ni(NO3)2.6H2O, 
Co(NO3)2.6H2O, 
Zn(NO3)2.6H2O, 
Fe(NO3)3.9H2O, 
La(NO3)3.5H2O

Double-distilled 
water

60°C (3 h) 20 nm Ganure et al.56 (2017)

Fig. 3  Flow chart of  NiFe2O4 nanoparticles synthesis by co-precipi-
tation.
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and all the solution was vaporized and became a solid. The 
reaction of combustion reaction to getting  NiFe2O4 is:

Nanoplatelets of nickel ferrite were synthesized through 
a microwave-assisted combustion process with the help of 
trisodium citrate as fuel.66 Cobalt ferrite nanoparticles by the 
microwave-assisted solvothermal method were investigated 
by Kozakova et al.67 For the synthesis of  CoFe2O4 nanoparti-
cles,  CoCl2 and  FeCl3 were dissolved in ethylene glycol and 
mixed. The resulting solution was placed into the microwave 
at 220°C and at a pressure of about 900 kPa for 30 min. A 
black product was obtained after cooling to room tempera-
ture. The product was rinsed with demineralized water or 
ethanol and dried at 60°C for 6 h. The microwave-assisted 
synthesis of water-soluble styrylpyridine dye-capped zinc 
oxide nanoparticles was investigated by Giridhar et al.68 
 MxFe3−xO4 magnetic ferrite  (M = Fe, Mn, Co) spherolites 
of high surface area have been successfully prepared by a 
facial microwave-assisted reflux method.69

Ni
(

NO3
)

2 ⋅ 6H2O(s) + 2Fe
(

NO3
)

3.9H2O(s)

+ 7CO
(

NH2
)

2(s) +
3
2
O2(g)

→ NiFe2O4(s) + 11N2(g)
+ 38H2O(g) + 7CO2(g)

Sol–Gel Method

This method is commonly used for synthesizing ferrite nano-
particles because of its simplicity and cost-effectiveness. The 
distribution of the nanoparticle sizes can be easily controlled 
using this method. For the preparation of ferrite nanoparti-
cles by the sol–gel method (Fig. 4), the nitrates of the par-
ticular metal ions and a suitable chelating agent, e.g., urea/
citric acid, and glycine were taken in the ratio of 1:x (where 
x = 1–3 in most cases). First, the metal nitrate was dissolved 
in deionized water. Then, the aqueous solution of citric acid 
was mixed into the metal nitrates. Finally, the mixture was 
kept on a hot plate at 100°C with continuous stirring until it 
became gel-like. After some time, the gel itself ignited and 
burnt at a high temperature. The ignition and decomposition 
process gives chromium-substituted cobalt ferrite.70

Magnetic  MnFe2O4 spinel ferrite nanoparticles were syn-
thesized from metal nitrates by the sol–gel method.71 A 50% 
solution of Mn(NO3)2 and Fe(NO3)3.9H2O powders were 
mixed with deionized water. The complexing agent (cit-
ric acid) was added to the metal nitrate solution with a 1:1 
molar ratio. The solution was evaporated and decomposed 
at 200°C by forming a gel. Finally, calcination was carried 
out in air at a different temperature to obtain the  MnFe2O4 
nanoparticles. An aqueous glycolate sol–gel method was 

Table V  Selected ferrite nanoparticles and their synthesis parameters using the co-precipitation method

Nanoparticle Synthesis parameters Particle/crystallite size Reference

Precursors Temp. Time

NiFe2O4 FeCl3,  NiCl2, NaOH 80°C 30 min 16 nm Sagadevan et al.57 (2018)
Ni0.4Cu0.2Zn0.4  Fe2O4 NiCl2·6H2O,  CuCl2·6H2O,  ZnCl2, 

 FeCl3·6H2O
25°C 25 min 40 nm Peng et al.58 (2021)

MnFe2O4 MnCl2·4H2O,  FeCl3,  NH4OH 25°C 20 min 5–15 nm Islam et al.59 (2020)
CoFe2O4 and  ZnCoFe2O4 FeCl3.6H2O,  FeCl2.4H2O,CoCl2.6H2O, 

 ZnCl2,  NH4OH
60°C 30 min 50.9 and 575 nm Darwish et al.60 (2019)

Sn1−xMnxFe2O4 FeCl3,  MnCl2 and  SnCl2 80°C 30 min 4–9 nm Moussaoui et al.61 (2016)
CoxFe3−xO4 CoCl2.6H2O,  FeSO4.7H2O 90°C – 35–60 nm Olsson et al.62 (2005)
MFe2O4 (M = Fe, Co, Mn) CoCl2.6H2O,  MnCl2.6H2O,  FeCl2.6H2O 100°C 2 h 4–12 nm Pereira et al.63 (2012)

Fig. 4  Flow chart for the forma-
tion of ferrite nanocubes.
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used to synthesize transition metal ferrite ceramic samples 
 (YFeO3,  Y3Fe5O12,  CoFe2O4,  NiFe2O4, and  ZnFe2O4).72 Dif-
ferent spinel metal ferrites have been synthesized through 
the sol–gel combustion method, and the effect of these fer-
rite nanoparticles on the growth of the microalgae Picochlo-
rum sp. has been examined.73 The prepared metal ferrites 
were found to possess a high crystalline structure, and the 
average crystallite sizes of  FeCr2O4,  CoFe2O4,  NiFe2O4, 
 CuFe2O4, and  ZnFe2O4 were determined as 34, 33, 36, 35, 
and 52 nm, respectively. The microalgae culture of Picochlo-
rum sp. treated with different ferrite nanoparticles showed 
a significant difference in viable cell concentrations at 48 h 
and 72 h of incubation as compared to the control samples. 
However, the growth pattern of both treated and untreated 
samples was similar. This could indicate that the synthesized 
nanoparticles may reduce the growth of the microalgae, but 
will not cause severe inhibition when used at the proper con-
centration.  NiFe2O4 nanoparticles, synthesized by honey-
mediated sol–gel combustion show, an enhanced magnetiza-
tion with increasing the crystallite size. The magnetization 
was shown to increase from 32.3 emu/g to 49.9 emu/g and 
the coercivity decreased from 162 to 47 Oe with the crystal-
lite size increasing from 20 to 163 nm during annealing. This 
enhancement has also been attributed to the cation occupan-
cies obtained for the as-prepared and air-annealed  NiFe2O4 
nanoparticles.74 The variation of conductivity with increas-
ing the annealing temperature of  ZnFe2O4 nanoparticles has 
been demonstrated as the variation of the microstructure 
and mobility associated with cation redistribution.75 A few 
selected ferrites prepared by the sol–gel method are listed 
in Table VI.

