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Abstract

Mg 5sCug osZng 45Fe>0,4 nanoparticles were prepared through sol-gel method using polyvinyl alcohol as a chelating agent. The as prepared
sample was annealed at three different temperatures (500 °C, 700 °C and 900 °C). The phase formation, morphology and magnetic properties with
respect to annealing temperature were studied using the characterisation techniques like X-ray diffraction (XRD) as well as Fourier transform
infrared spectroscopy (FTIR), field emission scanning electron microscopy (FESEM) and vibrating sample magnetometer (VSM), respectively.
The crystallite size and magnetisation showed increasing trend with annealing temperature. The coercivity increased up to a particular annealing
temperature and decreased thereafter, indicating transition from single domain to multi domain state with increasing annealing temperature.
Further, to know the suitability of the material, as a ferrite core, in multilayer chip inductors, the powder sample annealed at 500 °C was compacted
in the form of torroids and sintered at three different temperatures (800 °C, 900 °C and 950 °C). The permeability showed increasing trend with the
increase of sintering temperature since the permeability depends on microstructure. The frequency dispersion of permeability, for the sintered
samples, demonstrated high frequency stability as well as high operating frequency. The cut-off frequency for the sintered samples 800 °C, 900 °C

and 950 °C is 32 MHz, 30.8 MHz and 30.4 MHz, respectively.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The synthesis of spinel ferrite nanoparticles has been
intensively studied in recent years due to their potential
applications in high-density magnetic recording, micro-wave
devices and magnetic fluids [1]. These materials are considered
superior to other magnetic materials because of low eddy
current losses due to high electrical resistivity. The high
frequency electromagnetic devices like microwave absorbers,
converters and inductors require high initial permeability at
radio frequency range [2]. Recently there is a growing interest
on MgZn ferrites for electronic device applications instead of
NiZn ferrites since nickel and its compounds produces
carcinogenic effects and environmental toxicity, despite of
their high permeability and high resistivity at higher
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frequencies [3]. There are several reports existed in the
literature on NiCuZn ferrite system having good electro-
magnetic properties with low sintering temperature. These
materials found to be appropriate for multilayer chip inductor
applications (MLClIs) [4,5]. But unfortunately, these ferrites
are sensitive to stress which adversely affect the inductance
and hence the magnetic properties of the material. This is due
to high magnetostriction constant of NiCuZn ferrite [6]. The
main requirement of MLCIs materials are high permeability at
higher frequency; good frequency stability over a large
frequency band width along with low sintering temperature.
Thus in search for an alternate material for MLCIs, MgCuZn
ferrite was chosen since it has high electrical resistivity:high
Curie temperature:good environmental stability and that too
they are available at low cost [7]. Besides that MgCuZn ferrite
has low magnetostriction constant than NiCuZn ferrite [8].
Nowadays, attention is being paid towards MgZn ferrite
(superparamagnetic particles) for the treatment of magnetic
hyperthermia [9]. Also the mixed spinels of the type
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Mg, _,ZnFe,04 have weaker exchange coupling among A and
B sites thereby reducing anisotropy constant. Hence there is a
possibility of existence of superparamagnetic relaxation at
room temperature even for big sized particles in such type of
compositions [10].

Yue et al. [11] investigated (Mgg 5_,Cu,Zng 5)O(Fe>03)g.08
ferrite system and observed an improved permeability with Cu
substitution but the critical frequency was around 10 MHz.
Barati [12] studied electromagnetic  properties  of
Mgy s Cug,Zn,Fe,0, ferrite prepared through nitrate—citrate
auto combustion method .The results showed an improved
permeability as the Zn content increases, but with poor
frequency stability (2 MHz). Manjurul Haque et al. [13]
investigated magnetic and dielectric  behaviour of
Mgy 55 Cu,Zng 450(Fe;03)0.97 (x = 0.0-0.35) ferrite prepared
through standard ceramic method which exhibited enhanced
permeability with Cu substitution and the maximum relaxation
frequency was around 5.7 MHz for x=0.2. The literature
reports on Cu substituted MgZn ferrites demonstrating high
permeability but the relaxation frequencies are low in the order
of few hundreds of kHz to MHz [11,13,14]. For improving the
operating frequency of the MgCuZn ferrite material with low
sintering temperature attempts were made.

