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Abstract. The influence of metal ion to hydroxide ion (Me2+ /OH− ) ratio on the synthesis of Mn0.5 Zn0.5 Fe2 O4
(MZ5) ferrite nanoparticles is reported. The aim of this low-temperature co-precipitation technique is to produce
MZ5 nanoparticles with different sizes in single domain range. The variation in Me2+ /OH− ratio affects the
growth and shape of the particles. The mechanism of nucleation and growth of the particles is discussed. EDX
and XPS measurements show the change in stoichiometry of the composition when Me2+ /OH− ratio changes.
When the ratio is 0.52, Zn ion was found to be absent and the structure resembles Mnx Fe3− x O4. The defect in the
composition changes magnetic properties such as saturation magnetisation and Curie temperature of the samples.
119 nm crystalline size with highest magnetisation (80 Am2 /kg) is obtained which shows quite good response to
induction heating (specific absorption rate (SAR) = 78 W/g). Moreover, SAR and intrinsic loss power (ILP) are
higher for MZ5 ferrite than that are reported earlier. This shows the potential of magnetic induction heating in the
treatment of cancer.
Keywords. Manganese zinc ferrites; magnetic properties; mechanical properties; magnetic fluid hyperthermia.
PACS Nos 81.07.Bc; 81.16.Be; 75.30.Cr; 75.50.Tt; 75.75.+a; 61.14.Qp; 68.37.Lp

1. Introduction
Induction heating of magnetic nanoparticles at the
tumour site using external AC magnetic field and shattering of tumour cells is one of the successful applications of nanotechnology in medicine in which magnetic
nanoparticles are injected directly to the tumour site.
The success of this therapy depends on the efficient
and controlled heating of particles with higher specific
absorption rate (SAR) with controlled conditions from
magnetic field applicator such as frequency and field
amplitude. SAR is mainly decided based on the structural properties of particles, its concentration and AC
frequency with fixed magnitude. The first criterion is
essential to investigate the pharmacokinetics, cytotoxicity and biodistribution of particles [1–4] as this is going
to stay as foreign element in human body. Higher SAR
is desired to reduce the particle concentration at the
tumour site as well as to increase the efficacy of the
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treatment. For induction heating, the reported optimum
particle diameter lies within a range of 10–20 nm [5].
However, this size is well below the size required for the
targeted drug delivery using magnetic field. For tumour
penetration, the size below 10 nm are ideal, but they can
be filtered very easily and quickly through renal filtration and extravasation. Hence, it is suggested to have
size between 10 and 50 nm with proper surface treatment that equilibrate the circulation time, magnetic field
manipulation and higher SAR [5]. The size between single domain to multidomain, preferably below 50 nm in
diameter, is supposed to fulfil this demand [6–8]. It is
reported that particles of 35 nm size provide almost double SAR compared to the particles of 10 nm size.
Structure–property correlations of magnetic particles
with SAR are investigated by various researchers [6–
11]. But the reports exist only for Fe3 O4 particles and
for MnZn ferrite, the reports are very scarce [12–16]. It is
found from literature that Mn0.5 Zn0.5 Fe2 O4 (MZ5) has
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relatively good magnetic response at room temperature
and reduced Curie temperature [17,18] which makes
it very interesting to work as an autotunable switch
to destroy the cancer cells. The suggested hypothesis
for this material is to generate heat when it is magnetic at room temperature and then automatically stop
the heating process when the material reaches the Curie
temperature. This heat will be dissipated to its surrounding resulting in the increase in temperature of the tissue
cells. When the temperature of the cells reaches between
42 and 45◦ C it kills cancer cells whereas healthy tissues
can still bear this temperature. The Curie temperature
of the particles is to be adjusted such that the power
absorption will stop automatically when it reaches 45◦ C,
protecting the healthy tissues from getting damaged.
After releasing heat to the surrounding tissue, particle temperature reduces and once again it will start
absorbing power. This On–OFF cycle will minimise
the damage of healthy tissues as well as uneasiness of
patient during the treatment. In addition to the tunable
heating response, it is theoretically shown that Mn2+ and Zn2+ -doped ferrite nanoparticles show higher SAR
than MFe2 O4 (M = Fe2+ , Ni2+ , Co2+ ) [19,20]. Hence,
to test this hypothesis, this composition is chosen for the
present study.
The composition MZ5 synthesised by co-precipitation
has an average particle size of 6.7 nm [21]. Growthassisted co-precipitation process can produce particles
from 9 to 12 nm [22]. The size between 5.4 and 13.5
nm prepared using hydrothermal route has tunable magnetic properties of MZ5 nanoparticles [23]. But all these
efforts could produce the size of MZ5 composition near
to its superparamagnetic size. For MnFe2 O4 system,
it is shown to produce particles size from 5 to 25 nm
size using ferric salts as the precursor material while
replacing ferric salt by ferrous salts resulted into 180
nm size [9]. A significant change in size was observed
with a sharp pH change [10]. However, this method is
not fully developed to produce all types of magnetic
particles.
Based on the above summarised literature, in the
present research, the size variation for Mn0.5 Zn0.5
Fe2 O4 (MZ5) ferrite composition is thought to be investigated. The size and shape variation in MZ5 system
from superparamagnetic to multidomain range using the
same process is not reported yet in the literature. Therefore, in the present work, the synthesis parameters are
controlled in chemical co-precipitation method to get
the desired size range of the particles, especially metal
ion to hydroxyl ion ratio, Me2+ /OH− . By changing the
ratio of metal salts to base ions, the growth of particles
and its effect on thermomagnetic properties have been
evaluated. The particles were characterised using powder X-ray diffraction (XRD), Fourier transform infrared
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(FTIR) spectroscopy, transmission electron microscopy
(TEM), energy-dispersive X-ray (EDX) analysis, Xray photoelectron spectroscopy (XPS), vibrating sample
magnetometer (VSM) and RF induction heating. The
study is focussed to get higher SAR with size and shape
for MZ5 ferrite at relatively low concentration within a
safer frequency and field.