Other frequently employed synthesis techniques, such 
as solid-state,80 sonochemical,30 and template  methods81       
were used to prepare ferrite nanoparticles.

Ferrite Thin Films Synthesis

Spinel ferrite thin films are grown by using two major tech-
niques. These techniques are based on (1) physical, and (2) 
chemical deposition methods.

Physical Deposition Method

The extensively used physical deposition methods are sput-
ter deposition and pulsed laser deposition (PLD) for spinel 
ferrite thin film fabrication. A rapid cooling process from the 
vapor phase to the solid-state phase in sputtering and PLD 
introduces a random distribution of metal cations in spinel 
ferrite thin films.

Sputter Deposition

The sputter deposition technique operated in direct cur-
rent (DC) and radio frequency (RF) modes is a simple and 
straight forward process for depositing uniform and dense 
spinel ferrite compounds. Spinel ferrite  ZnFe2O4 thin films 
were prepared on various substrates like glass, quartz, Si 
(100),  SrTiO3 (100), and yttria-stabilized zirconia (111) 
using an RF magnetron sputtering system.82–85 A ceramic 

Table VI  Selected ferrite nanoparticles and their synthesis parameters using the sol–gel method

Nanoparticle Synthesis parameters Particle/crystallite size Reference

Precursors Solvent Annealing tempera-
ture and duration

NiFe2O4 Fe(NO3)3.9H2O 
Ni(NO3)2.9H2O

Distilled water 800 and 1100°C (2 h) 20–450 nm Yadav et al.74 (2017)

ZnFe2O4 Zn(NO3)2.6H2O 
Fe(NO3)3.9H2O

Deionized water 500–1000°C (2 h) 11–57 nm Yadav et al.75 (2017)

Mn0.85Zn0.15NixFe2O4 MnC6H9O6.(H2O)2, 
Zn(NO3)2, Ni(NO3)2, 
Fe(NO3)3

Distilled water 1200°C (5 h) 10–18 nm Jalaiah et al.76 (2017)

Co1−xZnxFe2O4 Fe(NO3)3.9H2O 
Co(NO3)2.6H2O 
Zn(NO3)2.6H2O

Distilled water 800°C (2 h) 19–42 nm Yadav et al.77 (2015)

Mg0.7−xNixZn0.3Fe2O4 Mg(NO3)2·6H2O 
Ni(NO3)2.6H2O 
Zn(NO3)2.6H2O 
Fe(NO3)3.9H2O

Distilled water 400 and 700°C (2 h) 19–29 nm Bobade et al.78 (2012)

NiCoFe2−xAlxO4 Fe(NO3)3.9H2O Ni(NO3)2 
Co(NO3)2 Al(NO3)3.9H2O

Deionized water 600°C (3 h) 14–17 nm Khalid et al.79 (2021)
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target of  ZnFe2O4 was prepared by a solid-state reaction 
method from the starting materials, ZnO and  Fe2O3. To 
achieve a highly dense target, this ceramic material was 
sintered at a high temperature. An appropriate amount of 
sputter gas (Ar) and reactive gas  (O2) flowed through the 
sputtering chamber during the time of deposition. The RF 
reactive sputtering method was used to grow  CoFe2O4 films 
on  MgAl2O4 (110) and MgO (001) substrates from an iron-
cobalt alloy target.86–88 Both DC and RF sputtering meth-
ods were employed to prepare  CuFe2O4 thin films on glass 
and quartz substrates from a copper ferrite target.89–91 A 
 Mn0.6Zn0.4Fe2 alloy target was used to deposit Mn-Zn fer-
rite thin films on glass substrates using the reactive sputter 
deposition technique.92 Various oxygen partial pressure and 
substrate temperatures have been used during the deposition 
of Mn-Zn ferrite films. Both  MnFe2O4 and  ZnFe2O4 targets 
were prepared to grow Mn-Zn ferrite thin films of varying 
Zn content by an alternate RF sputtering method.93 This 
method was used at room temperature for depositing Mn-Zn 
ferrite thin films on different substrates, including Si (100), 
MgO (100), and  SiO2/Si (100) from two targets. Other doped 
ferrite thin films, such as Ni-Zn ferrite,94–99 and Cu–Zn fer-
rite,100 have also been deposited on glass, quartz, Si (100), 
and Pt substrates using the RF magnetron sputtering method. 

Among various spinel ferrite thin films, the investigation of 
cation distribution was carried out on  ZnFe2O4,  NiFe2O4, 
and Al-Zn-doped  NiFe2O4 thin films deposited by RF and 
DC magnetron sputtering.101–103 The cation occupancies of 
 Zn2+ and  Fe3+ ions in a  ZnFe2O4 spinel structure explain 
the ferrimagnetic nature at room temperature and spin-glass 
behavior.101 The ferrimagnetic behavior of  NiFe2O4 thin 
films is due to the compensation of the magnetic moments 
of Fe at tetrahedral and octahedral sites, as expected in an 
inverse spinel structure.102 The magnetocrystalline anisot-
ropy and the intrinsic magnetic damping in Zn/Al-doped 
 NiFe2O4 thin films are affected by the cation distribution. 
The reduction of  Ni2+ at tetrahedral sites with increasing 
the Zn content leads to a decrease in anisotropy, coercivity, 
and damping.103 A summary of ferrite thin films grown by 
the DC and RF sputter deposition method is provided in 
Table VII.

Pulsed Laser Deposition (PLD)

PLD is a physical vapor deposition technique that uses a 
high-power pulsed laser, an ultra-high vacuum, a target 
material, and substrates for coating.  MgFe2O4 thin films 
were coated on  MgAl2O4 (100),104  SrTiO3 (100),105 and 

Table VII  Ferrite thin films grown by the sputter deposition method

Thin films prepared Substrates used Thickness of the 
films (nm)

Power applied (W) Deposition pres-
sure (mTorr)