Synthesis of nanoparticles having particle diameter smaller
than the critical diameter is necessary for avoiding multi
domain formation as well as hindering domain wall motion. In
case of single domain particles, only contribution to
magnetisation is by rotation of spin, thereby improving
operating frequency of the material since spin rotation occurs
in GHz frequency region. In the present work,
Mg sCug gsZng 45Fe,O4 nanoparticles were prepared through
sol-gel method using polyvinyl alcohol as a chelating agent.
The structural and magnetic properties of MgCuZn ferrite as a
function of annealing temperature were investigated. This will
provide information about the temperature required for
formation of pure spinel phase and it is also useful to study
the size dependent magnetic properties. The annealing
temperature was chosen in such a way to obtain good magnetic
properties as well as to attain low sintering temperature. Since
fine particles are highly reactive and thereby reducing sintering
temperature. In addition to that we have also studied frequency
dispersion of permeability on the sintered samples at varied
sintering temperatures. Since this will furnish magnitude of
permeability and zone of utility of the material.

2. Experimental

Mg sCug gsZng 45Fe,O, ferrite nanoparticles were pro-
cessed through sol—gel method. Analytical grade magnesium,
zinc, copper and ferric nitrates were weighed in stoichiometric
proportions and made them dissolved separately in deionised
water. Thus obtained cationic solutions were mixed one into
another and stirred continuously for one hour in order to
improve homogeneity. To the resulting solution, precursor,
polyvinyl alcohol (PVA) solution was added drop by drop under
constant stirring and heating. The gelation continued step by
step till a red gel type product was formed with the release of

reddish brown gases at about 100 °C, leaving the fluffy mass in
the reaction vessel. The as dried powder was annealed at three
different temperatures 500 °C, 700 °C and 900 °C for 1 h. From
hereafter, the three annealed samples were named as M5, M7
and M9. The sample annealed at low temperature (M5) was
selected purposefully and compacted in the form of torroids
using polyvinyl alcohol as a binder and sintered at three
different temperatures 800 °C, 900 °C and 950 °C for 1 h with a
heating rate of 5 °C/min in a programmable muffle furnace.

2.1. Characterization

The characterization of the prepared MgCuZn nanoparticles
was conducted by various techniques to know the structure,
particle size distribution and also to explore other properties of
interest. The phase identification, crystallite size and lattice
parameter were determined using X-ray diffraction (XRD)
patterns collected from INEL XRG 3000 powder diffractometer
with Co Ka radiation (A = 1.78897 A) in the 26 range from 20°
to 120°. Formation of spinel phase was also confirmed from
Fourier transform infrared spectra (BRUKER OPTICS TEN-
SOR 27) recorded in the wave number region 4000—400 cm ™"
using KBr pellet method. The morphology and grain size
distribution of nanoparticles having gold with palladium coated
surfaces were investigated by field emission scanning electron
microscope (FESEM) Carl Zeiss Ultra 55 operating at an
accelerating high tension voltage EHT of 17 kV with a working
distance WD of 8.5 mm, while the elemental analysis of the
annealed samples were carried out using Energy Dispersive X-
ray spectroscopy (EDS). Room temperature static magnetiza-
tion measurements were carried out using vibrating sample
magnetometer (EV-7 VSM) with a maximum applied field of
15 kOe. The frequency dispersion of permeability for the
sintered samples was measured using High frequency LCR
meter (WAYNKERR 6500P) in the frequency range from
100 Hz to 50 MHz.