2. Experimental
2.1 Materials
1 M ferrous chloride tetrahydrate (FeCl2 · 4H2 O) (99%
assay), 1 M manganese chloride tetrahydrate (MnCl2 ·
4H2 O) solution and 1 M zinc chloride heptahydrate
(ZnCl2 · 7H2 O) solution were used as a source of
salt solution and purchased from Samir Tech-Chem.
Sodium hydroxide (NaOH), acetone (CH3 COCH3 ), demineralised water (H2 O) and KNO3 were purchased
from Samir Tech-Chem. Pvt. Ltd. All the chemicals
were used without further purification.
2.2 Synthetic procedures
Mn0.5 Zn0.5 Fe2 O4 nanoparticles were prepared using
Mn2+ , Zn2+ and Fe2+ solution. Typically, 20 ml of
1 M FeCl2 solution, 5 ml of 1 M MnCl2 solution
and 5 ml of ZnCl2 solution were mixed in a beaker.
Fe2+ ion is oxidised to Fe3+ using KNO3 because
it provides +0.81 V to balance −0.77 V for the oxidation of Fe2+ . 0.25 M KNO3 was mixed while
preparing the base (NaOH) solution and heated at
80◦ C. The molarity of NaOH was varied to change
the Me2+ /OH− ratio while salt solution was kept
constant in all the procedures. The mixture of salt
solutions (Fe2+ + Zn2+ + Mn2+ ) was heated up at
80◦ C with constant stirring to which NaOH solution
was added. Soon after the addition, greenish/dark gray
coloured precipitates appear indicating the formation
of Mn0.5 Zn0.5 Fe2 O4 particles. The reaction was maintained at 80◦ C for 30 min under constant stirring. These
particles were cooled to room temperature, washed
with water five times and then with acetone three
times to obtain dry particles. Four samples were prepared using this method by increasing the ratio of
Me2+ /OH− ions from 0.375, 0.52, 0.54 to 0.6, and
are respectively labelled as MZ5A, MZ5B, MZ5C and
MZ5D.
2.3 Characterisation
Bruker powder X-ray diffractometer model table-top D2
PHASER with copper wavelength 0.154056 nm was
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used for the determination of crystal structure. The data
were collected for angular range of 10◦ to 80◦ with 0.02◦
step size for 0.2 s per step.
Energy-dispersive X-ray (EDX) analysis was performed using the JEOL FESEM model JSM-7100F
attached with Oxford SE detector EDX. Powder sample of around 100 mg was well spread on carbon tape
and then mounted on the copper grid for the elemental
analysis.
X-ray photoelectron spectroscopy (XPS) measurements were performed using M/s Thermo Fisher Scientific Instruments, UK, K ALPHA+ instrument equipped
with a monochromatic Al Kα (hυ = 1486.6 eV) Xray source operated at 6 mA beam current and 12 kV
voltage. The X-ray spot size was 400 μm. Measurements were carried out on powdered samples mounted
on sample holders. The powder samples were drop cast
with IPA on a silicon wafer (5 mm×5mm) and the same
is fixed on a sample holder plate with the help of carbon
tape. Data acquisition and processing were performed
using the Avantage software.
NICOLET FTIR-6700 from THERMO Scientific
class-1 was used to collect FTIR data. A transparent film
of the sample mixed with KBr (1:50 mg) was placed in
the spectrophotometer to obtain the spectra. The spectra were recorded between the wave number range from
40,000 to 4,00,000 m−1 . The resolution of the spectra
was 4 cm−1 and a scan average of 30 spectra was considered.
Transmission electron microscope (TEM), model
JEOL 2010, operated at 200 kV is used in the imaging
mode to observe the size, size distribution and shape
of the particles. The powder sample was dispersed in
ethanol using bath sonicator. A drop of the suspension
was placed on a carbon-coated copper grid which was
rested for 10 to 12 h to evaporate the solution. The crystalline structure of the particles was ascertained by using
TEM in diffraction mode.
Room-temperature magnetic measurements were carried out using Lake Shore Vibrating Sample Magnetometer (VSM), Model 7404. VSM was calibrated using
NIST-approved nickel sphere before starting the measurement for the sample. JANIS closed cycle refrigerator
unit was used for low-temperature measurement. The
powder samples were frozen using resin to restrict the
motion of the particles.
The induction heating of the samples was studied
using a water-cooled 5-loop copper coil energised by an
AC generator (Inductelec, UK). The measurements were
carried out at 475 kHz frequency and 4.0 kA/m magnetic field. The magnetic nanoparticles were dispersed
in glycerol (3 mg/ml) in a test tube and then placed at the
centre of the induction coil. The suspension of nanoparticles was homogenised using ultrasonic homogeniser
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of Fisher Scientific FB 15051. Sample temperature was
maintained at 20◦ C in an ultrasonic bath for 30 min
before each measurement. The optical fibre probe fluoroptic thermometer (m600, Luxtron) was dipped in the
solution to measure the temperature of the sample.

