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Abstract Nanoferrites of composition Mng s50Cug 5—xNiy
Fe;04 (0.00 < x < 0.50) are prepared by chemical copre-
cipitation method. The prepared nano-ferrites were char-
acterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), infrared spectroscopy (IR), two probe
resistivity apparatus, and vibrating sample magnetometer
(VSM) to study the compositional, structural, morphologi-
cal, electrical, and magnetic properties with varying concen-
tration (x) in the composition of the prepared nanoferrites.
XRD confirmed formation of single phase spinel ferrite with
crystalline size in the range of 1629 nm. The lattice param-
eter (a) decreases with a decrease of Cu concentration. Fur-
ther information about the structure and morphology of the
nanoferrites was obtained from SEM and results are in good
agreement with XRD. FTIR gives information about distri-
bution of cations and anions by confirming the presence of
high and low frequency bands due to tetrahedral and octa-
hedral sites, respectively. The electric properties were mea-
sured and analyzed by using homemade two probe resistiv-
ity apparatus showing semiconducting behavior of synthe-
sized ferrites. The magnetic hysteresis curves clearly indi-
cate the soft nature of the prepared samples. Various mag-
netic parameters such as saturation magnetization (M), and
remanence (M) are calculated from the hysteresis loops and
observed compositional dependent. Saturation magnetiza-
tion and magnetic moment increase with Ni content. This is
due to the existence of localized canted spin. Coercivity and
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M decreases while Y-K angles increase with Cu®>* content.
The Ni** addition improves the magnetic properties. Curie
temperature decreases with increase in Cu contents.
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1 Introduction

Ferrites have a wide range of applications from microwave
to radio frequencies, exhibiting very low conductivity,
which is an important requirement for microwave applica-
tions. In the spinel type structure, cations and anions are
distributed between two different sites: tetrahedral (A) and
octahedral (B) sites. Magnetic as well as electrical prop-
erties of these ferrites strongly depend on the distribution
of cations at the different sites as well as the preparation
method and conditions [1]. Ferrite nanoparticles have been
synthesized by using a number of techniques such as sol—
gel autocombustion method, refluxing method, mechani-
cal grinding, and hydrothermal methods, etc. [2-5]. For
the preparation of ferrites, chemical coprecipitation method
has been widely used. Among these, the chemical copre-
cipitation technique is economical and easy to utilize. Soft
magnetic ferrites are important technological materials be-
cause they have high resistivity, high mechanical strength,
high Curie temperature, magnetooptic, and corrosion resis-
tive properties [6]. Ferrites have high resistivity and perme-
ability. In ferrites, cations occupied two types of positions
sites (e.g., octahedral (A) and tetrahedral (B) sites). How-
ever, properties of ferrites may influenced by several other
factors, including covalent bonding effect and crystal field
stabilization energies of transition-metal cations. The pres-
ence of cations in the interstitial sites distorts the oxygen
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sublattice and the tetrahedrally coordinated sites to be ex-
panded, effecting a light displacement of the oxygen anions
along the cell diagonals. Among the transition-metal series,
the d-electron structure of the cations changes in system-
atic way, whereas the ionic radius relatively remains con-
stant. This leads to an excellent opportunity to engineer and
fabricate specific magnetic interactions in the crystal lat-
tice by substituting various transition-metal cations in the
crystal structure, thereby altering macroscopic and micro-
scopic magnetic properties [7]. MnFe,O4 has a normal-
type spinel structure. Contrary to MnFe,Oy4, Ni ferrite typ-
ically have an inverse-spinel structure, where Ni ions pre-
fer to occupy B site. It is ferrimagnetic material belong-
ing to a group of soft ferrite materials, having a typical
spin arrangement of [Fe3t ()4 [Ni?+ (1) ™, Fe3t (1)1804].
Ferrites having Ni as constituent exhibit excellent mag-
netic and electronic properties [8]. On the basis of these
properties, we have synthesized complex spinel Nanofer-
rites of Mng 5Cug 5_,Ni,Fe,O4 with systematic variation
of concentration x by chemical coprecipitation method. The
prepared nanoferrites are characterized and studied by X
rays diffraction (XRD), infrared spectroscopy (IR), scanning
electron microscopy (SEM), two probe resistivity apparatus,
and vibrating sample magnetometer (VSM) to investigate
the compositional, structural, morphological electrical and
magnetic properties.