3. Results and discussion
3.1. Structural analysis

X-ray diffraction patterns of both the annealed and sintered
samples were shown in Fig. 1.The existence of highest intensity
peak around the diffraction angle (26) equal to 41° for the
samples corresponding to (3 1 1) plane, confirms the formation
of spinel ferrite. In addition to that a broad peak at 26 around
38° was noticed in the samples of M5 and M7 (indicated as
star), corresponding to small trace of secondary phase (hematite
a-Fe,03). This is due to the fact that at low temperature, the
atomic diffusion is slow thereby obstructing the formation of
pure spinel phase of Mg sCug o0s5Zng 45Fe,0,4 ferrite. In the case
of sample M9, secondary phase is completely disappeared by
forming pure spinel cubic phase. The peaks in the diffracto-
grams were indexed by comparing observed interplanar
distances (d) with standard JCPDS File No. 08-0234. The
broad and well resolved peaks in the XRD patterns, for the
samples M5 and M7 clearly demonstrated fine particles of
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Fig. 1. XRD patterns for the annealed (M5, M7 and M9) and sintered samples
(800 °C, 900 °C and 950 °C).

polycrystalline MgCuZn ferrite. It is also observed that the
diffraction peaks became sharper, narrower along with
increased intensity with increased annealing temperature. This
can be attributed to the improvement in both the crystallite size
and crystallinity as a function of annealing temperature. Barati
[12] observed a similar type of structural behaviour as a
function of annealing temperature. The mean crystallite sizes
were calculated from X-ray line broadening of the (31 1)
diffraction peak using Debye Scherrer’s equation by taking in to
account the instrumental line broadening factor [15].

_09xA

= B cos O
w is_the wavelength of the X-rays (1.78897 A), B=
B2, — B> is the full width at half maximum (in radians)

after correcting the instrumental broadening factor (8,), Bcas 1S
the observed full width at half maximum and 6 is the Bragg’s
angle. Since the crystallite size showed an increasing trend as a
function of annealing temperature which implies there is
progressive growth of crystallites. The lattice parameter calcu-
lations for the samples M5 and M7 are excluded due to the
presence of secondary phase. The lattice constant (a) of the
sample M9 is determined using Nelson—Riley (NR) extrapola-
tion method by minimizing both the systematic and random
error. The values of the lattice parameter obtained from each
reflected plane were plotted against the Nelson—Riley function
F(0) (NR). A straight line graph with a positive intercept was
obtained [16].

F(0) ==
®) 2 sin9+ 0

1 {cos2 6  cos? 9}

The extrapolation of the straight line to F(6) =0 or 8 = 90°
gives the accurate lattice constant. The structural and magnetic
parameters as a function of annealing temperature are presented
in Table 1.

The XRD patterns (Fig. 1) for the samples sintered at three
different temperatures showed pure spinel phase with no other

Table 1

Structural and magnetic parameters for the annealed samples.

Annealed samples M5 M7 M9
Crystallite size (nm) 9 21 52
Grain size (nm) <10 30 87
Lattice constant (A) - - 8.4089
Saturation magnetisation M; (emu/g) 31.23 35.66 47.68
Coercivity H,. (Oe) 2 23.09 14.36
Remnant magnetisation M, (emu/g) 0.2 2.36 4.128
Remanence ratio R = M,/M, 0.0064 0.0066 0.0865
Table 2

Structural and magnetic parameters for the sintered samples.

Sintering temperature 800 °C 900 °C 950 °C
Lattice constant (A) 8.4168 8.4114 8.4161
Crystallite size (nm) 42 53 74
Grain size (nm) 73 139 270
Static permeability u; at 1 MHz 12 41 75
Cut-off frequency (MHz) 32 30.8 30.4

secondary phase. Thus in the process of sintering, a small
amount of secondary phase (Fe,Os3) which was seen in the
powder sample M5 was reacted by reactive sintering and it got
transformed into crystalline pure spinel MgCuZn ferrite [17].
The lattice constant (a) is almost same for the three sintered
samples. The observed lattice constant values are in good
agreement with the reported results [13]. The crystallite size
for all the samples along with the lattice constant is shown in
Table 2.