References

ZnFe2O4 Glass 300 100 27 Sultan et al.82 (2009)
ZnFe2O4 Si (100) 125 – 30 Liang et al.83 (2013)
ZnFe2O4 Glass 1060 100 27 Nakashima et al.84 (2004)
ZnFe2O4 Quartz – 100 5.4 Bohra et al.85 (2006)
CoFe2O4 MgAl2O4 (110) 107 100 3.75 Niizeki et al.86 (2015)
CoxFe3−xO4 (001) MgO (001) 40 100 – Yanagihara et al.87 (2014)
CoxFe3−xO4 (001) MgO (001) 10–60 100 3.75 Niizeki et al.88 (2013)
CuFe2O4 Glass 300 – – Haija et al.89 (2016)
CuFe2O4 Quartz 450 200 4.5 Desai et al.90 (2002)
CuFe2O4 Quartz 100 50 and 200 – Višňovský et al.91 (2005)
Mn0.6Zn0.4Fe2O4 Glass – – 2 Nakagawa et al.92 (2003)
Mn0.5Zn0.5Fe2O4 Si (100) 300 – 8.25 Wang et al.93 (2008)
NixZn1−xFe2O4 Glass 300 60–150 10–50 Lee et al.94 (1999)
NixZn1−xFe2O4 Si (100) Si (111) 50 50 2.25 ×  10−3 Koblischka et al.95 (2008)
Ni0.5Zn0.5  Fe2O4 Quartz Si (100) 450 220 4.5 ×  10−3 Desai et al.96 (2002)
NixZn1−xFe2O4 Si (111) 1500 – 15 ×  10−3 Guo et al.97 (2009)
Ni0.45Zn0.55Fe2O4 Si (111) 300 – 15 ×  10−3 Guo et al.98 (2010)
Ni0.5Zn0.5  Fe2O4 Pt/Ti/SiO2/Si 200 – 18.75 ×  10−3 Wu et al.99 (2019)
Cu0.6Zn0.4Fe2O4 Glass – 100 5–15 ×  10−3 Sultan et al.100 (2010)
Cation distribution studies
ZnFe2O4 Glass – 100 27 Nakashima et al.101 (2007)
NiFe2O4 MgAl2O4 (001) 58 – 1.65 Klewe et al.102 (2014)
Ni0.65Zn0.35Al0.8  Fe1.2O4 MgAl2O4 (001) 70 30 3 Lumetzberger et al.103 (2020)
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α-Al2O3 (0001)106 substrates using the PLD method. A 
solid-state reaction method was employed to prepare a dense 
 MgFe2O4 ceramic target by sintering at high temperatures. 
In this method, a KrF excimer laser of wavelength 248 nm 
was used for film deposition with an energy density of 1.2 J/
cm2 and a repetition rate of 10 Hz. The energy density and 
the pulse frequency of the laser can be varied, based on 
their requirements. Thin-film growth depends on various 
parameters, such as substrate temperature, target–substrate 
distance, and oxygen partial pressure into the chamber. Kim 
et al.105  found a decrease in the lattice constant of  MgFe2O4 
thin films with increasing the partial pressure of oxygen. 
 CoFe2O4 thin films have been grown by the PLD technique 
on various substrates, such as quartz,107 MgO (001),108 
 SrTiO3 (100),109 and Si (100).110 A third harmonic Nd:YAG 
laser of wavelength 355 nm with an energy density 2.5 J/
cm2, pulse duration 6 ns, and repetition rate 10 Hz has been 
used to irradiate a  CoFe2O4 ceramic target.107  CoFe2O4 films 
were deposited by varying the repetition rate (2, 3, 5, 7, and 
10 Hz) of the KrF excimer laser.108 On the other hand, in a 
Nd:YAG laser, different excitation wavelengths of 213, 532, 
and 1064 nm with fluence values of 0.8, 2.4, and 4 J/cm2 ,  

respectively, has been applied for ablating the target.109 
Other spinel ferrite  ZnFe2O4,111,112 and  NiFe2O4

104 thin films 
have also been prepared by the PLD method. A site-doped 
spinel ferrites, such as  Ni1−xCrxFe2O4,113  Ni1−xZnxFe2O4,114 
 Mn1−xZnxFe2O4,115 and Ni-Mn-Zn  ferrite116 thin films, were 
deposited on Si and sapphire substrates from the bulk targets. 
 Fe3+ ions were substituted by lanthanide group elements Dy, 
La, and Gd in  CoFe2O4 spinel ferrite thin films grown by 
the PLD technique to investigate the changes in structural 
properties.117 Epitaxial  MgAl2−xFexO4 (0.8 < x < 0.2) films 
were deposited on a single crystal (001)  MgAl2O4 sub-
strate by PLD.118 Cation distribution of spinel ferrite thin 
films has been studied on  CuFe2O4,119  ZnFe2O4,120,121 and 
 NiFe2O4

122 deposited by the PLD method. The cation inver-
sion decreases with increasing the magnetization, which is 
found to be increased in  CuFe2O4 thin films with increasing 
the oxygen partial pressure during PLD. Thus, the cation 
occupancies in ferrite thin films vary with the oxygen par-
tial pressure.119 The magnetization alters depending on the 
cation occupancies of Fe at tetrahedral and octahedral sites 
of  ZnFe2O4 thin films with oxygen partial pressure dur-
ing PLD and the annealing conditions.120,121 The cation 

Table VIII  Ferrite thin films deposited by the pulsed laser deposition method

Thin films prepared Substrates used Film thickness (nm) Substrate 
temperature 
(ºC)

Target sub-
stance distance 
(cm)

Oxygen partial 
pressure 
(mTorr)

References

NiFe2O4,  MgFe2O4 MgAl2O4 (100) 47, 50 600, 650 – 50 Ade et al.104 (2020)
MgFe2O4 SrTiO3 (100) 350 650 6 5–80 Kim et al.105 (2010)
MgFe2O4 α-Al2O3 (0001) 90 600 – – Gupta et al.106 (2011)
CoFe2O4 Quartz 110, 200 350, 450 – – Nikam et al.107 (2020)
CoFe2O4 MgO (001) 215–230 500 6.5 20 Eskandari et al.108 

(2019)
CoFe2O4 Si (100),  SrTiO3 

(100)
5–275 27–497 4 – Oujja et al.109 (2018)

CoFe2O4 
 CoFe1.8Gd0.2O4

Si (100) 200–320 300 1.6 30 Dascalu et al.110 (2013)

ZnFe2O4 SrTiO3 (100) 41 400–600 – 12 Zviagin et al.111 (2016)
ZnFe2O4,  MgFe2O4 FTO/quartz, α-Al2O3 

(0001)
380, 290 400, 500 4 3.75 Henning et al.112 

(2019)
Ni1−xCrxFe2O4 Si (100), Si (111) 70 700 5 – Panwar et al.113 (2017)
Ni1−xZnxFe2O4 Al2O3 130 650 – 0.1 Raghavender et al.114 

