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Abstract. A cubic to tetragonal structure transition has evolved by substitution of
Cu?" ions in magnesium ferrite, fabricated via the sol-gel method. TEM studies revealed
quasi-spherical particles for MgFesO4 and rod-shaped particles for Cule;Oy4, suggesting
an enhancement of morphological anisotropy with Cu doping. Thermal analysis shows the
formation of MgFe2O4 and CuFey04 at ~380°C and ~340°C, respectively, indicating a
reduction in temperature for the formation of samples with copper doping. XRD shows
the structural transition from a cubic to a tetragonal structure with increasing copper
concentration. The dc electrical resistivity decreases with copper doping in MgFesOy,
attributing to the increase in conductivity due to Cu?T-Cu™ ions hopping. MgFe;O4 has
been found to have a saturation magnetization of ~23 emu/g and a coercive field of ~54

Oe. The saturation magnetization increases, while coercivity initially decreases and then
increases with increasing copper concentration.

© 2013 Sharif University of Technology. All rights reserved.

1. Introduction

Spinel structured nanoferrites have been a topic of
research interest due to their vast applications in
industrial, as well technological, areas. Magnesium
ferrite, MgFeoO4, having a cubic structure, is a soft
magnetic, n-type semiconducting material with ap-
plicability in a variety of fields, such as gas sensors,
heterogeneous catalysis, microwave devices, magnetic
cores, transformers, ferrofluids, etc. [1-5]. The super-
paramagnetism behavior of Mgke,O4 can also result
in its use in bio medical applications [6]. Magnesium
ferrite has also been reported to have high heat gener-
ation, as compared to other ferrites, when the grain
size is in the pm range [7]. MgFe;,O4 nanospheres
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prepared by Zhao et al. [8] have an excellent SO,
absorption capacity for application in hot fuel gas
desulfurization.

Magnesium ferrite has a general structural for-
mula [Mg; _,Fe,]*[Mg,Fey_,]P0,, where the square
brackets, A and B, represent the cation occupancy of
tetrahedral and octahedral sites, respectively. There-
fore, cations such as Zn, Li, Cu, Mn, Ti, Ni etc.
can be substituted in these sites to modify the prop-
erties of MgFe,O4. Kotnala et al. [9] studied the
humidity sensing response of Mg;_,Li,FesO4 (0.0 <
x < 0.6) prepared by a solid state reaction, and
observed an enhanced sensitivity factor with Li doping.
Ti-substituted magnesium ferrites were prepared by
Purushotham et al. [10] to study the elastic behavior
of the samples, and it was found that the elastic
moduli first decreases and then increases thereafter.
A double sintering technique was used by Kawade et
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al. [11] to synthesize Cr-substituted MgFe,O, ferrites
and a mechanism for the cation distribution of this
spinel system using X-ray intensity calculations was
reported. Copper has also been used as a dopant in
magnesium ferrites, which resulted in the formation of
ferrites at a low temperature. Substitution of copper
also resulted in the enhancement of permeability as
well as magnetization values, as suggested by Klug and
Alexender [12]. The effect of Cu ions on the electro-
magnetic properties of MgZn ferrites was investigated
by Rezlescu et al. [13], who found a decrease in d.c.
resistivity and an increase in saturation magnetization
with Cu?* ion doping. The influence of copper ions
in MgZn ferrites has also been studied by Reddy et
al. [14], who observed an increase in initial permeability
and dielectric constant and a decrease in dielectric loss
with Cu doping for Mg. Copper ferrite is also found to
have a spinel type fcc structure, as suggested by many
authors [15-17], though they are found to be stable
above 400°C. However, the tetragonal form has been
found to be stable at room temperature only. The
formation of the tetragonal form is due to the Jahn-
Teller distortion effect, which leads to the formation
of tetragonal copper ferrites at room temperature [18].
However, the cubic form exists as a metastable phase
at room temperature.

Albeit many reports on the substitution of Cu in
MgFe, 0Oy, a systematic investigation of the structural
transition with doping has not been made. The
compositional level of copper as a dopant has also been
found to be low. Therefore, in this study, the struc-
tural transition from cubic to tetragonal in MgFe,Oy
maintaining a higher compositional level of copper
substituent has been investigated. The simultaneous
investigation of the electrical and magnetic properties
of Mg ferrite with copper substitution has also been
reported.

