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A series of nano-sized Al-substituted manganese zinc ferrites, Mng gZng>Fe;_4Al,O4 (x = 0.0—1.0), with a
cubic spinel crystal structure were prepared through the citrate sol-gel auto-combustion method. Ther-
mogravimetric measurements revealed that the optimum calcination temperature for complete forma-
tion of ferrites is 300 °C. At higher calcination temperatures X-ray diffraction indicated the presence of
Fe,03 and Mn,03 secondary phases, attributed to the ferrites decomposition. The average crystallite size,
calculated using the Debye-Scherrer equation, lies in the range 5-38 nm. The gradual decrease in lattice
parameter with increasing Al-content can be attributed to the smaller ionic radii of the AI** ion. The TEM
image showed large agglomerates of strongly connected cubic aggregates. FT-IR spectra exhibited two
prominent absorption bands, v; and v,, characteristic for the spinel structure. VSM measurements indi-
cated a gradual decrease in the saturation magnetization with increasing Al-content, until it vanished at
x=0.8, followed by a slight increase. The reduction in coercivity with increasing Al-content can be
ascribed to the effect of magneto-crystalline anisotropy. Based on XRD, FT-IR and VSM studies, an appro-
priate cation distribution for the present investigated system was suggested. The temperature depen-
dence of the AC-conductivity as a function of the applied frequency showed semiconducting behavior
with a transformation in the conduction mechanism from the ferrimagnetic to the paramagnetic state

for ferrites with x < 0.4.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Soft ferrites with a spinel structure find potential applications in
electrical components, memory devices, magnetostrictive and
microwave devices over a wide range of frequencies because of
their high resistivity and low losses [1]. The field of ferrites is well
cultivated, owing to their various potential applications and the
interesting physics involved in them.

Among these ferrites, manganese-zinc ferrites are preferred
over other ferrites because of their high initial permeability, low
losses, high resistivity, high saturation magnetization and rela-
tively high Curie temperature [2]. They have attracted considerable
attention in high frequency applications, such as magnetic record-
ing materials, multi-layer chip inductors, electromagnetic interfer-
ence shielding and gas sensors [3-6].
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The structural, magnetic and electrical properties of ferrites are
found to be sensitive to their composition and microstructure,
which in turn are dependent on the processing conditions and dif-
ferent synthesis routes [1]. Recently fine particles of spinel ferrites
synthesized by wet-chemical methods were shown to have mark-
edly different magnetic properties from those prepared by the
ceramic method [7].

Several chemical processing techniques are available for the
synthesis of ferrites [8-13]. The selection of an appropriate syn-
thetic procedure often depends on the desired properties and the
final applications. Among these methods, the citrate sol-gel auto-
combustion method has several advantages over others for the
preparation of nanosized compounds [14].

Additive materials can occupy different positions on the tetra-
hedral or octahedral sites and alter the magnetic, electrical or
microstructure properties of ferrites. By this way, the different
properties can be tailored to suit a particular application [15].