(2015)
Mn1−xZnxFe2O4 SiO2/Si 50 350–500 – – Etoh et al.115 (2009)
Ni-Mn-Zn ferrite Si (100) 820–1230 650 4.5 7.5–60 Qian et al.116 (2014)
CoFe1.8RE0.2O4 

(RE = Dy, La, Gd)
Si (100) 300–380 600 2.5 7.5 Dascalu et al.117 (2013)

MgAl2−xFexO4 MgAl2O4 11 450 – 10 Wisser et al.118 (2020)
Cation distribution studies
CuFe2O4 MgO (100) 100 700 – 1–120 Yang et al.119 (2005)
ZnFe2O4 SrTiO3 (100) 70 300 – 0.05–12 Zviagin et al.120 (2020)
ZnFe2O4 MgO (100) 17–57 500 – 0.07–75 Torres et al.121 (2011)
NiFe2O4 Si (100) 1000 400 – 0.001 Jaffari et al.122 (2012)
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inversion enhances with increasing the oxygen vacancies in 
 NiFe2O4 thin films originated during PLD.122 Therefore, this 
technique is an efficient ferrite thin film deposition method 
to alter the cation occupancies in ferrite thin films. Various 
thin film deposition parameters, such as substrate tempera-
ture, target-substance distance, and oxygen partial pressure, 
are tabulated in Table VIII.

Chemical Deposition Method

In the chemical deposition method, spinel ferrite thin films 
are     coated by both the gaseous and liquid phases of the 
materials.

Gaseous Phase Deposition

The gaseous phase of the materials is used mainly in chem-
ical vapor deposition (CVD) and atomic layer deposition 
(ALD) techniques. In the CVD method,  ZnFe2O4 thin films 
were deposited on Si (100) substrates at a substrate tempera-
ture in the range of 400–800°C at low chamber pressure.123 
The precursor was heated to 120°C to vaporize the solu-
tion, and nitrogen gas was used to deliver the vapor to the 
substrate.  NiFe2O4 films were deposited on MgO (100),124 
 MgAl2O4 (100),124,126  SrTiO3 (100),126 PZT-PT (001),127 
PMN-PT (001),127 and Si (100)128 substrates by direct liquid 
injection CVD and metal–organic CVD. The surface mor-
phology and chemical composition of  NiFe2O4 thin films are 
controlled by the various parameters (solution injection rate, 
flow rate of carrier gas, temperature, and pressure) during 
liquid phase CVD.124 Substrates were cleaned thoroughly 
in acetone, ethanol, and isopropanol before being placed 

into the deposition chamber. Other spinel ferrites, such as 
 CoFe2O4 thin  films129,130, Ni-Zn ferrite,131,132 and Co-Zn 
 ferrite133 films were also grown by a similar technique. A 
list of different ferrites prepared by CVD techniques with 
varying parameters is tabulated in Table IX.

The ALD technique has also been used to fabricate vari-
ous spinel ferrite thin films.  ZnFe2O4 thin films were grown 
using a sequential deposition of  Fe3O4 and ZnO films on 
mono-crystalline Si (001) substrates.134 Initially, a layer of 
 Fe3O4 was deposited at a temperature of 673 K followed by 
another coating of ZnO layer at 473 K. Finally, Si (001)/
Fe3O4/ZnO was annealed at 873 K for 1 h in air atmos-
phere.134 Air-stable ferrimagnetic oxides  NixFe3−xO4 (nickel 
ferrite) and  CoxFe3−xO4 (cobalt ferrite) were directly pre-
pared using the ALD technique.135 The stoichiometry and 
thickness of these thin films grown by ALD are highly con-
trollable. Pure and smooth  CoFe2O4 thin films of thickness 
5–25 nm were grown on  SrTiO3 (100) and  SrTiO3 (110) sin-
gle crystals by the ALD method.136 Pham et al.137 have dem-
onstrated a radical enhanced ALD method to grow  CoFe2O4 
thin films on  SrTiO3 (001) substrates at 200 ºC temperature. 
Apart from spinel ferrite, hexagonal orthoferrite h-ErFeO3 
thin films were also fabricated on  SiO2/Si substrates by using 
the ALD technique.138

Liquid Phase Deposition

The extensively used ferrite thin film deposition tech-
niques based on liquid-phase precursors are spin-coating 
and spray pyrolysis. The initial precursor solutions for 
depositing thin films using these techniques are prepared 
by the sol–gel and metal–organic chemical methods. The 

Table IX  Ferrite thin films grown by the chemical vapor deposition method

Sample name Substrate used Substrate 
temperature 
(°C)

Sample thickness (nm) Chamber 
pressure 
(Torr)

Carrier gas References

ZnFe2O4 Si (100) 400–800 490 0.75 N2 Peeters et al.123 (2017)
NiFe2O4 (100)  MgAl2O4 and 

MgO
500–800  > 500 12 Ar Li et al.124 (2011)

NiFe2O4 MgAl2O4 (100) 500–800 780 12 Ar Li et al.125 (2012)
NiFe2O4 (100)  MgAl2O4 and 

 SrTiO3

600 300 12 Ar Datta et al.126 (2012)

NiFe2O4 (001) PZN-PT and 
PMN-PT

600–700 1500–2000 – Ar Li et al.127 (2011)

NiFe2O4 Si (100) 500 700 17 Ar Yang et al.128 (2014)
CoFe2O4 MgAl2O4 (100) 670 1040 1 Ar Shen et al.129 (2014)
CoFe2O4 (100)  ZrO2  (Y2O3) 700 300 7.5 – Telegin et al.130 (2019)
Ni1−xZnxFe2O4 Si (100) 500 – – Ar Lane et al.131 (1998)
Ni1−xZnxFe2O4 (x ~ 0.4) MgO (100) 600 600 12 N2 Itoh et al.132 (1989)
Co1−xZnxFe2O4 

(0 ≤ x ≤ 0.5)
Soda lime glass 400 500 – N2 Fujii et al.133 (1995)
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concentration of the precursors plays a key role in obtain-
ing a film of the desired thickness. Various ferrite thin 
films, such as  ZnFe2O4,139,140  CoFe2O4,141,142  NiFe2O4,143 
 MnFe2O4,144 and  MgFe2O4