2. Experimental

2.1. Physical measurements

The infrared spectra were recorded using an FTIR
instrument (PERKIN ELMER) for all the samples with
KBr pellets between the range 4000-400 cm~!. The X-
ray diffraction studies were carried out using an X-ray
diffractometer (Bruker AXS, D8 Advance) with CuKa
radiation. TEM images were recorded using a Hitachi
(H7500) Transmission Electron microscope, operated
at 120 kV. The electrical properties were studied using
a two probe method in the temperature range of
300-400 K. The powder samples were consolidated
by applying a pressure of 5 tons to make a pellet
of thickness 1-2 mm and diameter 12 mm. Silver
paint was applied to both sides of the pellet, which
was inserted between the probe and the base plate,
and a constant voltage was applied. Corresponding
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Figure 1. Chelation of the metal (M) ions with citric
acid.

current values were noted at different temperatures.
The magnetic measurements were made on a Vibrating
Sample Magnetometer (VSM) (155,PAR).

2.2. Preparation of Mg,_,CuyFez O,
(0.0 < x < 1.0) nanoferrites

The sol-gel method [19,20] has been used to induce a
series of chemical reactions, including dissolution, hy-
drolysis, polymerization and decomposition, to obtain
a homogeneous product at a low temperature. An-
alytical grade Mg(NO3)2.6H,0 and Cu(NOj3),.6H,O
have been used as starting materials for synthesizing
Mgy .Cu,FesO4 (0.0 € < 1.0) nanoferrites. The
metal salts were dissolved in distilled water and citric
acid was added to the metal salt solution in the molar
ratio 1:1, as a chelating agent (Figure 1) for the
homogeneous distribution of the metal salts. Ethylene
glycol was then added which acts as a polymerizing
agent in the reaction. The solution was stirred with
continuous heating at 80-90°C, until gel formation,
using a magnetic stirrer. Then, these gels were self
ignited until ferrite powder was obtained, which was
annealed at 400, 600, 800 and 1000°C for 2 h, for
further characterization.

3. Results and discussions

3.1. FT-IR characterization

The FT-IR spectroscopy indicates the positions of
the ions involved in the crystal lattice through their
vibrational modes. The IR spectra of all the ferrites
annealed at different temperatures show two funda-
mental peaks around 580-560 cm~! and 450-430 cm ™!
for all the annealed samples, which correspond to
the crystal vibrations of M-O bonds in the ferrites.
The frequency band near 580-560 cm ™' corresponds
to the tetrahedral clusters and the band near 450-
430 cm™! corresponds to the formation of octahedral
clusters [21]. The vibrational mode of tetrahedral
clusters is higher compared to that of the octahedral
clusters, because of the shorter bond length of Fe-O
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Figure 2. (a) TG curves and (b) DSC curves of the as
obtained (A) MgFe2O4 and (B) CuFe;O4 nanoferrites.

distance (0.189 nm) in the tetrahedral sites compared
to the Fe-O distance (0.199 nm) in the octahedral
sites. It may be interpreted by the stronger bond-
ing of Fe*t ions at the A-sites rather than the B-
sites.

3.2. Thermal analysts

Typical TG and DSC curves of, as obtained, MgFe, 04
and CuFe,O4 nanoferrites are shown in Figure 2(a)
and (b) respectively. TG curves show that the forma-
tion of pure MgFe, O, takes place at ~380°C and that
of pure CuFe,O4 at ~340°C, suggesting a reduction in
temperature for the formation of nanoferrites with Cu
doping. The DSC curves show broad exothermic peaks
at around 290°C in both cases. This is attributed to
the decomposition of organic components left after the
self-ignition method and combustion of the samples.
The sharp endothermic peak at around 350°C, corre-
sponding to a weight loss of about 1-2%, is attributed
to the complete thermal decomposition of the samples
and the formation of nanoferrites.

100 nm

100 nm

(a) (b)

Figure 3. TEM images of (a) MgFesO4 and (b) CuFesO4
annealed at 1000°C.