3. Results and discussion
3.1 X-ray diffractometer (XRD)
The X-ray diffraction pattern shown in figure l shows
sharp lines indicating the formation of the crystalline
ferrite structure. XRD pattern for all the samples was
refined with the Rietveld refinement program. Figure 1
shows a typical Rietveld fit pattern for all four samples.
The pattern fits with the spinel structure of Fd3m space
group for (Fe0.5 Zn0.5 )[Mn0.5 Fe1.5 ]O4 (MZ5) samples
where the square bracket indicates the B-site occupancy.
The goodness of fit (GOF) obtained from the fitting is
between 1.21 and 1.31 which indicates that the model
used to fit the experimental data and the parameters
refined during the fitting is of high quality [24].
The most intense peak corresponding to (311) plane
is used to calculate the crystallite size (Dx ) using Scherrer’s formula (table 1). The crystallite size varies from
32 nm to 119 nm. Moreover, peaks corresponding to the
impurity phase or unreacted sample were not observed
in any of the samples although only Fe2+ ion was used
in the synthesis. This shows that the synthesis technique used in the present work can be helpful to prepare
high-quality Mn0.5 Zn0.5 Fe2 O4 (MZ5) with desired and
controlled crystallite size. The use of Fe3+ as a precursor
in the formation of MZ5 sample leads to smaller crystallite size; the reported value is 6.7 nm [21]. The observed
larger size in the present method can be attributed to the
release of energy due to the oxidation of Fe2+ during the
reaction. In addition, the results show that the crystallite
size is influenced by Me2+ /OH− ratio (table 1). When
the ratio increases from 0.375 to 0.520, crystallite size
increases from 32 nm to 119 nm. Further increase in the
ratio from 0.520 to 0.540 and 0.600 reduces the size to
63 and 32 nm, respectively.
The bulk lattice parameter a for the MZ5 composition is reported to be 0.8451 nm [9]. However, in this
work, the lattice parameter increases with the crystal
size and thus by Me2+ /OH− ratio. In a typical ferrite
structure, the lattice parameter and the growth of particles are strongly affected by the cation distribution. It
is reported that cations with smaller radius (≤ 0.03 nm)
will tend to occupy tetrahedral sites and cations with
larger radius (≤ 0.055 nm) occupy the octahedral sites
[9]. Among the Mn2+ , Zn2+ and Fe3+ cations, Fe3+
has the smallest ionic radius (0.049 nm) and Zn2+
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Figure 1. Rietveld refined X-ray diffraction pattern for MZ5 powder samples.
Table 1. Structural information derived from the XRD pattern analysis of Mn0.5 Zn0.5 Fe2 O4 samples.
Sr. No.
1
2
3
4

Code name

Me2+ /OH−

Dx (nm) ± 2

a (nm) ± 0.00002

ρp (kg/m3 )

GOF

A-site (ν1 )
± 200 m−1

B-site (ν2 )
± 200 m−1

MZ5A
MZ5B
MZ5C
MZ5D

0.375
0.520
0.540
0.600

32
119
63
32

0.84307
0.84573
0.84663
0.84299

5219
5169
5153
5220

1.27
1.22
1.21
1.31

56,600
57,900
57,100
57,300

46,300
46,200
45,900
46,400

has preferential energy for tetrahedral site. Since Fe3+
is not present in the system beforehand, the possibility of Mn2+ occupying the B-site increases compared
to the normal co-precipitation route. This will lead to
the expansion of the lattice of the system and change
the cation distribution. The Rietveld refinement fitting
shows the occupancy of Mn2+ on the B-site whereas
Zn2+ and partially Fe3+ reside on the A-site. The resulting strong chemical affinity of certain cations to specific
sites, viz., A or B sites, and the metastable cation distribution in the nanoparticles decide the final occupancy
of cations in a given site. The variation in the lattice
constant is a result of this distribution. In the present
case, Mn2+ ion occupies the B-site replacing Fe3+ ion
to sit on the A-site. The larger Mn2+ ion (0.082 nm) is
substituted by the smaller Fe3+ ion (0.049 nm) in the
A-site, resulting in the √
expansion of the B-site. The Bsite cations contribute 3 times more than that of the
A-site cations and as a result, an increase in the lattice
parameter is observed.