145 have been grown by the 
liquid-phase deposition method. Easy control of chemi-
cal compositions in these techniques also encourages fab-
ricating doped ferrite films, such as  Ni1−xZnxFe2O4,146,147 
 Ni1−xCoxFe2O4,148  Co1−xMnxFe2O4,149  Ni1−xCuxFe2O4,150 
 Ni1−xCdxFe2O4,151 and  CoxRE1−xFe2O4 (RE: Nd, Eu).152 
Another advantage of liquid phase deposition is the flex-
ibility of choosing the substrates, which results in the dep-
osition of thin films on different substrates, like glass,139 
quartz,147 mono-crystalline Si,141 Pt,140 MgO, 142 and ITO/
glass146. Finally, these films have been dried to remove the 
solvents and then annealed at high temperatures to obtain 
crystalline thin films.  Ni0.15ZnyFe2.85−yO4 and  NiFe2−xGdxO4 
ferrite films have been studied to examine the distribution 
of cations of tetrahedral and octahedral sites.153,154 In Ni-Zn 
ferrite, Zn cations occupy only tetrahedral sites, while Ni 
and Fe cations occupy both the tetrahedral and octahedral 
sites. Magnetization is shown to be increased with increas-
ing Zn concentration when Ni occupancy increases to 25% 
at tetrahedral sites. Gd doping in  NiFe2O4 thin film show 
higher magnetization due to the Gd doping, exchange 
interaction, and redistribution of cations at octahedral and 
tetrahedral sites.154 The ferrite films prepared by the spin-
coating and spray pyrolysis methods are listed in Table X.

Other thin-film deposition techniques such as elec-
trochemical  deposition155 and  electrospinning156 can be 
employed to fabricate ferrite materials.

At the end of the various synthesis techniques 
described for preparing ferrite nanoparticles and thin 
films, a summary of the correlation between the synthesis 
methods and the cation distribution is established. In the 
case of ferrite nanoparticle synthesis, it has been found 
that the milling time and annealing temperature can alter 
the cation ordering in the mechanical milling method. 
The degree of inversion initially decreases and saturates 
with increasing the milling time. Sonication time also 
plays a major role in determining the cation occupancies 
in ferrite nanoparticles prepared by the ultrasonic method. 
The annealing temperature during the preparation of fer-
rite nanoparticles in the sol–gel method varies the cation 
distribution, resulting in the variation of different physi-
cal properties. Therefore, these techniques are efficient 
in modifying cation occupancies in ferrite nanoparticles. 
On the other hand, for ferrite thin film fabrication, the 
cation distribution predominantly depends on the oxy-
gen partial pressure during the thin film growth using 
the PLD method. Thus, this technique is found to be an 
efficient method to alter the cation occupancies in fer-
rite thin films compared to other methods. The annealing 
temperatures of ferrite thin films always play a significant 
role in cation distribution.

Table X  Ferrite thin films grown by the liquid phase deposition method

Sample name Substrate used Sample thick-
ness (nm)

Annealing temperature 
and duration

Method used References

ZnFe2O4 Glass 1000 – Spray Wu et al.139 (2001)
ZnFe2O4 Pt 450 – Spray Sutka et al.140 (2013)
CoFe2O4 Si (100) 400 300–700°C (1 h) Spin Sun et al.141 (2012)
CoFe2O4 MgO (100) 393 550–850°C (1 h) Spin Ninomiya et al.142 (2015)
NiFe2O4 Si 700 700°C (3 h) Spin Verma et al.143 (2011)
MnFe2O4 Glass 400 – Spray Zate et al.144 (2016)
MgFe2O4 Glass 400 400–600°C (2 h) Spray Arabi et al.145 (2013)
Ni0.3Zn0.7Fe2O4 ITO/glass 285 400–700°C Spin Yusuf et al.146 (2017)
NixZn1−xFe2O4 Quartz – 900°C (5 h) Spray Kumbhar et al.147 (2015)
Ni1−xCoxFe2O4 Glass 200 800°C (1 h) Spin Tudorache et al.148 (2013)
Co1−xMnxFe2O4 Quartz 520 900°C (4 h) Spray Bagade et al.149 (2015)
Ni1−xCuxFe2O4 Glass 270 550°C (3 h) Spray Chavan et al.150 (2018)
Ni1−xCdxFe2O4 Glass – 500°C (4 h) Spray Kardile et al.151 (2020)
CoxRE1−xFe2O4 (RE: Nd, Eu) Si 350 ± 30 300–650°C (0.5 h) Spin Avazpour et al.152 (2016)
Cation distribution studies
Ni0.15ZnyFe2.85−yO4 Glass 500 – Spin-spray Harris et al.153 (1996)
NiFe2−xGdxO4 Pt, quartz 380 700°C (1 h) Spin Yao et al.154 (2021)
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X‑ray Magnetic Circular Dichroism (XMCD) 
on Ferrites

XMCD is a technique that can provide information about 
cation distribution as well as about the magnetic behavior 
of ferrite materials. XMCD is the difference between x-ray 
absorption spectra measured in a magnetic field in presence 
of left and right circularly polarized light. This method is 
a well-known and powerful technique to find the atomistic 
origin of the magnetic moment. Sometimes, these measure-
ments are also performed at cryogenic temperatures. This 
method is a surface-sensitive element-specific core elec-
tron spectroscopy, and is widely used for magnetic studies 
in material science and inorganic chemistry. Various mag-
netic systems, such as bulk materials, thin films, multilay-
ers, and nanostructures, can be examined by this technique. 
It is also used to investigate the phenomena of exchange 
bias and magnetic anisotropy. XMCD plays a major role in 
understanding the spin and orbital magnetic moments of 3d 
transition metal, and of  lanthanide and actinide systems. 
XMCD measurement is a two-step process (Fig. 5).157 At 
the first step, the angular momentums (ħ and − ħ) of oppo-
site helicity are transferred to the excited photoelectrons by 
left and right circularly polarized light. Thus, the electrons 
with opposite spins are mostly excited due to two opposite 
helicities. The angular momentum of the photon becomes 
coupled with electron spin through spin–orbit coupling. In 
the second step, the electrons with spin-up and spin-down 
create an imbalance in the valence bands in the presence of 
the magnetic field. These spin-polarized electrons are dif-
ferently absorbed in valence shells depending on their spin 
direction. If the valence shell has a net orbital moment, then 
the magnetization originates from the spin–orbit coupling.