Numerous studies on the effect of the additives to Mn-Zn fer-
rites have been carried out in the literature. Hankare et al. [1] stud-
jed the effect of Cr** ion substitution in nanocrystalline
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ZnMn;_,CrFeO4 (1.0 > x > 0) prepared by the sol-gel route. XRD,
TEM and IR techniques have been used to determine the role of the
substitution on the structural properties. Venkataraju et al. [16]
synthesize nanoparticles of MngsZngs_xCd,Fe,04 (x = 0.0, 0.1, 0.2
and 0.3) by the co-precipitation method. XRD indicated a deviation
in the cation distribution. The dielectric constant, dielectric loss
and the magnetization are observed to decrease with the Cd
content. Song et al. [17] prepared magnesium-substituted Mn-Zn
ferrites with the composition Mng4ZnggMgyFe, 04 (x = 0.00 and
0.05) by the citrate-EDTA complexing method. Studying the crystal
structure, surface morphology and electromagnetic properties of
the substituted ferrites indicated that the Mg-substitution en-
hanced the microwave absorbing performance. Brusentsova and
Kuznetsov [18] synthesized nanoparticles of Mn;_,Zn,[Fe, ,L,]04
ferrites (where L: Gd3*, La**, Ce3*, Eu®*, Dy**, Er®*, Yb**) by the
co-precipitation method. The absence of a hysteresis loop in the
M-H curve indicates superparamagnetic properties. Zhang et al.
[19] prepared Mn-Zn ferrite nanoparticles with various amounts
of cobalt doping by the co-precipitation method. The effects of co-
balt ions on the crystallization behavior, lattice parameters and
magnetic properties of Mn-Zn ferrites have been investigated. Ate-
ia et al. [20] measured the dielectric constant, AC conductivity and
Seebeck coefficient for MngsZngsRyFe, O, ferrites (R=Dy, Gd,
Sm, Ce and La) prepared by the standard ceramic technique. It
was found that the addition of rare earth ions to the system acts
as a sintering catalyst, which helps in the development of a solid
solution at lower temperatures. Brusentsova et al. [21] synthesized
Gd-substituted Mn-Zn ferrite nanoparticles of different composi-
tions by the co-precipitation method. The magnetic properties
dependence on the composition and cationic distribution were
investigated. Arora et al. [22] studied the effect of Gd** ion substi-
tution in MngsZngsGdyFe,_,O4 ferrites nanoparticles (x = 0.1, 0.2,
0.3, 0.4) on the structural, morphological and magnetic properties.
The Gd>* ions were found to present in the interstitial sites of the
ferrite lattice, which causes the variation in these nanoparticles.
Ahmed et al. [23] studied the effect of rare-earth ions on the struc-
tural, magnetic and electrical properties of MngsZngsRo.0s5Fe1.9504
ferrites (R =Tb, La, Ce and Th), prepared by the flash combustion
technique. The results revealed that the introduction of rare earths
enhanced the structure and physical properties. Chandrasekaran
et al. [24] prepared Al-substituted Mn-Zn ferrites by the ceramic
method. Confirmation of the single-phase and cation distribution
were confirmed using XRD. The change in the electrical properties
are discussed as a function of the Al concentration. Saafan et al.
[25] have tried to find the best realistic theoretical methods to ana-
lyze experimental data taken for Al-substituted Mn-Zn spinel
ferrites.

To the best of our knowledge, there are no works about the ef-
fect of Al-substitution on the different properties of Mn-Zn ferrites,

100
"Asprepared precursor
80
~
)
2 60 |
S
R
£ 40
)
=
20 -
Gel precursor
0 : : : ‘ :
0 100 200 300 400 500 600

Temperature (OC)

Fig. 1. TG curves in air of precursors with an Al-content of 0.6. Heating

rate =5 °C min~.

prepared through the sol-gel method, in the literature. In view of
this, we studied the effect of Al-substitution on the composition,
microstructure, sizes and electromagnetic properties of nano-crys-
talline Mng gZng ;Fe, _xAl,O4 (x = 0.0-1.0), prepared through the cit-
rate sol-gel auto-combustion method. The compositions were
characterized by DTA-TG, FT-IR and XRD. The particle size and
morphology were investigated by transmission electron micros-
copy (TEM). The corresponding changes in the magnetic properties
were studied using the vibrating sample magnetometer technique
(VSM). The AC electrical conductivity as a function of frequency
and temperature was measured to predict the possible conduction
mechanisms and to calculate the conduction activation energies.

2. Experimental procedures
2.1. Material preparation

All reagents used were of analytical grade. The MnggZng ,Fe,_-
£Al04 ferrites (x = 0.0-1.0) were synthesized by the sol-gel citrate
auto-combustion method. The reagents used in this work are ferric
nitrate (Fe(NOs3)3-9H,0), zinc nitrate (Zn(NOs),-6H,0), manganese
nitrate (Mn(NOs3),-4H,0), aluminum nitrate (Al(NOs3)3-9H,0), citric
acid (CgHgO7) and ammonium hydroxide.