3.1.1 Mechanism of synthesis process. Thermodynamically stable ferrite nuclei and their structure formations depend on the solubility of Fe3+ and Me2+ to
form nuclei of critical radius and their reaction pathway. The particle growth during the co-precipitation
process involves absorption/desorption of ions and their
occupancy to specific sites. In a system where many
cations are present in a reaction, the growth of particles is influenced by the probability of occupancy of
cation in the available sites [9,17]. The oxidation rate of
Fe2+ is highly influenced by the growth of the particles
[25]. Hence, in the present work too, the oxidation of
Fe2+ plays a major role in producing bigger MZ5 particles than using conventional Fe3+ ions. The growth
can be further altered using different Me2+ /OH−
ratios.
The role of base ions is to nucleate the particles when
added to the salt solution. When the oxidising agent
(KNO3 ) is added into the salt solution, the oxidation process is slow and in pace with the addition of base ions.
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Figure 2. Schematic of the mechanism of the synthesis process.
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Figure 3. FTIR spectra of Mn0.5 Zn0.5 Fe2 O4 nanoparticles with different crystallite sizes.

Additional base ions will precipitate Me2+ ions on the
already nucleated particles and also form fresh nuclei.
Thus, the dissolution of Me2+ –Fe3+ complexes from the
surface takes place, which continues the crystallisation
process and finally ends up to a substantial growth. For a
critical value of Me2+ /OH− ratio as 0.52, the available
OH− ions are optimum for the reaction and hence the
dissolution of metal ions takes place on the surface of the
already nucleated particles. This will lead to the change
in shape of the particles from spherically symmetric
to cubical shape. During the simultaneous process of
nucleation and growth, the increase in digestion time
increases the Ostwald ripening process where the ions
dissolve from the smaller crystals and are deposited on
the bigger ones, resulting in the growth of bigger crystals
at the expense of the smaller ones (figure 2). For ratios
greater than 0.52, the available OH− ion for the formation of nuclei is not sufficient restricting the growth and
reaches a plateau in particle size [9,26].

3.2 FTIR measurement
Figure 3 shows the IR spectra for all the samples. Two
absorption bands below 80,000 m−1 are present in all
ferrites which arise from the lattice vibrations of the
oxide ions against the cations. The fundamental vibrations of the crystal lattice lie in the 30,000–70,000 m−1
region. The ν1 band around 60,000 m−1 is due to stretching vibrations of the tetrahedral groups of the Fe+3 –O−2
bond in the tetrahedral complexes and the ν2 band
around 40,000 m−1 is attributed to the stretching vibrations of the octahedral groups of the Fe+3 –O−2 bond in
the octahedral complexes [27]. The cation distribution
can be studied using far-infrared absorption as it is very
sensitive to the change in A-site and B-site cations in
the system. The local symmetry in crystalline solids,
surface defects and oxidation, ordering phenomenon
in the spinel structure and the presence/absence of
Fe2+ ions can also be determined. The presence of the
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Figure 4. (a, c, e, g) TEM image of MZ5 samples and (b, d, f, h) histogram of particles fitted with log-normal size distribution
function (line). Inset figures of (b, d, f, h) show selected area electron diffraction (SAED) pattern for same particles measured
at a high resolution scale (0.05 nm).

divalent ions explains the presence of the weak bands
in the tetrahedral and octahedral sites in ferrite system.
Table 1 shows that MZ5B sample has the maximum
ν1 value, due to the highest crystallite size followed by

MZ5A and MZ5C. However, very minor but systematic
variation has been observed in ν2 . The highest value of
ν2 was observed for MZ5B sample due to the presence
of Mn2+ ions in the B site. The Mn2+ ions (ionic radii
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Figure 5. EDX analysis of MZ5 samples prepared under different synthetic conditions: (a), (b), (c), (d) are the EDX spectrometry results respectively for MZ5A, MZ5B, MZ5C and MZ5D samples.