XMCD studies on Ferrite Nanoparticles

Various spinel ferrites have been  characterized using 
XMCD to study the cation distribution and element-specific 
magnetic moments and hysteresis loops. XAS and XMCD 
spectra of the Fe  L2,3 edge collected at 300 K in a magnetic 
field of 6 T are shown in Fig. 6 for  CoFe2O4 nanoparticles. 
In the XMCD spectra, three peaks are observed in the Fe 
 L3 edge. The first negative peak corresponds to the  Fe2+ at 
octahedral  (Oh) sites, the positive peak represents the  Fe3+ 
at the tetrahedral  (Td) sites, and the second negative peak 
corresponds to  Fe3+ at octahedral  (Oh) sites. The Fe cation 
distribution at tetrahedral and octahedral sites is found by 
fitting the experimental spectra using a linear combination of 
the multiplet ligand field (LFM) calculated spectra for each 
site. For this simulation, all the parameters are taken from 
the reported values.158 Fig. 6c shows the LFM-calculated 
XMCD spectra for  Fe2+  Oh,  Fe3+  Td, and  Fe3+  Oh cations. 
The linear combination of these three spectra fits the experi-
mental curves. The Fe cation distribution for these samples 
is shown in Table XI. The positive peaks with respect to the 
negative peak arise due to the antiferromagnetic interaction 
between the Fe ions at the octahedral and tetrahedral sites.159 
The two positive peaks indicate the ferromagnetic interac-
tion between  Fe2+ and  Fe3+ at the octahedral sites.

XMCD studies on the Fe  L3 edge of  ZnxFe3−xO4 nano-
particles demonstrate the amount of ferrous  (Fe2+) and 
ferric  (Fe3+) ions oxidation states and their coordination 
environment.160 The results show that  Zn0.16 nanoparticles 
are more magnetic than  Zn0 with  Zn0.92 , exhibiting lower 
magnetic moments.  Zn2+ substituting  Fe3+ from tetrahedral 
sites results in an increase in oxidation states from  Fe2+ to 
 Fe3+ at octahedral sites to maintain the charge neutrality of 
the material. The ratio of  Fe3+ ions at tetrahedral and octa-
hedral sites has been estimated to be 0.33 in  ZnFe2O4 nano-
particles.161 In the case of Co-Zn ferrites,  Co2+ ions prefer 
to occupy the octahedral sites with a magnetic moment of 
3.64 μB.162 The spin and orbital magnetic moments of Fe 
and Co atoms have been estimated in  CoxFe3−xO4 nanopar-
ticles using XMCD at the temperature of 2 K.12 The orbital 
moments of Fe and Co atoms were around 0.05 and 0.15 μB 
respectively. However, the spin magnetic moment is always 
dominant over the orbital moment for both Fe and Co atoms. 
The element and site-specific hysteresis loops confirm the 
improvement of the magnetic order and crystallinity in 
these materials. The environment of  Co2+ has been found 
to be effective in influencing the magnetic anisotropies of 
 CoFe2O4 nanoparticles.163

The orbital magnetic moment of Fe and Cr ions in 
 Li0.5FeCr1.5O4 spinel ferrite was found to be dominant 
due to the strong spin–orbit coupling and partially filled 
 t2g orbitals.164 The antiferromagnetically-coupled Fe and 

Fig. 5  (a) Schematic of the principle of the XMCD process in a 
two-step method: (b) XAS and XMCD spectra of the Fe  L2,3 edge; 
reprinted from Ref. 157 with permission from Elsevier.
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Cr ions in  Li0.5FeCr1.5O4 occupy the tetrahedral and octa-
hedral sites, respectively. XMCD measurements were car-
ried out on  NiFe2−xRxO4 ® = Gd, Dy) nanoparticles to 
understand the cationic ordering and the element-specific 
magnetic moment.165 The spin and orbital moments of the 
Ni-L, Fe–L, Gd-M, and Dy-M absorption edge with the net 
magnetic moment of pure and doped  NiFe2O4 have been 
calculated using the sum rules. Both the spin and orbital 

magnetic moments were reduced in Gd- and Dy-doped 
 NiFe2O4 compared to pristine  NiFe2O4. A summary of 
XMCD measurements on nanoparticles with experimental 
parameters is listed in Table XII.

XMCD Studies on Ferrite Thin Films

XMCD studies were carried out on ferrite thin films to 
understand the element-specific magnetic moments with 
their spin and orbital components. Spinel ferrite  ZnFe2O4 
thin films show a ferrimagnetic nature, with the Curie tem-
perature above room temperature, having different cation 
distribution and oxygen vacancies.13 Surface magnetic prop-
erties and element-specific hysteresis loop were studied in 
 ZnFe2O4 thin films (Fig. 7).166 The results show that the  Fe3+ 
at octahedral and tetrahedral sites are antiferromagnetically 
coupled. The magnetic moment of  Fe3+ at octahedral sites 
is aligned along the applied magnetic field.

Fig. 6  (a) XAS and (b) XMCD spectra of the Fe  L2,3 edge for  CoFe2O4 nanoparticles. (c) LFM calculated XMCD spectra and (d) Experimental 
and simulated spectra; reproduced from Ref. 11 with permission from the Copyright Clearance Center.11

Table XI  Fe site occupancies in  CoFe2O4 nanoparticles obtained by 
fitting XMCD spectra using LFM calculations

Samples Fe2+  Oh Fe3+  Td Fe3+  Oh Fe2+/Fe3+

Synthesized 0.32 0.75 0.93 0.19
Pyrolized 0.32 0.75 0.93 0.19
Quenched 0.29 0.75 0.96 0.17
Grown 0.29 0.84 0.87 0.18
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XMCD studies on inverse spinel  NiFe2O4 thin films were 
carried out to show the cation distribution.102 Measurements 
on Fe  L2,3 edge have revealed the spin magnetic moment of 
0.1 μB per atom and the ratio of orbital and spin magnetic 
moment of 0.12. The cation distribution in  Fe2+  Oh, and  Ni2+ 
 Td played an important role in determining the magnetic 
anisotropy and damping in Zn/Al-doped  NiFe2O4.103 The 
XMCD studies at Fe and Mn  L2,3 edges of  MnFe2O4 (111) 
thin films confirm the normal spinal structure where tetra-
hedral sites are occupied by Mn atoms.167  MgFe2O4 thin 
films showed one positive and one negative peak in the 
Fe  L2,3 edge XMCD signal.168 The positive and negative 
peaks corresponded to the  Fe3+ ions at the A and B sites, 
respectively. The role of iron content in magnetic damping 
of Mg(Al, Fe)2O4 spinel ferrite thin films was reported by 

