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ABSTRACT: Magnetic hyperthermia is an emerging technique used
for the treatment of tumors, where the infected cells will be
deactivated using the heat generated from magnetic particles. This
study discusses the viability of yttrium iron garnet (YIG) in magnetic
hyperthermia treatment. YIG is synthesized using hybrid microwave-
assisted hydrothermal and sol−gel auto combustion techniques. The
formation of the garnet phase is confirmed using powder X-ray
diffraction studies. Further, the morphology and grain size of the
material are analyzed and estimated with the help of field emission
scanning electron microscopy. Transmittance and optical band gap
are obtained using UV−visible spectroscopy. Raman scattering of the
material is discussed to understand the phase and vibrational modes.
The functional groups of garnet are studied using Fourier transform
infrared spectroscopy. Further, the effect of the synthesizing routes
on the characteristics of the materials is discussed. A relatively higher magnetic saturation value is observed in the hysteresis loop at
room temperature of YIG samples, which is synthesized by a sol−gel auto combustion technique, and it confirms the ferromagnetic
behavior. The colloidal stability and surface charge of the prepared YIG are evaluated by a zeta potential measurement. In addition,
magnetic induction heating studies are carried out for both prepared samples. The specific absorption rates of 1 mg/mL
concentration are 237 and 214 W/g at 35.33 kA/m and 316 kHz field of sol−gel auto combustion and hydrothermal methods,
respectively. Due to their higher saturation magnetization of 26.39 emu/g, the sol−gel auto combustion method produced effective
YIG and demonstrated superior heating efficiency than the hydrothermally prepared sample. The prepared YIG are biocompatible,
and their hyperthermia properties may be explored in various biomedical applications.

1. INTRODUCTION
Yttrium iron garnet (YIG) is a cubic crystal and belongs to the
space group Ia3d. It contains eight formula units per unit cell
and is chemically represented as Y3Fe5O12.

1 In YIG, Y3+ atoms
occupy the 24c (dodecahedral) sites, Fe2+ atoms occupy the
16a (octahedral) sites, and Fe3+ atoms occupy the 24d
(tetragonal) sites, which are formed by the surrounding O2−

ions.2 The orientation of the magnetic moments of iron ions is
where YIG gets its essential magnetic characteristics. The
magnetic moments of two octahedrally positioned Fe3+ ions
are oriented antiparallel to those of three tetrahedrally
positioned Fe3+ ions. On the other hand, the dodecahedral
site is where nonmagnetic Y3+ ions should be located. Due to
the interaction of nearby oxygen (O2) ions, the Fe3+ ions at the
octahedral (a) and tetrahedral (d) sites contribute most to the
effective magnetic moment.3 YIG belongs to a significant class
of magnetic oxides with a wide range of applications attributed
to its properties, such as its high melting point, thermal
stability, chemical stability, thermal conductivity, large
resistivity, and low thermal expansion. In view of its diverse

properties, YIG nanoparticles (NPs) are the best suitable
materials for a wide variety of applications in electromagnetic,
microwave, and magneto-optic devices. Also, it has been widely
used in biomedical applications such as magnetic resonance
imaging contrast agents for cancer tumor detection, hyper-
thermia, drug delivery, selective separation, and biomolecule
detection.4

As the current cancer treatment techniques have side effects
and limitations, the dramatic increase in the number of people
affected by cancer has raised serious concerns in the research
field about finding better alternatives for cancer treatment.
Research is going on to find alternatives where cancer cells can
be effectively eliminated with minimal damage or without
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causing any damage to the healthy cells.5 Excellent magnetic
characteristics have been demonstrated by iron oxide-based
NPs, which have been widely employed in magnetic hyper-
thermia applications for cancer treatment.5 Iron oxide crystals
can alter their magnetic characteristics as a result of
incorporating foreign atoms, making them ideal for hyper-
thermia applications.6 Iron oxides undergo magnetic tran-
sitions due to rare earth metals, which lowers the Curie
transition temperature.7 Hyperthermia is a significant
technique used in the treatment of cancer.8 There are various
types of hyperthermia, which are mainly divided into local
hyperthermia (MH), whole-body hyperthermia, and regional
hyperthermia.9 The magnetic hyperthermia gives the SHGR
(specific heat generation rate) value, which is an important
parameter for determining the dosage and duration of
treatment.10 The body temperature affects our basic
metabolism.11 With respect to normal body temperature, at
low-temperature ranges, there is an exponential increase in
biochemical reaction rates.12 An increase in the rate of
biochemical reactions and activity of the enzymes are observed
in higher temperatures. Enzymes start to break down at a
temperature above 40 °C.13 Thus, a body temperature range of
40 to 44 °C is said to be cytotoxic for normal cells and is called
hyperthermia.14 These studies reveal that hyperthermia
therapy can be used as an independent therapy, similar to

industry standard radiation therapy, chemotherapy, and
immunotherapy for cancer treatment.15,16 In conventional
whole-body hyperthermia and regional hyperthermia techni-
ques (ultrasonic, capacitive, and inductive techniques), the
body around the tumor is used to heat and this heating is
nonhomogeneous.14 The precision and efficiency of hyper-
thermia treatment can be increased by a localized heating.17