3.3. Transmission Electron Microscope (TEM)
analysis

TEM images have been recorded to investigate the
grain size and morphology changes with copper doping.
These images reveal that the particles of the, as
obtained, samples are agglomerated and have spherical
morphology with a particle size in the range 100-
200 nm, similar to the results reported earlier [22].
This agglomeration may be attributed to the magnetic
dipole interaction between the ferrite particles. How-
ever when the particles were agitated ultrasonically
and taken onto a carbon grid, the particle size was
observed to be ~ 10 nm, which increases with an
increase in annealing temperatures. It is believed
that the net decrease in the free energy of solid-
solid and solid-vapour interface provides the necessary
driving force for particle growth during the annealing
process [23]. Figure 3(a) and (b) show the TEM images
of MgFe, 04 and CuFe; 0y, respectively, after annealing
at 1000°C, having an uneven distribution of grain
size. Interestingly, the morphologies in both cases have
been observed to be different. MgFe,O4 nanoferrites
have been found to be of a quasi-spherical shape,
whereas CuFe;O,4 nanoferrites have been observed to
possess rod-shaped structures. Hence, an increase in
morphology anisotropy has been observed with copper
doping, which may be efficient for tuning the physical
properties.

3.4. X-ray diffraction studies

A phase analysis for confirming the formation of the
cubic and tetragonal structures has been done using
powder X-ray diffractographs. Figure 4 shows the
XRD pattern of MgFe,O4 nanoferrite samples annealed
at different temperatures which reveals the formation
of the single phased nanoferrite at 400°C. This sug-
gests that these nanoferrites might have formed at a
lower temperature, as discussed earlier in TG analysis.
As the annealing temperature increases from 400 to
1000°C, the peaks grow sharper, attributing to an
increase in particle size with increasing temperature,
as suggested by Debye Scherrer [24]. XRD patterns of
Mgi_»Cu,FesO4 (0.0 < z < 1.0) nanoferrites, after



2326 S. Singhal et al./Scientia Iranica, Transactions F: Nanotechnology 20 (2013) 2323-2331

~ j1000°c

“ | 800°C

2
h-1
12}
=1
9
g
=]
o
2 n
2
<
4
a4

1520 30 40 50 60 70 80 90
Angle (260)
Figure 4. XRD patterns of MgFe;O4 nanoferrites
annealed at different temperatures.
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Figure 5. XRD patterns of Mgi_,Cu.Fe2O4 (z = 0.0,
0.2, 0.4, 0.6, 0.8 and 1.0) annealed at 1000°C.

annealing at 1000°C, are shown in Figure 5, which
indicate the cubic to tetragonal structure transfor-
mation. The peaks can be indexed to (220), (311),
(400), (511) and (440) planes of the cubic unit cell
up to the compositional level of copper having x =
0.6. For the copper compositional levels, x = 0.8
and x = 1.0, the XRD planes can be indexed to
(101), (112), (103), (211), (220), (321), (224) and (400)
planes, corresponding to the body centered tetragonal
structure. The cubic phase has the space group Fd-
3m and the body centered tetragonal has 141/amd
as its space group. The Debye Scherrer equation has
been used to calculate the crystallite size, considering
the most intense peaks at the (311) plane for the
spinel cubical structures and at the (211) plane for the
tetragonal structures. The crystallite size of all the
annealed samples at 1000°C is found to be in the range
of 40-50 nm.

The dimensional changes in the lattice param-
eter have been calculated using Pawley and Le-Bail
refinement methods and the results are found to be
in accordance with Vegard’s law. By a substitution
of Mg?t ions with Cu®* ions, the lattice parameter
does not show much change, attributing to the similar

ionic radius of Mg?* ion (72 pm) and Cu?* ion (73
pm). The cubic structures have the lattice parameter
‘a’ around ~8.375 A, whereas the tetragonal structure
has been found to exhibit the lattice parameters ‘a’
and ‘¢’ values around 5.844 A and 8.630 A, respec-
tively.