3.2. Fourier transform infrared spectroscopy analysis
(FTIR)

Chemical and structural changes that take place during the
heat treatment can be monitored by a spectroscopic analysis.
Fig. 2 shows IR spectra of the annealed samples (M5, M7 and
M9). The samples show weak bands at about 3400, 1600,
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Fig. 2. FTIR spectra for the annealed samples M5 (a), M7 (b) and M9 (c).
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1384 cm™" .The first band around 3400 cm ™' corresponds to
the stretching mode of O-H group in the free and absorbed
water and PVA. The second band around 1600 cm ™' belongs to
H-O-H bending vibration of the residual water .The third one
around 1384 cm ™' is attributed to the anti-symmetric NO; "
stretching vibration [18]. In addition to that there is a low
intensity frequency band around 2900 cm ™' corresponding to
the stretching vibration of CH, implies the presence of PVA
[19].The intensity of these bands reduces as a function of
annealing temperature indicating the formation of pure spinel
ferrite. Thus, FTIR analysis throw a light on annealing
temperature required for the completion of solid state reaction
by removing the unwanted species or ions present in the
material. The presence of these ions will deteriorate material
properties. Besides that there are two strong frequency bands
(v1, v2) which were observed in all the samples at 571 and
434 cm™ ! corresponding to characteristics of ferrites. The band
v; is assigned to the vibration of the bond between the oxygen
ion and the tetrahedral metal ion O—M,., and the band v, is
assigned to the vibration of the bond between the oxygen ion
and the octahedral metal ion O-M,, [20]. The difference in
band positions is due to change in bond length of Fe>*—0?~ at
tetrahedral (0.189 nm) and octahedral (0.199 nm) sites respec-
tively [21]. It is observed that there is no shift in the frequency
band v, for the samples M5 and M7 where as for the sample M9
there was a shift in frequency band. The slight variation in vy is
due to change in microstructure with increased annealing
temperature. The frequency band v, remains at the same
position for the three annealed samples.
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3.3. Micro structural and EDS analysis

It is well known that the magnetic properties of a material
are sensitive to its microstructure. FESEM micrographs for the
annealed samples M5, M7 and M9 are shown in Fig. 3(a)—(c)
respectively. It is inferred from the micrographs that in the case
of sample M5, the grains have spherical shape with ultra fine
size and they are at the formation stage. Since the grains are of
very small size (<10 nm) it is difficult to calculate the average
grain size in this case. The mean grain size for the samples M7
and M9 with standard deviation was obtained by counting large
number of grains to ensure accurate measurement. The sample
M7 and M9 showed polyhedral grains with increased grain size
compared to the sample MS5. The sample M7 displayed a
homogeneous microstructure with narrow grain size distribu-
tion having an average grain size of 30 nm whereas for the
sample M9 an average size is of 87 nm. The grain sizes for the
present samples were higher than the crystallite size (D,,,)
obtained using Debye Scherrer’s formula from XRD, indicating
that the crystallites are agglomerated to form grains. The
crystallite size and grain size showed almost linear increase
with increasing annealing temperature. The morphology of the
annealed samples gets transformed from spherical to poly-
hedral shape with increasing annealing temperature. This is due
to the replacement of solid—vapour surface of the crystals by
solid—solid interface via solid state diffusion, in order to, reduce
overall surface energy [22]. The chemical composition of the
annealed samples was also investigated using EDS spectral
analysis. The qualitative elemental analysis obtained from EDS

Size = 3000pm WO ® 24 mer ESBGid= 0V Time :11:07:43

(a)

Fig. 3. FESEM microstructures for the annealed samples M5 (a), M7 (b) and M9 (c) and EDS spectra for the sample annealed at 900 °C (d).
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Fig. 4. FESEM microstructures for the sintered samples 800 °C (a), 900 °C (b), 950 °C (c) and EDS spectra for the sample sintered at 950 °C (d).

spectra showed peaks corresponding to the elements Mg, Cu,
Zn, Fe and O. The samples M5 and M7 showed non
homogeneous chemical composition, due to the presence of
small trace of secondary phase (Fe,O3) whereas the sample M9
exhibited the chemical composition similar to the proposed
stoichiometric formula. For instance, the EDS spectra for the
sample M9 at a particular location is as shown in Fig. 3(d).
The FESEM micrographs for the sintered samples are as
shown in Fig. 4. The sample sintered at 800 °C contains
spherical grains with narrow grain size distribution having an
average grain size of 73 nm with standard deviation of 3 nm.
Fig. 4(b) illustrates the microstructure of the sample sintered at
900 °C, comprising polyhedral grains with improved grain size
and there is an improved intact among the grains compared to
the sample sintered at 800 °C. The average grain size for this
sample is 139 nm with standard deviation of 3.7 nm. The
sample sintered at 950 °C presented a microstructure with
smooth and clean octahedral shaped grains with nearly uniform
diameter. The grains have an average diameter of 270 nm with
standard deviation of 13 nm. All the samples exhibited a
relatively uniform grain size distribution which was assessed
from the values of standard deviation. It is well established that
densification of ferrites is carried out by diffusion of atoms
through the grain boundary; grain growth by grain boundary
migration [23]. In the present case, with increasing sintering
temperature, there is an improved densification as well as the grain
growth. It is observed that with increasing sintering temperature
porosity was reduced. The obtained microstructure of the present
samples is useful for attaining good electromagnetic properties