= 0.082 nm) are bigger than the Fe3+ ions (ionic radii
= 0.049 nm), and it increases the firmness of the B-site.
3.3 TEM microscopy
Figure 4a shows the TEM image of the MZ5 samples synthesised using chemical oxidation method with
different Me2+ /OH− ratios. The images are clearly
showing the effect of Me2+ /OH− ratio. MZ5A sample
which has the Me2+ /OH− ratio as 0.375 shows cubical
as well as spherical shape of the particles. However, the
number density of spherical particles is more than that
of the cube-shaped particles. The particle size obtained
from different portions of the grid for all the samples and fitted with the log-normal distribution curve
(figure 4b). For MZ5A, the median size of the particles
is 38.3 ± 2.7 nm. The standard deviation of the curve (σ
of ln D) is 0.255. Sample MZ5B with the Me2+ /OH−
ratio of 0.52 shows that almost all the particles are
of cubical shape or of distorted spherical shape. The
median particle size is found to be 78.1±46.7 nm with a
very broad distribution width of 0.411. MZ5C sample is
cube-shaped with rounded edges of particles. The particle size is varying from 40 nm to 86 nm with median size

of 66.5±4.5 nm. The histogram follows log-normal distribution curve and the width of the curve is 0.25. MZ5D
sample is cube-shaped with rounded edge, needle as well
as small spherical shape crystals of the particles. The
median size of the particles (edge of cube/diameter of
spherical particles) is 43.5 ± 2.8 nm. The standard deviation of the curve is 0.3. The TEM size agrees with the
crystallite size found from the Rietveld fitting, except
for sample MZ5B, which has broad size distribution.
However, within the error bar the crystallite size and
TEM size matches for MZ5B sample too. The observed
cube shape morphology of particles can be correlated
to the various synthetic conditions, viz., (i) the base ion
containing KNO3 was added to the salt solution, (ii)
nucleation took place on the surface of the already nucleated particles, (iii) simultaneous nucleation and growth
process, (iv) availability of sufficient base ions for the
fresh nuclei, etc. All these factors affect the minimisation of surface energy towards faceted cubic structure.
MZ5D sample shows more inhomogeneity because the
available base ion is less and so the small nuclei join
together to form needle-like structures in the presence
of bigger spherical- and cubical-shaped particles.
The selected area electron diffraction (SAED) pattern respectively for samples MZ5A, MZ5B, MZ5C and
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Table 2. Weight percentages of the different atoms present in the MZ5 samples.
Element

O K (wt%)

Mn K (wt%)

Fe K (wt%)

Zn L (wt%)

Mn:Zn

Mn:Fe

32.12
29.65
29.43
30.45

10.93
14.92
11.95
10.32

40.57
55.24
46.09
42.91

16.38
0.19
12.53
16.32

0.667
78.526
0.954
0.632

0.269
0.270
0.259
0.240

MZ5A
MZ5B
MZ5C
MZ5D

MZ5D are shown in the inset of figures 4b, 4d, 4f and 4h.
Large number of randomly oriented crystalline particles
shows ring pattern with spots. The lattice spacings are
attributed to the inverse spinel ferrite. The results match
with the XRD measurement results.

4. EDX analysis
The EDX spectrometry results are shown in figure 5 for
MZ5 samples prepared under different synthetic conditions. The presence of weight percentage of Mn, Zn, Fe
and O elements in the sample are shown in table 2. It is
seen from table 2 that the percentage of Zn reduces in
the samples after synthesis although the initial weight
percent of Zn and Mn is the same. Only in MZ5C sample
the ratio of Mn:Zn and Mn:Fe are close to the expected
value of 1.0 and 0.25. The reason for the reduced content
of Zn cannot be understood except for the fact that Zn is
more volatile than the other ions. However, the ratio of
Mn to Fe is close to its stoichiometric value of 0.25. The
variation in Zn2+ ion has changed the stoichiometry of
the samples which can be correlated with the variation
in Me2+ /OH− ion ratio. The disproportionate Zn content has led us to check the valance state of other ions
present in the system and hence it was decided to study
the XPS measurement of these samples.
4.1 XPS measurement
The chemical elements and the oxidation states in
the system can be well examined using XPS [28–30].
Figure 6a displays the XPS survey spectra of MZ5 samples within the binding energy range of 0–1350 eV.
Spectral calibration was done by setting the main C1s
component at 286 eV. The main peaks of Mn2p, Zn2p,
Fe2p, O1s and Cl2p are centred at around 642, 1022,
711, 530 and 199 eV, respectively (table 3). The carbon
signal is mainly assigned to organic species adsorbed
on the surface of the particles. The other signals due to
the mixed Mn–Zn ferrite particles appear to vary significantly in their intensity from one sample to another,
particularly the Mn and Zn ones. Surprisingly, the Zn
intensity in MZ5B sample does not show off in XPS
spectra which also is in agreement with the results