Firstly, stoichiometric amounts of the metal nitrates and citric
acid were weighed (1:1 mole ratio) and dissolved in distilled water
at 60 °C for 30 min. Then, ammonium hydroxide was added drop-
wise under constant stirring up to pH 7. The solution was further
heated at 80 °C until it transformed into a gel. On ignition, violent
combustion occurred, which spontaneously propagated until all
the gel was completely burnt out to form a loose powder, named
the as-prepared citrate precursor samples. The powders were then
calcined at 300 °C for 1 h or at 500 or 700 °C for 2 h.

2.2. Characterization

Thermal decomposition behavior of the precursor (in the form
of a gel) was characterized using thermogravimetry measurements
(TG). The measurements were taken in air using a Perkin Elmer
thermal analyzer up to 600 °C, at a heating rate of 5 K min~!. All
the synthesized samples were characterized by XRD using a Bruker
axs diffractometer, with Cu Ko radiation and a secondary mono-
chromator in a 20 range from 10° to 70°. The average crystallite
size of the samples was estimated using Scherer’s equation [26].
TEM was performed using a JEOL 2010 TEM (100 kV). The sample
was dispersed in ethanol using an ultrasonicator and then loaded
over coated copper grids. FT-IR spectra were recorded using a
Perkin Elmer FT-IR spectrometer in KBr medium in the range
700-200 cm~'. The room temperature magnetization measure-
ments, up to a maximum field of 5 kOe, were carried out using a
vibrational sample magnetometer (VSM-9600M). The temperature
dependence of the dielectric constant, dissipation factor and ac
conductivity measurements were studied, using the two probe
method by a Hioki LCR bridge model 3531 in the frequency range
50 Hz-5 MHz. The ferrite samples were compressed to pellets of
1 cm diameter and about 1 mm thickness. The pellet surfaces were
polished and coated with silver paint. The temperature of the sam-
ple was measured using a K-type thermocouple.

3. Results and discussion
3.1. Thermal decomposition behavior of the precursors
The thermal decomposition behavior of the gel as well as the

as-prepared precursor with x=0.6 are illustrated in Fig.1. The
figure shows that instead of the three well-defined TG steps,
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characterizing the gel decomposition, only one TG step accompa-
nies the decomposition of the as-prepared precursor. For the gel
precursor, the first step up to 150 °C can be attributed to the gel
dehydration process. The second step is the main decomposition
step and exhibits a steep weight loss, amounting to 73% at
188 °C, which is attributed to the violent decomposition of the
NH4NO3 contents of the gel. The precursor is observed to be ther-
mally stable up to 275 °C, then its citrate contents starts to decom-
pose in the third step, exhibiting a weight loss of 3.5%. Beyond
310 °C, no further weight loss can be detected.

The thermo-gram of the as-prepared precursor showed a
weight loss change up to 320 °C. Consistent with the above discus-
sion, this weight loss can be assigned to the decomposition of the
residual citrate content. Thus we can conclude that the heat eval-
uated during the auto-combustion reaction will be not enough
for ferrite formation and further calcination at 300 °C is required.

The typical nitrate—citrate auto-combustion reaction for the en-
tire precursor can be presented as [27]:

0.8Mn(NOs), - 4H,0 + 0.2Zn(NOs), - 6H,0 + 1.4Fe(NOs), - 9H,0
+0.6C(NO3 )5 - 9H0 + CsHsO; - Hy0
— MnggZng,Fe; 4Cros04 + 4N, + 6CO, + 28 - 4H,0 + 50,

3.2. X-ray diffraction

The effect of the calcination temperature on the structure and
phase formation of the investigated precursors was monitored
using the XRD technique. The XRD patterns of the as-prepared pre-
cursors (Fig. 2) showed the absence of any diffraction lines attrib-
uted to the presence of metal oxides and confirm the formation of a
single-phase spinel structure. The diffraction peaks can be indexed
t0(220),(311),(222),(400),(422),(511)and (440) planes of the
cubic unit cell.