This can be facilitated with the help of magnetic hyperthermia
and nanotechnology.14 Magnetic hyperthermia can be
obtained by introducing magnetic materials under alternating
magnetic field. Various phenomena such as eddy current
heating, magnetic hysteresis loss, and magnetic moment
relaxation are responsible for magnetic hyperthermia.18

Magnetic hyperthermia properties of YIG synthesized using
hydrothermal and sol−gel auto combustion techniques are
studied. Chemical synthesis approaches have an advantage
over physical methods because they require low temperatures
for sintering, produce fine NPs, are quick and easy while
synthesizing, produce a uniform morphology, are inexpensive
to use, remain chemically stable, and have a high
reproducibility rate.19 The synthesized materials are system-
atically evaluated and reported.

Figure 1. (a) XRD pattern, (b, c) FESEM images, and (d, e) size distribution histogram of YIG synthesized by hydrothermal and sol−gel auto
combustion methods.
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2. EXPERIMENTAL DETAILS
YIG is synthesized using sol−gel auto combustion and
hydrothermal methods. In the hydrothermal method, the
precursors used for the hydrothermal method are yttrium oxide
[Y2O3] (99.99%, Sigma-Aldrich, India), nitric acid [HNO3]
(70%, Sigma-Aldrich, India), and ferric nitrate [Fe(NO3)3·
9H2O] (98%, Merck, India). The precursors are taken in
stoichiometric ratios and dissolved in double-distilled water by
continuous stirring. Ammonium hydroxide is added to the
solution for maintaining a pH of 11. Maintaining a pH of 11
will help complete the formation of nanoferrite precipitates in
an autoclave.20 After maintaining the pH of 11, the solution is
stirred continuously for another 2 h, which results in the
formation of a homogeneous solution and initiates the
reaction. Further, the solution is transferred to a 300 mL
Teflon-lined, sealed autoclave and is heat-treated at 195 °C for
7 h in a hot air oven. After 7 h, the sealed autoclave was slowly
brought down to room temperature. The product obtained is
filtered and washed with distilled water until the pH reaches 7.
The obtained product is dried at 60 °C for another 8 h. The
sample is grinded to fine particles using an agitate mortar and
pressed into pellets using a hydraulic press. The pellets are
preheated at 1000 °C for 30 min using a microwave-
programmable furnace fitted with dual magnetrons, operating
at a frequency of 2.45 GHz. A schematic diagram of the
synthesis technique is given in Figure S1. The pellet obtained is
once again milled and pressed into pellets and sintered at 1250
°C for another 30 min using the microwave furnace.
Microwave heating allows for rapid phase formation and
accelerates elemental diffusion in the precursor powder,
resulting in the rapid formation of the YIG phase while
preserving the nanostructure.21

Yttrium oxide [Y2O3] (99.99%, Sigma-Aldrich, India), nitric
acid [HNO3] (70%, Sigma-Aldrich, India), and ferric nitrate
[Fe(NO3)3·9H2O] (98%, Merck, India) are the precursors
used in the synthesis of YIG by the sol−gel auto combustion
technique. The precursors are taken in a stoichiometric ratio
and dissolved in a minimal amount of double-distilled water.
The solution is stirred for 30 min at 80 °C. Citric acid is added
to the prepared solution as a fuel agent. The pH of the mixture
is kept at 7 by gradually adding ammonia solution. To maintain
the ambient temperature, the mixture is kept in a water bath
while adding the ammonia solution. After maintaining pH at 7,
the mixture is stirred vigorously at 90 °C until the solution gets
evaporated to 1/3 of the initial amount of solution. Ethylene
glycol is added to the solution to enhance the reaction and gel
formation. Adding ethylene glycol will also reduce the
agglomeration of particles. The mixture is heated to 120 °C
until it gels and burns down to powder. Using a hydraulic
press, the powder is formed into pellets. The samples are
presintered in the microwave furnace for 30 min at 1000 °C.
The presintering ensures the evaporation of unwanted organic
elements and formation of oxides. The obtained sample is once
again milled and pressed into pellets. The sample is sintered at
1250 °C for 30 min in the microwave furnace. A schematic
diagram of the synthesis technique is given in Figure S2.