obtained previously by the chemical analysis done using
EDX.
Focussing now on the electronic state of each constituting cation, the high resolution spectra of the four
samples were recorded. Fe2p signal, shown in figure 6b,
is split into two main components, Fe2p3/2 (at around
711 eV) and Fe2p1/2 (at around 725 eV). Each peak
is mirrored by a shake-up satellite on its high binding
energy side, respectively at 719.5 and 733.5 eV, caused
by the configuration interaction due to relaxation of the
valence electrons. Figure 6b shows the comparison of
the Fe signal with reference samples, i.e. Fe2+ (2p3/2)
has a peak at 709 eV and Fe3+ (2p3/2) has a peak at
711 eV [30]. In the present case, it is clear that the Fe
electronic states in the Mn–Zn ferrite particles are closer
to Fe3+ (2p3/2).
The high resolution Mn2p spectra also exhibit two
main peaks at around 642 (2p3/2) and 654 (2p1/2)
eV. Satellite lines of manganese appear at much higher
binding energies. The Mn 2p3/2 lines, shown in figure
6c, are fitted with three peaks with binding energy at
641.5/642.03 and 645.7 eV, assigned to Mn2+ , Mn3+
and Mn4+ , respectively. These binding energy values
are in agreement with many reported XPS data of
manganese-containing compounds. The binding energy
values of Zn2p3/2 and Zn2p1/2 peaks are 1022 and
1044.46 eV, respectively (figure 6d), indicating the presence of Zn2+ species. Altogether, EDX and XPS results
suggest that the prepared Mn–Zn mixed ferrites exhibit
a defect-spinel structure exhibiting a large deviation
from stoichiometry due to the variation in Me2+ /OH−
ion ratio. MZ5B sample is almost like Mnx Fe3−x O4
with a trace amount of Mn0.5 Zn0.5 Fe2 O4 phase, whereas
MZ5C and MZ5D are having stoichiometry almost similar to Mn0.5 Zn0.5 Fe2 O4 . The defected structure will
affect the magnetic properties.
4.2 Magnetic measurement
The temperature- and field-dependent magnetisations of
the samples were measured using VSM at 20 and 300
K. Figures 7a and 7b show that the saturation magnetisation (σs ) is maximum for MZ5B followed by MZ5C,
MZ5A and MZ5D. The magnetisation curve (σ vs. H )
for MZ5D shows superparamagnetic nature at 300 K,
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Figure 6. (a) XPS survey scan, (b) Fe2p scan, (c) Mn2p scan and (d) Zn2p scan for all the samples, respectively for MZ5A
(continuous blue line), MZ5B (red-dashed line), MZ5C (short-dashed black line) and MZ5D (dash–dotted magenta line).
Table 3. XPS peak position and atomic percentage for Mn2p, Zn2p, Fe2p, O1s, C1s and Cl2p elements.
Element

Peak energy (eV) and atomic%

Sample code
MZ5A
MZ5B
MZ5C
MZ5D

Mn2p3/2

Zn2p3/2

Fe2p3/2

O1s

C1s

Cl2p

642.21
7.98%
642.03
7.85%
642.91
8.00%
643.8
2.17%

1021.84
2.38%
—

711.54
13.88%
711.82
17.00%
712.43
13.33%
713.35
13.62%

530.47
48.12%
530.92
48.35%
531.38
48.73%
532.41
42.1%

285.41
22.62%
–

199.23
2.03%
199.46
1.92%
200.09
1.87%
201.22
12.30%

1022.33
2.38%
1023.35
5.17%

i.e., no remanence and coercivity. However, as particle
size increases, the hysteresis loop starts to open up near
the origin indicating the onset of coercivity for larger
sized particles. At low temperature (20 K), all the samples develop coercivity. The value of coercivity (Hc ) is
reported in table 2.
The virgin data, i.e., data of the first quadrant from
0 to 1.2 were fitted with the Frohlich–Kennely equation using the initial susceptibility (χi ) and saturation
magnetisation (σs ) as described below.
M(H )=

χi H σ s
.
χi H +σs

(1)

Figure 7c shows the plot of Frohlich–Kennely fit to
the magnetisation data acquired at 300 K. Both the
fit parameters are reported in table 4. The initial susceptibility and saturation magnetisation increase and

286.35
20.31%
286.95
24.60%

reach the maximum when Me2+ /OH− is 0.520. However, upon further increase in this ratio it decreases
and becomes minimum when Me2+ /OH− is 0.600
(figure 7d). The maximum susceptibility is found to be
12.0 and saturation magnetisation is 80 Am2 /kg when
Me2+ /OH− is 0.520. The room-temperature saturation
magnetisations for samples MZ5B and MZ5C are higher
than that obtained for the particles (∼ 42Am2 /kg) prepared using co-precipitation of Me2+ − Fe3+ salts [23].
MZ5D shows the lowest susceptibility (1.0) and saturation magnetisation (11.8 Am2 /kg).
The saturation magnetisation at 20 K is 101.9Am2 /kg
and is the maximum for the sample MZ5B. It is to be
noted here that 140 Am2 /kg is the bulk value of saturation magnetisation for this composition [17]. The
lesser observed value of magnetisation can be due to the
temperature-sensitive nature of this material, finite size
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(a)

(b)

(c)

(d)