The obvious broadening of all the diffraction peaks indicates the
nano-sized particle nature of the obtained ferrites. Crystallization
of the samples became more difficult and some sort of amor-
phous-like phases were obtained for the samples with a higher
Al-content (x> 0.6). This indicates that excessive addition of Al
inhibits the crystal growth.

In agreement with the TG results, the crystallinity of the sam-
ples increased by increasing the calcination temperature to
300 °C (Fig. 3). This can be due to the disappearance of the residual
citrate content. The average crystallite size (L), calculated using the
Debye-Scherrer equation [26], lies in the range 5-38 nm and
exhibited a gradual decrease with increasing Al-content.
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Fig. 2. XRD patterns of the as-prepared precursors.
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Fig. 3. XRD patterns of the precursors calcined at 300 °C.

Fig. 3 also shows a gradual shift in the peaks positions towards
higher 260 angles by increasing the Al-content. In agreement with
this observation, the lattice parameter calculated from this dis-
placement decreases with increasing Al-content. This can be attrib-
uted to the smaller ionic radius of the AI** ion (oct: 0.535 A), which
has a strong octahedral site preference [28], compared to the ionic
radii of the substituted Fe* ion (0.645 A). The partial replacement
of Fe** by AI** will then be expected to cause shrinkage of the unit
cell. Moreover, the higher binding energy and bond strength of Al-
O compared to Fe-0 [29] cannot be ignored. The obtained values of
the lattice parameters exhibited a linear content dependence, thus
obeying the Vegard’s law [30], as can be shown in Fig. 6. The above
variation in both the crystallite size and lattice parameters is in full
agreement with the experimental results of most of the previous
works [28,29,31].

The X-ray density (Dy) depends on both the lattice constants
and the molecular weight of the investigated sample. It shows
gradual decreases with increasing Al-content (Fig. 4). This can be
due to the decrease in the lattice parameters by the substitution
of the heavier atomic weight iron with the lower atomic weight
aluminum.

ZnFe,0, is a well-known normal spinel [32], however its nano-
sized properties may lead to the formation of inverse-spinel zinc
ferrites [33-35]. Mn?* ions have a strong preference for the octahe-
dral sites, but using X-ray absorption fine structure and Mossbauer
measurements [36,37] they exhibit a disorder between both sites.
Fe?* ions can exist at both sites, though they prefer the B site [38].

Thus, regarding the obtained experimental lattice parameter
(aexp) and based on the above expectations, an appropriate cation
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Fig. 4. Variation of the lattice parameters and X-ray density with x in the
MnggZng,Fe; 4AlO4 system.
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Table 1
Structural, magnetic and electrical data of the MnggZng>Fe;_,Al,O4 system.
Cation distribution a(A) r(A) L Dy y La  Lg(A) vy, Vo, Ms M, Hc ns ns Er (Ep) ox10°°
(nm) (gem™?) (&) (em™) (em™) (x) (eV) (eV)
aexp Qtn a s
(Mng3Zng,Fegs)[MngsFe 504 8.4123 8.4074 0.563 0.651 38 5.15 0.5 3.643 2.974 570 428 452 159200 1.87 6 0.78 090 4.33
(Mng3Zng2Feg 5)[Mng sFe; 3Al2]04 8.3836 8.3780 0.563 0.640 25  5.07 0.5 3.630 2.968 572 450 37.911.7 160 1.53 5 0.81 099 2.51
(Mng3Zng2Fegs)[MngsFeq 1Alp4]04 8.3635 83494 0.563 0.629 17  4.98 0.5 3.621 2.960 577 455 301 65 621184 091 1.02 222
(Mng 3ZngFeq 5)[Mng sFeg 0Alos]04 8.3544 83201 0.563 0.618 12 4.86 0.5 3.617 2.957 581 - 265 54 631013 - 1.06 211
(Mng3Feo7)[Mng sFeqsZng ,Alog]04 8.3329 8.2823 0.541 0.617 6  4.77 0.7 3.608 2.950 581 - 63 0.6 470230 - 116 1.61
(MngsFeo7)[MngsFeqsZng,All0, 83105 8.2529 0.541 0.606 5  4.67 0.7 3.598 2.942 582 - 70 08 310261 - 128 091
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Fig. 6. XRD patterns of the precursors calcined at 700 °C.