The sintered samples are used to study the various
properties. The structural properties are analyzed using a
Bruker D8 X-ray diffractometer. The morphology and
elemental composition are observed using a Carl Zeiss EVO
18 Research scanning electron microscope. The optical
properties are studied using a UV−visible spectrophotometer,

JASCO (V-670 PC), and Raman spectroscopy (= 536 nm),
Agiltron. Functional groups are studied using an IRAffinity-1,
Shimadzu, FTIR photo spectrometer. Magnetic properties are
studied from a vibrating sample magnetometer (Lake Shore)
and hyperthermia biomedical applications using an Ambrell
(EASYHEAT, UK) induction system (8310 LI).

3. RESULTS AND DISCUSSION
3.1. Structural Analysis. The X-ray diffraction (XRD)

technique is used to analyze the structural properties of
nanostructures. Figure 1a shows the room-temperature XRD
pattern of YIG synthesized by both hydrothermal and sol−gel
auto combustion techniques in the 2θ range from 20 to 80°. It
is found that YIG has a cubic structure with the space group
Ia3d.22 The XRD peaks confirm the garnet phase formation
and exhibit good crystalline phases for YIG in both the
samples. The peaks are observed at (400), (420), (422), (431),
(521), (611), (444), (640), (552), (642), (800), (840), (842),
and (664) and are matched with JCPDS file no. 00-043-0507.

Table 1 shows the various structural parameters determined
from XRD. The crystallite size is calculated using the Scherrer

formula.23 Further, the strain,24 dislocation density, lattice
parameter,25 and density26 of the samples are shown in Table
1.

3.2. Morphological Analysis. Figure 1b,c shows the
morphology of the microwave-sintered Y3Fe5O12 by hydro-
thermal and sol−gel auto combustion methods. A uniform
grain growth is observed in both the cases. A smaller grain size
is observed in YIG synthesized by a sol−gel auto combustion
mechanism. Also, the smaller grains are attributed to the
microwave sintering. The average grain size from FESEM
images is calculated using ImageJ software and the histogram
of size distribution is plotted in Figure 1d,e. It is observed to be
2.3 and 1.36 μm for YIG synthesized by hydrothermal and
sol−gel auto combustion techniques, respectively.

Energy-dispersive X-ray (EDX) microanalysis is an ele-
mental evaluation approach associated to SEM. Based on the
generation of representative X-rays, elemental composition
present in the target material can be mapped.27 Figure S3
depicts the EDX spectra of YIG synthesized via hydrothermal
and sol−gel auto combustion methods. It represents the peaks
of yttrium, iron, and oxygen. No impurity peaks are observed
in the EDX spectra.

3.3. Optical Properties. 3.3.1. UV−Visible Spectroscopy.
The transmission spectra of synthesized YIG by hydrothermal
and sol−gel auto combustion methods are shown in Figure S4.
The material is found to be highly transparent deep in the UV
region (<1000 nm).

The optical band gap for synthesized YIG is determined
using Tauc’s relation.28

Table 1. Structural Parameters of YIG from XRD

synthesis technique

structural parameters hydrothermal
sol−gel auto
combustion

crystallite size D (nm) (∼±0.01%) 59.95 56.45
strain ε (× 10−3) (∼±0.01%) 2.1 2.0
dislocation density δ (× 1014) (cm−2)
(∼±0.01%)

2.78 3.13

lattice parameter a (nm) (∼±0.8%) 1.22 1.22
theoretical density (gcm3) (∼±0.9%) 5.22 5.22
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The band gap values are determined, assuming the direct
band gap, as shown in Figure 2a,b. It is observed that there are
no significant changes in the optical band gap while
synthesizing YIG in hydrothermal and sol−gel auto combus-
tion methods.
3.3.2. Raman Spectroscopy. Figure 2c shows the Raman