Figure 7. Magnetic measurement of powder samples of Mn0.5 Zn0.5 Fe2 O4 (a) at 20 K, (b) at 300 K, (c) Frohlich–Kennely
fit to experimental data at 300 K and (d) saturation magnetisation as a function of Me2+ /OH− ratio at 20 K and 300 K.
Table 4. Magnetic parameters derived from the σ vs. H plot and from induction heating experiment.
Sr. No. Sample Dx (nm) T = 20 K
T = 300 K
SAR (W/g)
ILP
2 /kg) ± 0.3
code
±
2.0
(nHm
χini σs (Am2 /kg) Hc (mT) χini σs (Am2 /kg) Hc (mT)
MZ5A
MZ5B
MZ5C
MZ5D

32
119
63
32

3.2
9.9
4.9
2.27

45.7
93.6
71.2
29.1

46.4
33.3
51.5
15.6

effect and defected spinel structure. The optimum value
of Me2+ /OH− is found to be 0.52, and upon changing
this value, a change in structural and magnetic parameters is observed. But as seen from EDX and XPS results,
the MZ5B sample is defected spinel with almost no Zn
ion present in the system. Due to this, its magnetisation
resembles that of Mnx Fe3− x O4.
To see the effect of defected structure on the Curie
temperature, low-temperature magnetic measurement
was carried out by freezing the powder samples under
zero magnetic field. The data were recorded during the
warming up cycle under the influence of 1 T magnetic
field. Figure 8 shows the normalised magnetic response
as a function of temperature for all the four samples.
The symbols are experimental data and dotted line is
the fit with the Bloch equation [31] as shown in eq. (2).
It is seen that the rate of decrease of magnetisation as

3.5
12.0
5.5
1.0

27.0
80.0
46.2
11.8

2.8
19.0
16.8
0.1

45
78
61
7

5.9
10.2
8.0
0.9

1.0

M (T) /Ms (T=0K)

1
2
3
4

0.8

MZ5B
0.6

MZ5C
0.4

0.2

MZ5D

0.0
0

200

MZ5A
400

600

800

1000

T (K)

Figure 8. M(T )/Ms (T = 0 K) vs. temperature for MZ5
samples prepared at different Me2+ /OH− ratios. The symbols
are experimental data and dotted line is the fit with the Bloch
equation.
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a function of temperature is faster for MZ5D than for
MZ5A, MZ5C and MZ5B, respectively.

60
55

Mn0.5Zn0.5Fe2O4

M(T ) = M(T = 0 K)(1 − (T /TC )3/2 ),

50

3 Wt%
H = 4 kA/m
f = 475 kHz

(2)

MZ5B
MZ5C

40
0

T ( C)

where M(T = 0 K) is the spontaneous saturation magnetisation at 0 K and TC is the Curie temperature of
the material. The Curie temperature is obtained by
extrapolating this equation which is passing through the
experimental value of magnetisation. The lowest Curie
temperature is obtained for sample MZ5D which is 396
K. For MZ5A sample it is 491 K, for MZ5C it is 600
K and for MZ5B it is 972 K. The defect in the spinal
structure changes the Curie temperature drastically. The
sample with stoichiometric compound has maintained
the Curie temperature of the Mn0.5 Zn0.5 Fe2 O4 composition [23].

45

76

MZ5A

35
30
25

MZ5D

20
15
0

100

200

300

400
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Figure 9. Temperature change as a function of heating time
measured at 475 kHz frequency and 4 kA/m field strength for
powder samples of Mn0.5 Zn0.5 Fe2 O4 of different size dispersed in glycerol (3% by weight).

4.3 Hyperthermia measurement
In magnetic fluid hyperthermia the heating power (SAR)
of the magnetic nanoparticles needs to be accurately
measured as it quantifies the efficiency of the fluid
to transform magnetic energy into heat. The thermal
response depends on many parameters like particle
size, size distribution, interparticle interactions, concentration of particles in carrier medium, viscosity, heat
capacity and surface modification. The sample concentration shows linear relationship with the intensity of the
applied field [32]. However, minimum concentration is
required to avoid the toxicity of the material. Figure 9
shows the temperature evolution curves for the MZ5
sample (3 wt%) at 475 kHz frequency with 4 kA/m
intensity. The heating efficiency of the nanoparticles is
investigated in glycerol dispersion eliminating Brownian relaxation due to high viscosity of the dispersion
media. This condition occurs when nanoparticles are
administered to the tumour tissue. SAR is defined as the
absorbed power normalised by the mass of the nanoparticles for a specific frequency and field and is calculated
as follows [33,34]:
 
1
dT
SAR =
(CMZ5 MMZ5
m Fe +m Mn +m Zn dt
+ Cglycerol Mglycerol ),
(3)
where m Fe + m Mn + m Zn is the weight fraction of the
metal element in the magnetic nanoparticles in glycerol
dispersion, dT /dt is the slope of temperature rise in time
curve and C (J · g−1 K−1 ) is the heat capacity of the
sample in the form of dispersion consisting of particles
as well as carrier and M is the mass of a component
of the sample. The specific heat capacity for glycerol is
2.434 J/g-K and that for MZ5 particles is 0.7 J/g-K [35].
The value of dT /dt is determined from the initial slope
of temperature increase obtained from the linear term

of the polynomial fit of the whole curve. The calculated
values of SAR are listed in table 2. According to the
results obtained, the maximum SAR is found for 119 nm
size particles as 78 W/g followed by sample MZ5C as
61 W/g, sample MZ5A as 45 W/g and MZ5D as 7 W/g.
In order to investigate the heating response of a material independent of AC field strength and frequency,
intrinsic loss power (ILP) defined as eq. (4) can be
used [36].
ILP = SAR/H 2 f.