2 Experimental
2.1 Synthesis

Various preparation techniques have been employed for the
synthesis of ultrafine nanoparticles of ferrites, which ex-
hibit novel properties. Various techniques includes sol-gel,
coprecipitation, thermal decomposition, and hydrothermal
methods. Ultrafine homogenous nanoferrite particles can be
prepared by the simple chemical coprecipitation method.
Control of particle size in the nanometer is difficult task be-
cause of variation of dopant concentration can affect particle
size. It becomes mandatory in the case of ferrofluid prepara-
tion using the coprecipitation method. In case of ferrofluid,
it is mandatory that the synthesized sample is prepared with
the help of the coprecipitation method [9]. Chemical precip-
itation is the economical route for the production of large
scale of ultrafine nanoferrite particles [10]. Among differ-
ent methods, the preparation of nanoferrites by the chemical
coprecipitation method provides many advantages due to
its relative simple reaction procedure, homogenous mixing,
lesser cost, and good control over the particle size and struc-
ture [11, 12]. In this paper, a series Mng 5Cug s—,NiyFe>O4
(0.00 < x < 0.50) are prepared using chemical copre-
cipitation method. All used chemicals used were analyt-
ical graded and used without further purification. Pro-
cedure involves the preparation of aqueous solutions of
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Ni (NO3);-6H>0, Mn(NO3);7-4H,0, Cu(NO3),-1/2H>0,
and Fe(NOs3)3-9H;0O in an alkaline medium of NaOH.
NaOH with 3 M concentration was used as the copre-
cipitation agent. Separate solutions of Ni (NOj3),-6H>0,
Mn(NO3)7-4H,0 and Cu(NO3),-1/2H,0 (with a total con-
centration of 0.1 M), and Fe(NO3)3-9H,0 (0.2M) were pre-
pared in 100 ml of deionized water. An example to pre-
pare ferrites with the composition of Mng sCug 4Nig 1 Fe;O4
(with x = 0.10) is described as. For this composition, the
stoichiometric reagent ratio of 0.05 M of Mn(NO3),-4H»O0,
0.04 M of Cu(NO3)2-1/2H20 and 0.01 M of Ni(NO3)»-
6H,0 and 0.2 M of Fe(NO3)3-9H,O were used. These
reagents were taken separately in 100 ml deionized water
followed by mixing the prepared solutions in a beaker; at
85 °C with constant magnetic stirring until a clear solution
was obtained. Solution of coprecipitating agent of NaOH
(3 M) was made separately in 100 ml of deionized wa-
ter and heated up to 85 °C. The solution of coprecipitating
agent then mixed rapidly with the prepared salt solutions. It
is important to mention here that rapid mixing of metal so-
lution with coprecipitating agent gives relatively small size
homogenous nanoparticles. For transforming metallic hy-
droxide into ferrites, the temperature was increased to make
a reaction fast; the temperature was kept constant at avail-
able 310°C. After mixing a metallic solution with NaOH
solution, both solutions were heated and stirred for 40 min-
utes. This was followed by stoppage of heating while con-
stant stirring remained and continued for 3 hours. The pH
value was kept between 11.25 and 12.35. Precipitates were
washed 5 times with de ionized water. Products were dried
with the help of electric oven over night at 110 °C. At the
end, a black colored ferrite powder was obtained. Similarly,
all six types of compositions were synthesized by varying
the desired stoichiometric amounts of salts. Dried samples
were sintered in a furnace for about six hours at 800 °C. This
was followed by cooling of the furnace at 10 °C/min.

2.2 Analysis and Characterization

The prepared Mng 5Cug 5—,Cu,Fe;O4 (0.00 < x < 0.50)
ferrites were characterized by various techniques. Structural
and related characteristics of the samples were determined
by X-ray diffraction (XRD) using a Stoe diffractometer to
determine the lattice parameter, phases, particle size, and X-
rays density, etc. XRD patterns were obtained using Cu Ko
(A = 1.5406 A) at room temperature. The mean crystallite
sizes were estimated using the standard Scherrer formula.
Furthermore, analysis was then performed on the XRD data
to obtain the lattice constants, crystallite size, lattice con-
stant, a, and XRD density px using the standard relations
as described elsewhere [6]. Compositional analyses were
performed using XRF (JEOL JAPAN JSX3201M). Trans-
mission IR spectra were obtained by Perkin Elmer FTIR
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Fig.1 The XRD patterns of Mng 5Cug 5—,Ni,Fe,O4 nanoferrites with
varying concentrations (x)

spectrometer using KBr and synthesized samples disc pel-
let. Morphology and structure of the nanoferrites were stud-
ied using scanning electron microscopy (SEM), Jeol JSM
6490A. Since due to high resistivity of synthesized mate-
rial, SEM could not be performed on the samples fabri-
cated discs. To overcome this problem, circular discs were
made conducting with gold coating. Electrical, magnetic,
and Curie temperature measurements were done using a
vibrating sample magnetometer (VSM) model, BHV 50,
Riken Denshi Co. Ltd. Japan, Laboratory resistivity and sus-
ceptibility apparatus.