3.5. Electrical properties

The conductance in ferrites can be explained on the
basis of the Verwey mechanism, which involves electron
exchange between the ions of the same element present
in more than one valence state, distributed randomly
on equivalent lattice sites [25,26]. Ferrites structurally
form a cubic close packed oxygen lattice, with the
metal cations in tetrahedral (A) sites and octahedral
(B) sites. The distance between the metal cations in
B sites is smaller, compared to their distance in A and
B sites. This leads to greater probability of electron
hopping between the cations in B-B sites than A-B
hopping. The probability of hopping in A-A sites is
zero, because of which, A sites have only Fe?*t ions,
and the Fe?T ions formed occupy the B sites [27].
The conduction in ferrites is, therefore, due to the
polaron hopping between Fe?t-Fe?T ions in the B sites.
Therefore, the Fe3T-Fe?t ions hopping is responsible
for the conduction in MgFe;O4 nanoferrite. However,
with copper doping, the conductivity increases, which
may be due to the additional effect arising from Cu?*-
Cu™ ions hopping. The equilibrium reaction existing
in Mg-Cu nanoferrites is:

Cu?t 4+ Fe’t « Cut 4 Fe?t.

Therefore, the conduction mechanism in Mg-Cu nano-
ferrites takes place through the valence exchange be-
tween Fe?t-Fe?T ions and Cu?t and Cut ions, as in
accordance with the Verway mechanism.

Room temperature DC resistivity for all the
samples (Mg;_,Cu,FesO4 (0.0 < z < 1.0) annealed at
1000°C is given in Figure 6. It has been observed that
the resistivity (p) decreases from ~ 1.32 x 10'% ohm m
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Figure 6. Variation of dc resistivity with copper
concentration.
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Figure 7. Temperature dependence of dc resistivity of
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to ~ 3.23 x 10 ohm m as the concentration of copper
increases. This may be attributed to the increase in
electron hopping between Cut-Cu?* ions.

The temperature dependency of DC resistivity in
the temperature range 313-373 K for all samples an-
nealed at 1000°C is given in Figure 7. From this figure,
it is observed that on increasing the temperature,
resistivity decreases, due to the increasing hopping
rates of electrons with temperature. This leads to
activation of the electrons to jump from Fe?*t to Fe?t
and Cu?t to Cut ions in the B sites, showing the
semiconductor behavior of the ferrite samples [28,29].
The activation energy (E,) has been calculated using
the Arrhenius type equation;

p = poexp(E,/kT),

where p, is the resistivity at infinitely high tempera-
ture, k is the Boltzmann constant, E, is the activation
energy and T is the absolute temperature (in Kelvin).
The slope of (log p) versus (1/kT) gives the values of E,
values for all the samples and is shown in Figure 8. The
value of activation energy for pure MgFe,O4 has been
found to be ~2.75 eV. As the concentration of copper
increases, the F, first increases with initial doping of
copper, then, it decreases beyond the compositional
level of copper equal to x = 0.2.

The decrease in DC resistivity with increasing
temperature leads to an increase in the drift mobility
() of the charge carriers. This is due to the thermal
activation of the charge carriers with increasing tem-
perature. The drift mobility (u) of the charge carriers
has been calculated using the equation:

i = (1/nep),

where e is the electronic charge, n is the number of
charge carriers and p is the DC resistivity at tempera-
ture T. The variation of drift mobility with resistivity
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Figure 8. Arrhenius plots of Mgi_,Cu,FesO4 with (a)
z=0.0, (b) 2=0.2, (¢) 2 =04, (d) z=0.6, () 2 =10.8
and (f) z = 1.0 nanoferrites annealed at 1000°C.
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Figure 9. Variation of drift mobility v.s. dc resistivity at
313 K of Mg1—.Cu,Fe204 (0.0 < z < 0.0) nanoferrites
annealed at 1000°C.

at 313 K is shown in Figure 9, which shows that the
samples having high resistivity have low mobility and
vice versa. An increasing trend of drift mobility with
increasing temperature was observed (Figure 10) due to
the fact that the charge carriers started hopping from
one site to another with increasing temperature [30].
The various electrical parameters are tabulated in
Table 1.

3.6. Magnetic measurements
Magnetic hysteresis loops at room temperature for the
annealed samples at 400, 600, 800 and 1000°C indi-
cate an increasing trend of saturation magnetization
with the annealing temperature, similar to the results
reported earlier [31], which is due to the increase in
particle size.

In the ferromagnetic spinels, the magnetic or-
der is mainly due to the super exchange interaction
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Table 1. Room temperature DC resistivity, drift mobility and activation energy of all the samples annealed at 1000°C.