(4)

The ILP calculated using eq. (4) is 5.9, 10.2, 8.0
and 0.9 nHm2 /kg, respectively, from MZ5A to MZ5D
which is higher than that of the best available commercial materials [37]. This suggests the potential use
of MZ5 system in magnetic hyperthermia. The heating
characteristics of particles are a complex function of
the properties of individual nanoparticles and their collective magnetic behaviour. The effect of interparticle
interactions on SAR is still not understood. However,
the morphology of these nanoparticles helps to understand heating behaviour. Therefore, it is investigated
using TEM.
Figure 9 reveals that the heating response was high
for cube-shaped particles compared to sphere-shaped
particles. Since, in the present case, the experiment was
carried out by dispersing the particles in glycerol, Neel
relaxation is dominated. Neel relaxation depends on the
intrinsic anisotropy constant of the materials and particle volume (cube or particle diameter). For MZ5A and
MZ5C, the sample preserved the same spherical and
cubical particle size as observed from the TEM analysis.
However, the saturation magnetisation of MZ5C particles was greater than that of MZ5A leading to higher
heating response. Our results agreed well with literature
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that higher saturation magnetisation of particles results
in higher heating power [38].
The SAR value obtained for 43 nm size γ -Fe2 O3
nanoparticles [5] is much lower than the value found
in the present work. Tumours can be heated up to
the required hyperthermia temperatures (41–47°C) by
increasing either nanoparticle concentration or AMF
strength [39–41]. For Fe3 O4 particles the reported concentration is between 10 and 20 mg/ml [42]. The
concentration used in the present experiment is 3 mg/ml
which is much lower than the reported value and also
lower than ~120 mg/ml (of Fe) used for clinical trials
[43–45]. Ma et al [46] have found 75.6 W/g (80 kHz,
32.5 kA/m) for 46 nm size particles prepared using
oxidation method. Mohapatra et al [47] reported 646
W/g SAR for 80 nm Fe3 O4 particles (247 kHz, 24.6
kA/m). In the present case, the SAR obtained for 3
mg/ml concentration of particles in glycerol is 78 W/g
at relatively low frequency (475 kHz) and field strength
(4 kA/m). Moreover, the particles are not dispersed in
water or saline media, which will further enhance the
SAR value due to the better dispersibility of particles
[48,49]. Khot et al [50] have found almost no heating
for Mn0.4 Zn0.6 Fe2 O4 system, whereas Lin et al [14]
reported good result of MZ5 system when hyperthermia is associated with radiation therapy. In the present
case, we report significantly high SAR for MZ5 system
(78 W/g) at 3 mg/ml concentration in glycerol.
From all the above reported results it can be said that
higher heating rate is found when the samples are prepared by oxidation method than when it is prepared by
other methods [51–53]. Our results are in line with this
observation. The spherical particles with relatively narrow size distribution and high saturation magnetisation
collectively determine maximum heating response of
particles at a given frequency and field. The stoichiometry of Mn0.5 Zn0.5 Fe2 O4 is maintained for MZ5C sample
that has 0.54 as the Me2+ /OH− ratio and it gives superior magnetic and heating response.

5. Conclusion
Mn–Zn ferrite has been synthesised using chemical
route by varying Me2+ /OH− ratio and using only Fe2+
ion. The size variation is observed from 32 to 119 nm,
with increase in Me2+ /OH− ratio from 0.375 to 0.6.
We conclude that the optimum value of Me2+ /OH−
ratio is 0.52, and upon changing this value, there will
be a change in shape and size and hence its structural
and magnetic parameters. EDX and XPS measurements
show the change in stoichiometry of the composition
when Me2+ /OH− ratio changes. When the ratio is
0.52, the Zn ion is absent and the structure resembles
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Mnx Fe3− x O4. The defect in the composition changes
magnetic properties like saturation magnetisation and
the Curie temperature of the samples. Maximum heating
rate was observed for 119 nm crystallite size particles resulting in saturation magnetisation and SAR as
80 Am2 /kg and 78 W/g, respectively. But the sample is non-stoichiometric. The values of SAR for other
samples are 45 W/g, 61 W/g and 7 W/g respectively, for MZ5A, MZ5C and MZ5D. The stoichiometry
of Mn0.5 Zn0.5 Fe2 O4 is also maintained for all other
samples among which MZ5C sample prepared when
Me2+ /OH− ratio is 0.54 shows superior magnetic and
heating responses. Moreover, higher SAR and ILP
are obtained for MZ5 sample than that reported earlier.
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