spectroscopy of YIG synthesized through hydrothermal and
sol−gel auto combustion methods, followed by microwave
sintering at 1250 °C. The bcc unit cell of YIG is having 160
atoms inside and group theory suggests that there should be
3A1g + 8Eg + 14T2g modes in the first-order Raman
spectrum.29 The crystallographic sites of the garnet structure
are correlated with the vibrational activity of the 25 Raman
phonons of YIG.30 Eleven and twelve out of the 25 Raman-
active modes have been measured in hydrothermal and sol−gel
auto combustion methods, respectively. In this regard, some
modes may not be detected as they are too weak, and there
may also be inadvertent degeneracy of discrete modes at
atmospheric pressure.31 The Fe3+ ions situated within the
octahedral (16a) sites have no effect on YIG’s Raman
activity.30 The Y3+ ions within the dodecahedral sites (24c)
have Eg + 2T2g irreducible representations, Fe3+ ions within the
tetrahedral sites (24d) have Eg + 3T2g irreducible representa-
tions, while the O2− ion (96h) sites have 3A1g + 6Eg + 3T2g
irreducible representations. The lattice or exterior modes of the
polyhedral units are allocated to the Eg and T2g bands located
under 300 cm−1, which are obtained from translations of the
tetrahedral (24d) and dodecahedral (24c) units as well as
vibrational motions of the FeO4 tetrahedron.32 The T2g mode
at 268.47 cm−1 is attributed to the translational vibration of the
cations present in the tetrahedral and dodecahedral sites in the
garnet crystal lattice.31 The T2g vibration mode is more
intense, which describes the pure garnet phase formation and
follows the Franck−Condon principle, which asserts that, in an
electronic transition, a shift from one vibrational energy level
to another energy level has a higher probability if the two

vibrational wave functions overlap.33 Additionally, the Raman
bands above 300 cm−1 correspond to internal modes of the
Fe3+ polyhedra, and they are characterized by displacements of
lighter oxygen ions.30 The vibrational mode at ∼730 cm−1

represents the A1g phonon and is assigned to the symmetrical
stretching of the FeO4 tetrahedron.34,35

3.4. FTIR Analysis. The determination of the garnet phase
and analysis of the chemical bond are done by FTIR studies.
For the synthesized YIG samples, the FTIR spectra are
recorded in a frequency range of 400−4000 cm−1. Figure 2d
shows the FTIR spectra obtained for YIG synthesized by
hydrothermal and sol−gel auto combustion methods. The
formation of the garnet phase is represented by the absorption
bands v1 and v2 present in the frequency range of 400 to 800
cm−1. The FTIR results show strong absorption bands in the
range of 500−700 cm−1. The absorption band at 559.36 and
655.80 cm−1 represents the asymmetric stretching at the
tetrahedral site and octahedral site of metal ions and oxygen
ions, respectively.36

3.5. Magnetic Properties. 3.5.1. VSM Analysis. Figure 3a
shows the magnetic hysteresis curve of YIG. The hysteresis
loop measured at room temperature confirms its ferromagnetic
nature. From the hysteresis, the saturation magnetization Ms is
24.78 and 26.39 emu/g, the remnant magnetization Mr is
0.147 and 0.145 emu/g, and the coercive field Hc is 3.39 and
3.14 Oe for YIG synthesized by hydrothermal and sol−gel auto
combustion methods, respectively. A very low coercive field
indicates that the YIG synthesized is a soft ferrite. Table 2
presents the properties obtained from the hysteresis loop for
YIG synthesized by various methods and compared with the
present results. It is visible that compared to other synthesis
techniques, the produced YIG has almost zero coercivity,
remanent magnetization, and higher saturation magnetization
values for both the samples prepared.
3.5.2. Zeta Potential. The zeta potential (ZP) of YIG

synthesized by hydrothermal and sol−gel auto combustion

Figure 2. (a, b) Tauc’s plot, (c) Raman spectroscopy, and (d) FTIR spectroscopy of YIG in hydrothermal and sol−gel auto combustion methods.
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methods was recorded to measure the surface charge of the
prepared samples. The ZP is a function of the surface charge,
which develops when any material is placed in a liquid.39 An
increase in the magnitude of the ZP value indicates an increase
in the electrostatic repulsion between the particles. The greater
the electrostatic repulsion, the stable are the particles. Most of
the cellular membranes are negatively charged. ZP has the
ability to affect the tendency of NPs to permeate membranes,
with cationic particles generally displaying more toxicity
associated with cell wall disruption.40 Low viscosity and high
ZP results in the stable and flowable ceramic slurry.41 The ZP
(22.14 mV) of YIG prepared by the hydrothermal technique
shows a better colloidal stability compared to sol−gel auto
combustion ZP = 18.96 mV.
3.5.3. Magnetic Hyperthermia. Magnetic hyperthermia

properties of YIG NPs synthesized by hydrothermal and
sol−gel auto combustion techniques are studied using an
Ambrell EASYHEAT induction system under alternate
magnetic fields. Figure 3b,c shows the magnetic hyperthermia
property of YIG-synthesized NPs dispersed in hexane at 1 and
3 mg/mL concentrations. The obtained temperature data is
plotted as the figure of time period under constant field (H)

and frequency ( f).14 In both the cases, the samples exhibit an
increase of the hyperthermia value with YIG concentration
under the applied magnetic field parameter. The YIG samples
synthesized by both methods have exhibited a steady and
nonlinear increase in temperature with respect to time.18 The
heating efficiency of YIG NPs in the presence of an applied
magnetic field has been assessed at a 316 kHz constant
frequency and a 35.2 kAm−1 field strength through estimation
of SAR (specific absorption rate), also known as SHGR.8 The
SAR values are calculated using the following relation:42