Serial No Samples DC Resistivity Drift mobility  Activation
) (ohm m) (m*V~1ts™h) energy (eV)
1 MgFes04 1.325 x 1010 2.972 x 10717 2.753
2 Mgo.eCug.2FezO4 3.801 x 10° 1.077 x 107 1€ 3.480
3 Mgo.6Cug.4Fea Oy 2.087 x 10° 2.035 x 101¢ 3.247
4 Mgo.4Cug.¢Fe04 1.118 x 10° 3.932 x 1071 3.165
5 Mgo.2Cug.sFesO4 6.932 x 10% 6.576 x 1071 2.892
6 CuFe;04 3.230 x 10° 1.457 x 10719 2.800
3500
= Table 2. Saturation magnetization and Coercivity of all
T, 3000 ® the samples annealed at 1000°C.
L . Saturation L.
@ 2500 Serial . . Coercivity
B © Sample magnetization
g No. (Oe)
L 2000 (emu/g)
X (d) 1 MgFEQO4 2279 54
< 1500
,E’ 2 Mgo,gCuo_zFezO;; 24.95 30
£ 1000 ) 3 Mgo.sCug.aFe;04 30.45 19
£ 500 4 Mgo.aCug.cFes04 33.88 57
a ( 5  Mgo.2CuosFesOy 51.18 83
0 ‘ 2)
300 320 340 360 380 400 420 6  CulesO4 59.77 90
Temperature (K)
Figure 10. Temperature dependence of rift mobility of 80
Mg1—2Cu,FesO4 with (a) z = 0.0, (b) z = 0.2, (c)
z =04, (d) 2=0.6, (¢) z=0.8 and (f) z =1.0 60 f

nanoferrites annealed at 1000°C.

mechanism occurring between the metal ion in the
A and B sublattices. MgFe;O4 possesses the fcc
structure and has a magnetization value of ~23 emu/g.
Various cations can be used as dopants to modify
this magnetization value. Copper has been selected
with the view that it results in enhancement of the
magnetization values. In the present investigation,
the M, value increases up to ~60 emu/g, when Mg
has been wholly replaced with Cu. The saturation
magnetization and the coercivity of all the samples
have been tabulated in Table 2. According to Neel’s
two sublattice model [32], the magnetic moment per
formula unit in pup, n¥ (z) is expressed as:

ny(x) = Mp(x) — Ma(z),

where Mg and M4 are the B- and A- sublattice mag-
netic moment in pp, respectively. MgFe,O4 has the
general structural formula [M;_,Fe,]4[M,Fes_.]P0y4
(M = Mg), and the substitution of Cu?* ion, having
a preferential occupancy for the diamagnetic Mg2*
ion in the B site, thus, results in an increase of M
value. Typical hysteresis loops of Mg;_,Cu,FesOy
(x = 0, 0.2, 0.6, 0.8 and 1.0) nanoferrites annealed
at 1000°C are shown in Figure 11, which shows
that Cu substitution leads to a continuous increase

(f)
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40 ﬁv“ﬁ(d)
sttt s smns ()
o ; ()

0

-20

-40

Magnetic moment (emu/g)

-60

-80
-15000 -10000 -5000 0 5000 10000 15000

Magnetic field (G)
Figure 11. Hysteresis loops of Mgi—.Cu,FesO4 with (a)
r=0.0, (b) 2=0.2, (¢) 2z =04, (d) 2=0.6, () 2 =0.8
and (f) z = 1.0 nanoferrites annealed at 1000°C.

in magnetization values. However, this increase is
significant for higher Cu doped compositions. Initial
copper substitution enhances the magnetization values
to a lower extent, which may be due to the formation
of Cut ion in the cubic structures. Cut has d'°
configuration and, thus, the d orbitals are completely
filled, which gives zero magnetic moment. At higher
temperatures, there is a change in valence state from
d'® to d°, i.e., a monovalent to divalent transition of
Cu ions. Cu?t ion is a d° cation with d orbitals
having an unpaired electron, thereby, contributing to
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Table 3. Cation distribution of Mgi_,Cu,Fe204 (0.0 < z < 1.0) nanoferrites annealed at 1000°C.