distribution can be suggested. The suggested cation distributions
of the investigated ferrites, along with the calculated ionic radii
for their tetrahedral and octahedral sites, the inversion factor (y)
and the resultant theoretical lattice parameters (ay,) [26] are re-
ported in Table 1. From the results it is clear that the theoretically
calculated lattice parameters agree well with those obtained
experimentally, with a slight deviation observed for high Al-con-
tent samples.

The hopping lengths of the A-sites (L) and B-sites (Lg) were cal-
culated using an equation from [39]. The gradual decrease in the
length between the magnetic ions (Table 1) with Al-substitution
can be explained on the basis of ionic radii. The gradual substitu-
tion with the smaller AI** ions makes the magnetic ions come clo-
ser to each other, decreasing the hopping length.

A typical TEM image of the precursor calcined at 300 °C with
x=0.6 is shown in Fig. 7. The image shows large agglomerates of
strongly connected cubic aggregates. This agglomeration can be
due to the experience of nano-sized magnetic fine particles with
a permanent magnetic moment proportional to their volume.
Hence, each particle is permanently magnetized and gets agglom-
erated [40].

3.4. FT-IR spectral study

Fig. 8 shows the FT-IR spectra of precursors calcined at 300 °C.
The spectra show two prominent absorption bands, v; and v,, at
about 600 and 400 cm™!, respectively, which confirms the forma-
tion of the spinel structure. The higher frequency band and lower
frequency band are assigned to the intrinsic vibrations of tetrahe-
dral and octahedral sites respectively [41]. The band positions of
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Fig. 8. FT-IR spectra of the MnggZng,Fe; 4Al,O4 system.

the investigated samples are tabulated in Table 1. The intensity of
the v, band goes on decreasing up to x=0.6 and then vanishes
completely. This behavior agrees well with that reported by Kaw-
ade et al. [42,43].

The higher frequency band, v;, shows a very slight shift with
increasing Al-content, whereas the lower frequency band, v, obvi-
ously increased. This behavior agrees well with the reported radii
of tetrahedral and octahedral sites (Table 1). In addition, it suggests
the preferential occupancy of AI>* ions, with a smaller radius and
lower atomic weight, for octahedral sites (which will affect and
support the assumption made regarding the cation distribution,
Table 1).

3.5. Hysteresis studies

The M-H curves can be helpful in understanding the magnetic
response of the synthesized materials and can provide information
regarding magnetic parameters, such as saturation magnetization
(M), coercivity (H¢) and remanent magnetization (M;). Fig. 9 shows
the variation of magnetization as a function of applied magnetic
fields for the investigated ferrites, measured at room temperature.
The magnetic data obtained are summarized in Table 1 and Fig. 10.
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From the table it is clear that the magnetization decreases with
increasing Al content. The substitution of Fe** ions by diamagnetic
AI3* jons, which have a stronger preference for occupying the octa-
hedral sites, decreases the magnetic moment and consequently the
net magnetization through weakening of A-B interactions and
disturbing of the spin ordering. The observed magnetic moment
() per formula unit in Bohr magnetons () was calculated using
the formula [26]:

Ny = MW x Ms /5585

where MW is the molecular weight of the sample and Ms is the sat-
uration magnetization in emu/g.