like permeability and magnetization. The qualitative and
quantitative elemental analysis was carried out on the sintered
samples, at a particular location, for examining the formation of
stoichiometric MgCuZn ferrite. Fig. 4(d) shows EDS spectra of
the sample sintered at 950 °C.

3.4. Room temperature magnetic properties analysis

Fig. 5 represents isothermal magnetization curves at room
temperature in an applied magnetic field of 15 kOe for the
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Fig. 5. Room temperature hysteresis loops for the annealed samples M5, M7
and M9.
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samples M5, M7 and M9. The samples showed narrow
hysteresis loops with low coercivity implied reduced hysteresis
losses in the present samples. The magnetic parameters such as
saturation magnetisation (M), remanent magnetisation (M,)
and coercivity (H,) (Table 2) were obtained from the hysteresis
loop (M—H loop) and these parameters showed dependence on
microstructure. The samples M5 and M7 showed non saturating
magnetization behaviour even up to an applied magnetic field
of 15 kOe indicating the presence of superparamagnetic (SPM)
particles in the samples, since the high field curvature of
magnetization is due to small particles [24]. It is well known
that the saturation magnetization can be tuned both by intrinsic
and extrinsic parameters like composition and grain size
respectively. The saturation magnetization (M;) showed
increasing trend with annealing temperature. This is because
of two reasons. Reduced antiferromagnetic a-Fe,O3 content
(clearly seen in XRD patterns) with annealing temperature is
one of the reasons [25]. The other reason being increased
crystallite size with annealing temperature resulting in the
formation of multi domain particles, since multi domain
particles require low switching field for domain wall motion
thereby improving saturation magnetisation [26]. The coerciv-
ity (H.) in general is a measure of magnetization reversal
process under the action of an applied field. It depends mainly
on particle size and crystalline anisotropy constant [27]. The
coercivity showed an increasing trend with increasing
annealing temperature up to 700 °C and then decreases in
case of sample annealed at 900 °C. This can be attributed to
variations in particle size with annealing temperature. The
sample M5 exhibited insignificant coercivity (H.~ 2 Oe)
validating the SPM nature. When the particle size is more
than the critical diameter (D.) for single domain then the
coercivity can be determined from domain wall displacement.
When the particle size is in the order of D, the coercivity is
determined from domain rotation [28]. The critical diameter for
single domain particle is [29]

_ 9wy
c 2nM?

where w,, is the domain wall energy and is given by w, =
(2kgTcKv/ a)l/ 27 M is saturation magnetisation, kg is Boltz-
mann constant, 7T, is Curie temperature, Ky is magnetocrystal-
line anisotropy constant and a is the lattice constant.

The anisotropy constant (K;), Curie temperature (7,) and
saturation magnetisation values were assumed from the
literature reports close to the present composition and the
values are K; = —2.2 x 10* erg/cm3 [30], T. =132 °C [30] and
M, =235 Gauss [6]. The observed lattice constant is 8.4168 A.
Thus the critical diameter obtained from the above formula is
44 nm.

In the present case, the sample annealed above 700 °C has
the particle size (52 nm) which is more than the critical size for
single domain and hence the sample M9 exists in multi domain
state. Thus transition from single domain to multi domain state
took place with increased annealing temperature. The
remanence ratio R = M,/M, is referred to as squareness of a
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Fig. 6. Variation of saturation magnetisation and coercivity with annealing
temperature.

hysteresis loop and is dependent on anisotropy constant and
particle diameter [31]. This ratio is observed to be increasing
with increase of annealing temperature which corresponds to
increase in particle size [32] and this is in good agreement with
both XRD and FESEM results. The variation of saturation
magnetisation and coercivity as a function annealing tempera-
ture is represented in Fig. 6.