C
T
t M

SAR
d
d

1
Js gp

np

1 1= i
k
jjj y

{
zzz

(1)

where Cp is the specific heat capacity of the dispersion
medium, Mnp is the mass of the dispersed samples, and dT/dt
is the heating rate. The YIG NPs at various concentrations
reached an MH temperature of greater than 43 °C within a
short time period, which is an important parameter for MH
cancer treatment.43 The SAR values of YIG at 1 and 3 mg/mL
concentrations synthesized by different routes are listed in
Table 3. With an increase in the NP concentration, the SAR

values are observed to be decreasing. The heat generation
capability is dependent on the concentration in two possible
ways. The increase in the number of particles increases the
number of flips and decreases the interparticle distance.5 This
is due to the interaction of magnetic dipoles with magnetic
colloidal particles, leading to a slow magnetic relaxation time.44

A high SAR value indicates the requirement of less amount of
the sample for hyperthermia treatment. This leads to quick
biodegradation of NPs in living organs.14 It is noticed that the
particles synthesized using the hydrothermal method produced
a lower SAR value than the sol−gel method. Fopase et al.
reported the SAR value of YIG particles synthesized by the
sol−gel method as 146.76 W/g.5 In these studies, a higher SAR
value is obtained, which is due to the higher saturation
magnetization and shorter sintering duration obtained through
microwave sintering. However, YIG synthesized by both
techniques resulted in good crystallinity with a smaller particle

Figure 3. (a) Magnetization cycle and (b, c) transient temperature as
a function of time of YIG synthesized by the hydrothermal method
and sol−gel auto combustion technique.

Table 2. Comparison of Various Properties of Microwave-Sintered YIG with Literature

synthesis technique
sintering
method

sintering temperature
(°C)

particle size
(nm)

Ms (emug−1)
(∼±0.5%)

Mr (emug−1)
(∼±0.5%)

Hc (Oe)
(∼±0.5%) reference

hydrothermal microwave 1250 59 24.78 0.147 3.39 present
work

sol−gel auto
combustion

microwave 1250 56 26.39 0.145 3.14 present
work

ball milling microwave 1200 140 16.88 1.99 48.72 37
hydrothermal conventional 1100 95 15.00 4.30 40.02 38
chemical co-
precipitation

microwave 800 30 29.7 21 21

microemulsion conventional 1100 156 19.92 18.05 7.30 36

Table 3. SAR Values Obtained for YIG at Various
Concentrations and Synthesis Techniques

synthesis technique
concentration (mg/

mL)
SAR (Js−1 g−1)
(∼±0.15%)

hydrothermal 1 214
3 146

sol−gel auto
combustion

1 237

3 101
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size and a higher magnetic saturation value. Based on this, the
samples have achieved a reasonably high SAR value. Hence,
the prepared samples are suitable for magnetic hyperthermia
cancer applications.

4. CONCLUSIONS
In this study, YIG is systematically synthesized by hydro-
thermal and sol−gel auto combustion methods, followed by
microwave sintering. The prepared samples are studied using
various characterization techniques. The XRD characterization
confirmed the formation of cubic structured YIG, and various
structural parameters have been calculated. The morphology of
the YIG is studied from SEM images. A comparatively smaller
particle size is observed in YIG particles synthesized by the
sol−gel auto combustion technique. The optical band gap of
the sample is observed to be ∼2.25 eV for both the samples,
and the sample is found to be highly transparent near deep UV
wavelength. Out of the 25 Raman-active modes, 11 and 12
modes are observed in YIG samples synthesized by hydro-
thermal and sol−gel auto combustion methods. The garnet
phase formation is also confirmed by FTIR studies. The
absorption bands are observed in the wavenumber range of
400−800 cm−1. A higher saturation magnetization is observed
in both the cases compared to other synthesis techniques along
with conventional sintering. Compared to the hydrothermal
method, YIG NPs synthesized by the sol−gel auto combustion
technique give a higher SAR value. The increased SAR value is
due to the effective particle size and higher saturation
magnetization, which is a suitable candidate for magnetic
hyperthermia cancer treatment and other biomedical applica-
tions.
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