Wisser et al.118 In this report, the XMCD result confirms 
the magnetic moment originating predominantly from  Fe3+ 
cations distributed at  the cathedral and tetrahedral sites with 
a ratio of 60:40. However,  Fe2+ cations showed a minimal 
contribution to the magnetic moment. XMCD studies on 
 MgAl0.5Fe1.5O4 spinel ferrite using total electron yield mode 
shows peaks at 709.2 eV and 710.0 eV.169 These peaks indi-
cate the  Fe3+ is coordinated tetrahedrally and octahedrally, 
respectively, with a saturation magnetization of 1.5 μB per 
formula unit. However,  Fe3+  Oh and  Fe3+  Td align parallel 
and antiparallel to the magnetic field, respectively. To find 
the Fe cation distribution in  Ni0.65Zn0.35Al0.8Fe1.2O4 thin 
films, XMCD spectra on Fe  L2,3 edge were collected.170 The 
weight ratio of the three components associated with  Fe2+ 
 Oh,  Fe3+  Td, and  Fe3+  Oh cations was 10:46:44. The XMCD 

Table XII  XMCD measurements carried out on various ferrite nanoparticles at different magnetic fields, and temperatures

Nanoparticles Magnetic field Vacuum Temperature Spectra at edges References

ZnxFe3−xO4 0.6 T – Room Fe  L2,3, Zn  L2,3 Byrne et al.160 (2014)
ZnFe2O4 0.75 T 10−9 torr 300 K Fe  L2,3, O K Singh et al.161 (2018)
Co-Zn ferrite 4 T 10−10 mbar 3 K, 300 K Fe  L2,3, Co  L2,3 Hochepied et al.162 (2001)
CoxFe3−xO4 69 kOe 10−11 mbar 2 K Fe  L2,3, Co  L2,3 Moya et al.12 (2021)
CoFe2O4 6.6 T 10−10 mbar 4.2 K Fe  L2,3, Co  L2,3 Daffé et al.163 (2018)
CoFe2O4 6 T – 300 K Fe  L2,3, Co  L2,3 Bartolomé et al.11 (2016)
CoFe2O4 3 T 10−10 mbar 11 K, 150 K Fe  L2,3, Co  L2,3, O K Nappini et al.159 (2015)
Li0.5FeCr1.5O4 200 Oe 3 ×  10−10 torr 80–370 K Fe  L2,3, Cr  L2,3 Yang et al.164 (2020)
NiFe2−xRxO4 

® = Gd, Dy, Ho)
6 T – 300 K Fe  L2,3, Ni  L2,3, Gd  M4,5, 

Dy  M4,5

Ugendar et al.165 (2019)

Fig. 7  Left XAS and XMCD spectra of the Fe  L2,3 edge; right XMCD hysteresis-loop for  ZnFe2O4 thin films; reprinted from Ref. 166 with per-
mission from Elsevier.166



6680 S. Nandy et al.

1 3

spectra of the Ni  L2,3 and Fe  L2,3 edges confirmed that the 
moments of the  Ni2+  Oh, and  Fe2+/3+  Oh ions were parallel 
to the applied magnetic field. Using the sum rule, the spin 
and orbital magnetic moments have been  calculated for Co 
and Fe ions in Co-rich cobalt ferrites.171 The XMCD results 
reveal the partial inverse spinal structures in  CoxFe3−xO4 
(x = 1.1, 1.4) due to the presence of  Co3+ cations in a low 
spin state at octahedral B sites. A summary of XMCD meas-
urements on thin films is listed in Table XIII.

Mössbauer Spectroscopy

This technique is widely used to find the cation distribu-
tion in ferrites, relying on the  radioactive57 Fe present in 
the materials.57The Fe nucleus, which emits γ-rays, faces 
a recoil with an equal and opposite momentum. This is 
described by the equation,

, where  Eγ-ray = energy of the γ-ray,  Ent = energy of the 
nuclear transition, and  ER = energy of the recoil. The process 
when the nucleus absorbs the energy of the γ-ray without 
recoiling forms the basis of Mössbauer spectroscopy. The 
Mössbauer effect occurs because of recoil-free absorption. 
The transmission spectra show isomer shift when the nuclear 
energy levels of the source and absorber atoms are different. 
In the case of nuclear quadrupole moment, the transmission 
spectrum is split into doublets. In the presence of a magnetic 
field, a sextet pattern appears due to the Zeeman effect. The 
sextet appears due to 6 nuclear transitions which are allowed 
by the magnetic dipole selection rule Δm = 0 ± 1. The ratio 
of the relative intensities of these peaks is 3:2:1:1:2:3 for a 
sample with isotopic magnetic field distribution. Thus, three 
parameters obtained from these measurements are isomer 
shift, quadrupole splitting, and hyperfine splitting (Fig. 8).

In the case of ferrites, the double sextet is observed 
to have Fe at both the tetrahedral and octahedral sites. 

E�−ray = Ent − ER

For example, the general formula of nickel-zinc ferrite is 
 (Zn2

1−λFe3+
λ)[Ni2+

λFe3+
2−λ]{O2−}4 , where the round and 

square brackets denote the tetrahedral and octahedral sites, 
respectively. The degree of inversion, λ, is calculated from 
the Mössbauer spectral intensities

for bulk and nanosized  Ni0.58Zn0.42Fe2O4,8 where fA
fB

 = 1 
at 5 K and fA

fB
 = 0.94 at room temperature.173 The degree of 

inversion is found to be 0.58 at both low temperature and 
room temperature. The structure will be normal spinel for 
λ = 0  and inverse spinel for λ = 1. High-energy milling-
synthesized  MgFe2O4 nanoparticles exhibit superparamag-
netism at low temperatures.28 The degree of inversion 
decreases from λ  =  0.904(1) to λ  =  0.856(3) and 
λ = 0.756(1) for  MgFe2O4 with increasing milling time of 
15 and 30 min, respectively. This result confirms the impor-
tance of synthesis parameters on the cation inversion of fer-
rites. The degree of inversion of bulk and nanosized particles 
of  CuFe2O4,  MnFe2O4, and  NiFe2O4 show the dependency 
on particle size distribution. As the particle size decreases, 
the degree of inversion decreases in  CuFe2O4 and  NiFe2O4 
, whereas it increases for  MnFe2O4.15 Mössbauer's studies 
on  NiFe2−xCrxO4 ferrite suggest that  Cr3+ and  Ni2+ have a 
strong preference for octahedral sites and  Cr3+ prefers to 
substitute  Fe3+.16 So the cation distribution studies on 
 NiFe2−xCrxO4 confirm the conversion of inverse spinel to a 
normal spinel structure by increasing the Cr content in 
 NiFe2O4. Similar structural changes have been observed in 
the case of  CoFe2−xCexO4 ferrites with increasing the con-
tent of Ce.17 Mössbauer spectroscopy confirms the occu-
pancy of  Ni2+ at the octahedral sites in solid-state-synthe-
sized  NixMg1−xFe2O4 ferrite.174 This reduces the availability 
of octahedral sites for both  Mg2+ and  Fe3+. So a higher 