Composition Proposed cation distribution Observed magnetic moment Calculated magnetic

(x) A-site B-site using Neel’s model (BM) moment (BM)

0.0 (l\[googFeogz) [I\’Igo_ngel,og] 0.80 0.81

0.2 (h’[g0,09F60,91) [h’lgo,ggcuo_QQFel_og] 0.91 0.92

0.4 (N[g0,11FCO,89) [1\/1g0,85cu0_04F01_11] 1.14 1.17

0.6 (1\’1@)_13]?60_87) [h’lgo_&Cuo,aneng] 1.36 1.36

0.8 (1\’Ig0_13F60_87) [1\'Ig0_79Cuo,ogFe1,13] 2.10 2.12

10 (Cuo_zoFEo,go) [Ollo,goFel,Qo] 260 257
o 0 100 constants. In the multi domain region, the variation
~ 90 .. . . . .
Z 60/ of coercivity with grain size can be expressed as (in)
< 80 H.=a+b/D, where ‘a’ and ‘b’ are constants and ‘D’
s 504 03 is the diameter of the particle [36]. Hence, in the multi
5 10 60 ; domain region, the coercivity decreases as the particle
g . diameter increases. Moreover, the increasing trend of
2 30 10 = coercivity with increasing copper concentration may be
§0 g attributed to the increase in anisotropy field, which in
g 20 30© turn, increases the domain wall energy [37,38].
E o 20 Cation distribution was obtained using the sat-
2 10 uration magnetization per formula unit in the Bohr
0 0 magneton for all the samples and is summarized in

0.2 0.0 02 04 06 08 1.0 1.2

Copper concentration

Figure 12. Variation of saturation magnetization (M)
and coercivity (H.) with copper concentration.

the magnetic moment. The sudden jump of M; to high
values with increased Cu concentration may be due
to the preferential occupancy of Cu?t in the B sites
of a tetragonal structure. Therefore, the continuous
increase in the M values with copper doping is due to
the structural transition taking place with increasing
Cu content (Figure 12). The structural transition
results in the formation of a tetragonal structure,
having whole M?2* ions in the octahedral sites. The
structural transition leading to these magnetic changes
is due to the Jahn Teller distortion effect [33], which
is associated with the occupation of the Cu?* ions in
the B sites. Thus, Cu containing ferrites possesses
unique structural modifications, which are absent in
other mixed spinel systems.

The value of coercivity (H.) initially decreases
with copper doping, then it shows an increasing trend,
as shown in Figure 12. This may be either due to
an increase in grain size or an increase in morphol-
ogy anisotropy, or both. This variation of H. with
grain size can be explained on the basis of domain
structure, critical diameter and the anisotropy of the
crystal [34,35]. In the single domain region, as the grain
size decreases, the coercivity decreases, because of the
thermal effects. The coercivity H,. in the single domain
region is expressed as H, = g—h/D?, where g and h are

Table 3. The magnetic moment per unit per formula
unit in the Bohr magneton (up) has been calculated
using the relation;

np = (M x M,)/5585,

where, M and M, are the molecular mass and sat-
uration magnetization, respectively. These calculated
values were found to well obey those magnetic moments
determined using Neel’s model, as shown in Table 3.

4. Conclusion

Mgi_»Cu,FesOy4 (z = 0.0, 0.2, 0.4, 0.6, 0.8 and
1.0) nanoferrites have been prepared using the sol-gel
method to investigate the effects of Cu-substitution
on the structural, electrical and magnetic proper-
ties of MgFe;O4 nanoferrite. A structural transition
from cubic to tetragonal form has been observed
with the substitution of Cu?t ions in magnesium
ferrite. Thermal analysis shows that copper as a
dopant can reduce the temperature of the nanoferrite
formation. TEM images indicate semi-spherical shapes
for MgFe;O4 nanoferrites and rod-shaped particles for
CuFey04, which suggests an enhancement of mor-
phological anisotropy with copper doping. The dc
electrical resistivity decreases with copper doping in
MgFes Oy, attributing to the increase in conductivity
due to Cu?+-Cut ions hopping. The activation energy
first increases then decreases with Cu doping. The
charge carriers start hopping from one site to another
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with increasing temperature, which results in an in-
crease in drift mobility with temperature. MgFe,O4

has

a saturation magnetization of ~23 emu/g, which

shows an increasing trend with copper doping, having
a maximum value of My, ~ 60 emu/g for CuFe,Oy,.
However, the coercivity initially decreases and finally
shows an increasing trend, which may be attributed to
the morphological transformations.
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