3.5. Frequency dispersion of permeability spectra analysis

Frequency dispersion of permeability for the samples
sintered at 800 °C, 900 °C and 950 °C are as shown in
Fig. 7. The basic magnetization processes contributing to
permeability are spin rotation; domain wall bulging; domain
wall displacement [33]. In low frequency region, both domain
wall (DW) bulging and displacement affect the permeability.
DW bulging gives rise to frequency dispersion of permeability
related to relaxation type and it is a reversible process. The
relaxation frequency is proportional to the extent of pinning
[34]. The DW displacement is of resonance type and its
frequency increases as the size of the DW reduces [35]. The
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Fig. 7. Frequency dispersion of permeability for the sintered samples 800 °C
(a), 900 °C (b) and 950 °C. The inset shows high frequency dispersion of
permeability.
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DW displacement contribution to the permeability can be
improved if the measurement is carried out in DC magnetic
field. As the applied DC magnetic field increases, at one
particular filed called propagation field the domain walls are
unpinned and start to displace [36]. The DW displacement is an
irreversible process and it is related to hysteresis losses in M—H
loops. The spin rotation occurs at high frequency range (GHz)
in case of single domain particles since the entire spins in the
domain has to rotate in the applied field direction.

Frequency dispersion of permeability for the present samples
shows decrease of permeability at low frequency and has
maximum at higher frequency followed by a drop in the
permeability. The high frequency dispersion of permeability is
represented in the inset of Fig. 7. This is attributed to the mixed
behaviour of the type relaxation resonance phenomenon. Herrera
[34] observed similar type of frequency dispersion of perme-
ability in V,05 doped Nig 7Zng 3Fe,O, ferrite system. According
to the CPS (complex permeability spectra) model proposed by
Jankovskis [35] considering both the grain size and standard
deviation parameters showed occurrence of domain wall
resonance at higher frequency, due to intragranular defects. It
is already discussed earlier that the grain size increased with
sintering temperature indicating the presence of domain walls
and hence exhibited similar type of resonance behaviour as
discussed above. Yue et al. [11] also pointed out the similar type
of performance with applied ac filed in Cu substituted MgZn
ferrites. It is well known that domain wall permeability is
dominant in low frequency region. The permeability showed an
increasing trend with sintering temperature due to increased
grain size. The static permeability u; at 1 MHz for the samples
sintered at 800 °C, 900 °C and 950 °C is 12, 41 and 75,
respectively. The cut-off frequency exhibited decreasing trend
with increasing sintering temperature. Thus the present samples
are obeying Snoek’s law. The cut-off frequency for the samples
sintered at 800 °C, 900 °C and 950 °C is 32, 30.8 and 30.4 MHz
respectively. The observed cut-off frequency is high compared to
the reported values of MgCuZn ferrite systems [11-14]. The
samples sintered at 800 °C and 900 °C exhibited flat profile of
permeability with frequency up to 20 MHz, indicating composi-
tional stability and quality of the material. For the sample
sintered at 950 °C, dispersion in permeability increased, having
frequency stability up to 6.4 MHz only. Thus the cut off
frequency can be tuned based on our requirement by changing the
heat treatment conditions.

4. Conclusions

MgCuZn nanoparticles were prepared through sol—gel
method using PVA as a chelating agent. The structural and
magnetic properties with respect to both annealing and
sintering heat treatment conditions were studied and the results
are summarized as follows:

1. The formation of MgCuZn nano ferrite takes place at low
annealing temperature of 500 °C. It is observed that both the
crystallite size and saturation magnetisation improved with
increased annealing temperature.

2. The variations of magnetic properties with annealing
temperature demonstrated transition from single domain
to multi domain state and the critical diameter for single
domain particle is 44 nm.

3. The static permeability improved as a function of sintering
temperature and it is in accordance with the grain size.

4. The samples exhibited good frequency stability up to
20 MHz frequency range. The cut-off frequency for the
samples sintered at 800 °C, 900 °C and 950 °C is 32 MHz,
30.8 MHz and 30.4 MHz, respectively.
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