IA

IB
=

fA

fB

{

�

2
− �

}

Table XIII  XMCD measurements carried out on various spinel ferrite thin films at the different magnetic fields, grazing angles, and temperatures

Thin films Magnetic field Grazing angle Temperature Spectra at edges References

ZnFe2O4 0.6 T – Room Fe  L2,3 Torres et al.13 (2014)
ZnFe2O4 0.6 T – Room Fe  L2,3 Zélis et al.166 (2016)
NiFe2O4 – – Room Fe  L2,3, Ni  L2,3 Klewe et al.102 (2014)
Zn/Al-doped  NiFe2O4 6.8 T 20° Room Fe  L2,3, Ni  L2,3 Lumetzberger et al.103 (2020)
MnFe2O4 5 T – 300 K Fe  L2,3, Mn  L2,3 Matzen et al.167 (2011)
MgFe2O4 0.6 T - Room Fe  L2,3 Rodríguez et al.168 (2019)
Mg(Al, Fe)2O4 400 mT 30° Room, 30 K Fe  L2,3 Wisser et al. 118 (2020)
MgAl0.5Fe1.5O4 0.2 T 30° Room Fe  L2,3 Emori et al.169 (2018)
Ni0.65Zn0.35Al0.8Fe1.2O4 0.5 T 30° Room Fe  L2,3, Ni  L2,3 Emori et al.170 (2017)
CoxFe3−xO4 4 T 30° 300 K Fe  L2,3, Co  L2,3 Thien et al.171 (2022)
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percentage of  Mg2+ is found at tetrahedral sites for Ni-rich 
spinel systems. Hence, Mössbauer spectroscopy plays an 
important role in finding out the cation occupancies at tetra-
hedral and octahedral sites in a spinel system. However, this 
method is based on sensing 57Fe which is only 2% of Fe in 
a system. Thus, the signals that come from the measure-
ments are in most cases low, which is the major drawback of 
this technique.

X‑ray Absorption Spectroscopy (XAS)

The x-ray absorption near-edge structure (XANES) and 
extended x-ray absorption fine structure (EXAFS) are 
powerful techniques for studying cation distribution in fer-
rites.18,175,176 XANES provides information about the oxi-
dation states and site symmetry of the elements, whereas 
EXAFS gives information about the coordination number 
and bond length of the surrounding shells. These techniques 
are element-selective, and their ability to find the local struc-
ture surrounding the selective elements makes them an ideal 
tool for studying disorder systems. In the case of ferrites, the 
local structure of both  Fe3+ and  M2+ edges can be studied 
using these techniques. On the other hand, this technique 

does not provide information regarding the magnetic behav-
ior of the elements.

In the EXAFS signal, the peak observed around 2 Å 
corresponds to the metal–oxygen bond distance (Fig. 9).9 
On the other hand, the peaks observed between 2.5 and 
4 Å correspond to the metal–metal distance, which is cru-
cial for determining the degree of inversion for a spinel 
ferrite. The distances between two metals having octahe-
dral and tetrahedral sites are approximately 3 and 3.5 Å, 
respectively. For a normal spinel,  M2+ ions occupy the 
tetrahedral site, while, for an inverse spinel,  M2+ ions 
occupy the octahedral site. In the case of the M K-edge 
EXAFS signal, the normal spinel shows a strong peak at 
3.5 Å, whereas an inverse spinel shows a strong peak at 
3 Å. The peak intensity at 3.5 Å decreases and the peak 
intensity at 3 Å increases going from a normal spinel 
to an inverse spinel structure. In the case of Fe K-edge 
EXAFS signals, the region between 2.5 and 4 Å will be 
affected similarly to the M K-edge. Although the changes 
in peak intensities are minimum going from normal spinel 
to inverse spinel because of the presence of  Fe3+ at both 
tetrahedral and octahedral sites. The occupancy of  M2+ 
ions at octahedral sites is specified by xB  (M2+), known as 

Fig. 8  (a) Nuclear energy levels and the related (b) Mössbauer spectra; reprinted from Ref. 172 with permission from  Elsevier172.
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the inversion parameter. Thus, the occupancy of  M2+ ions 
at the tetrahedral site is xA = 1 − xB . Fitting the outer shells 
of the EXAFS signals with a metal–metal interaction gives 
information regarding the coordination number and bond 
distance. The degree of inversion is determined by fitting 
the EXAFS signals originating due to the tetrahedral and 
octahedral sites occupied by  Fe3+ and  M2+. In  MnFe2O4, 
the degree of inversion is found to be 0.2, meaning that 20% 
of  Mn2+ occupies the octahedral sites.19 The degree of inver-
sion in  MnFe2O4 varies with different synthesis methods.177 
It also depends on the particle size distribution, which dem-
onstrates the importance of various synthesis procedures.20 

 CoFe2O4 is a partially inverted spinel ferrite with a degree of 
inversion from 0.68 to 0.8.18  NiFe2O4 is known as an inverted 
spinel ferrite, whereas  NiFe2O4 nanoparticles prepared by 
high-energy ball-milling show a mixed spinel structure.178

Conclusions

We have demonstrated the role of cation occupancies to 
define the structure of ferrite materials and their magnetic 
properties. Since the cation occupancies are predominantly 
dependent on the synthesis methods, various such methods 

Fig. 9  The modulus of Fourier 
transforms of the extended 
x-ray absorption fine structure 
(EXAFS) signal from (a) Mn, 
(c) Co, (e) Ni, and (b, d, f) the 
Fe K-edge for (a, b)  MnFe2O4 
, (c, d)  CoFe2O4 , and (e, f) 
 NiFe2O4; reprinted from Ref. 
9 with permission from the 
American Chemical Society.9
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have been described for preparing ferrite nanoparticles and 
thin films. The changes of the different physical properties 
in ferrites with cation occupancies and synthesis methods 
are also described. A summary between these techniques 
and the cation distribution in ferrite nanoparticles and thin 
films is presented. To further study the cation occupancies 
and magnetic properties of these ferrites, the basic prin-
ciples and applications of the XMCD technique are illus-
trated. Other techniques, such as Mössbauer spectroscopy 
and x-ray absorption spectroscopy, are discussed in order 
to find the cation distribution in ferrites. The advantages 
and disadvantages of these techniques are reported, and a 
comparison is made in determining the cation occupancies.
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