According to Neel's two sub-lattice model of ferrimagnetism
[44], the calculated magnetic moment per formula unit can be ex-
pressed as:

Mg (X) = Mg(x) — Ma(x)

where My and Mg are the sub-lattice magnetic moments of the A
and B sites, respectively. This can be achieved using the proposed
cation distribution (Table 1) and the ionic magnetic moment of
Fe*" (5 ug), Mn?* (5 pg), Zn?* (0 pg) and AIP* (0 pg). The observed
and calculated magnetic moments of the investigated system are
reported in Table 1. From the table it is obvious that both values
show a decreasing trend with increasing Al-content.

This subsequent decrease in magnetization and consequently
decrease in magnetic moment continues up to x = 0.6. By further
substitution of AI** (x=0.8), the net magnetic moments of both
octahedral and tetrahedral sites, according to the proposed cation
distribution, becomes nearly equal and lead to a zero magnetic mo-
ment. With an Al-content of 1.0, the magnetic moment of the
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tetrahedral site predominates and the direction of the magnetiza-
tion is inversed. This results, as appears in Table 1, in increasing the
magnetization of the sample with x=1.0 relative to that with
x = 0.8. The remanent magnetization (M,) showed a similar behav-
ior to that reported for saturation magnetization.

The reduction in coercivity with increasing Al-content can be
ascribed to the effect of magneto-crystalline anisotropy. AI** ions
have zero angular momentum (/= 0) [29] and thus do not contrib-
ute to the magneto-crystalline anisotropy. When Al replaces iron,
the spin-orbit coupling is weakened resulting in a decrease in
the magnetic coercivity.

3.6. AC-conductivity measurements

Fig. 11 illustrates typical curves correlating the temperature
dependence of the AC-conductivity for the investigated ferrites as
a function of applied frequency. From the figure it is clear that
the investigated samples have semi-conducting behavior, in which
conductivity increases with increasing temperature.

In the low temperature region, the conductivity slightly in-
creases with increasing temperature and is strongly frequency
dependent. In this region, the thermal energy is not enough to lib-
erate charge carriers and increasing the frequency enhances their
hopping. By increasing the temperature the conductivity becomes
frequency independent and a linear relation was obtained. Such
conductivity increases can be related to the increase in the drift
mobility of thermally activated charge carriers according to hop-
ping conduction mechanism.

The obvious change in the slope of this linear relation can be
attributed to the change in the conduction mechanism, arising
from the transformation from the ferrimagnetic to paramagnetic
state. Similar transitions have also been reported for various ferrite
systems [45,46]. At higher Al-content (x > 0.4), this transition dis-
appeared, which suggests the paramagnetic properties of these
samples at low temperature. The activation energies in the ferri-
and paramagnetic regions (Erand Ej,) are calculated from the slopes
of In ¢ versus 1000/T (at 1 kHz) and are given in Table 1. The smal-
ler activation energy of the ferrimagnetic region suggests the hop-
ping of electrons between the ions of different valances. The
greater activation energies (>0.4 eV), obtained in the paramagnetic
region, clearly indicate that the conduction is due to polar on hop-
ping under the effect of the large thermal energy [47].

It is well known that the conduction mechanism in ferrites is
predominantly due to hopping of electrons from Fe** to Fe* ions

in the octahedral sites [46,48]. The gradual decrease in the conduc-
tivity values (calculated at 1kHz) with increasing Al-content
(Table 1) can be attributed to the decrease in the total number of
charge carriers. The non-multivalent nature of aluminum can
reduce electron hopping through decreasing the electronic jumps
between Fe?* and Fe>* ions [29]. It can also be noted that the acti-
vation energy is inversely proportional to the conductivity, along
with the composition.

4. Conclusions

Nano-crystalline Al-substituted Mn-Zn ferrites were success-
fully synthesized using the citrate sol-gel method. XRD, FT-IR,
TEM, VSM and AC-conductivity measurements were carried out
to study structural, magnetic and electrical properties. The lattice
parameters, crystallite size, saturation magnetization, coerecivity
and conductivity were found to decrease by increasing the Al-con-
tent. Based on the obtained structural and magnetic data, an
appropriate cation distribution of the present investigated system
was suggested.
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