3 Results and Discussion
3.1 Structural and Morphological Studies

The indexed XRD patterns of the prepared samples of
Mng 5Cuq 5_Ni,Fe,O4 are presented in Fig. 1. The pres-
ence of planes (220), (311), (222), (400), (422), (440), and
(511) in the diffractograms confirmed the cubic spinel struc-
ture. As it is evident from the figure that Mng 5Cuq 5_,Ni,
Fe, 04 with varying compositions exhibit single phase spinel
structure without showing any other detectable impurity.
The peaks broadening indicate lower crystallite size of the
synthesized samples. The average crystallite size for each
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Fig. 2 Variation in the porosity (P) and X-ray density (pox). In-
set graph shows relation between porosity and measured density of
Mng 5Cug 5 NiyFe; Oy

composition was calculated using the standard Scherrer for-
mula the XRD peak corresponding to the total average peaks
of the planes of the spinel structure [13]. The crystallite
size remained within the range 16-9 nm. XRD data was
also used to calculate various characteristics of the prepared
nano-ferrites such as lattice constant (a), average crystal-
lite size (¢ (ave)), volume of the cell (V), X ray density
(px), and porosity (P) using standard relationships as dis-
cussed elsewhere [14]. It is observed that the lattice con-
stant decreases with the increase Ni concentration. This may
be due to the difference in ionic radius of the copper ions
(0.73 A) and Ni (0.69 A). Addition of copper at the ex-
pense of Ni in the ferrite is expected to increase the lattice
constant. Figure 2 determines a variation in porosity and X-
rays density and the inset graph shows variation in porosity
and measured density with concentration and values tabu-
lated in Table 1. It is observed that porosity decreased as the
concentration Cu concentration decreased; again it is due
to the difference in ionic radius of Cu and Ni. The mea-
sured (pm) and X-rays density (px) of the corresponding
materials are found in range from 5.24 to 5.4 g/cm® and
3.37-4.29 g/cm?. Morphological analyses was done with
help of scanning electron microscopy (SEM). SEM micro-
graphs of prepared Mng 5Cug s5—Ni,Fe,O4 (x = 0.0) nano-
ferrites are shown in Fig. 3(a, b). As seen from the micro-
graphs 3(a), at high resolutions, determines the dimension
of the particle is varying in the range of 16-21 nm. Fig-
ure 3b at a lower resolution shows the surface morphology
of the sample Mng scug 5_,Ni,Fe;O4 with x (0.00), respec-
tively. Relatively porous, dense material formation is appar-
ent in the samples with a remarkable change in grain size.
The average grain size determined by the SEM for sample
Mng scups—NiyFeoO4 x = 0.00 is fairly consistent with
that obtained from the XRD technique. The comparison of
the results of XRD (Table 1) and SEM reveals that the sub-
stitution of Ni ions for Cu in the Mng 5Cug s_,Ni,Fe,Og4
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Fig. 3 Scanning electron microscopy (SEM) of the nanoferrites of
Mng 5Cug 5 Ni,Fe,O4 with concentration of x = 0.00 (a) low res-
olution; (b) high resolution

ferrite system shows an increase in bulk density and de-
crease in porosity and particle size of the host material. Sim-
ilar to these observations are reported in [15].

3.2 Infrared Spectroscopy Studies

IR-spectroscopy reveals the distribution of cations and
anions on octahedral and tetrahedral sites. In the cur-
rent work, IR spectra of Mn-Cu-Ni ferrites were exam-
ined in the frequency range of 350-1000 cm~!. Fig-
ure 4 represent IR spectrums of the prepared ferrites of
Mn 5Cug 5—,Ni Fe;O4. Two main metal-oxygen bands,
e.g., higher and lower frequency bands are important in
ferrites to determine octhedral and tetrahedral cations and
anions positions [16]. In Fig. 4 IR band, vy, is usually ob-
served in the higher frequency range of 620550 cm™~!. The

v; band corresponds to internal stretching vibrations of the
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Fig. 4 FTIR-spectra of the prepared Mng 5Cug 5, Ni, Fe,O4 nanofer-

rites of with varying concentrations (x). v; and v, designate high and
low energy frequency bands, respectively

metal atoms at the tetrahedral site, Mietracs0. The second
band is v,, a lowest frequency band which is observed in the
range of 360425 cm™!. This is assigned to the octahedral
metal atoms vibrational stretching, Mocta<s0-

3.3 Electrical Properties

The electrical resistivity is important properties of ferrites,
particularly for high-frequency applications. The resistivity
of the ferrites depends on several factors such as density,
porosity, grain size, chemical composition, etc. In the cur-
rent paper, dc electrical resistivity was determined by a Lab-
oratory two-probe method in the temperature range 375-
575 K. Arrhenius relation (1) was used to obtain dc electrical
resistivity (pqc) at specific temperatures. From the slope of
the Arrhenius plot, activation energy was determined [17]:

_ AE 1
PT = Po CXp<kB—T> ey
where AE is the activation energy in (eV), kg is the
Boltzmann constant, and 7 is the temperature in Kelvin
(K). The values of activation energy are tabulated in Ta-
ble 1. In Fig. 5, the variation of dc electrical resistivity of
Mng 5Cuq 5 Ni,Fe;O4 (0.00 < x < 0.50) as a function of
temperature is shown. The DC resistivity was found for all
samples and was found in the range of 2.2 x 10°-5 x 10°
Q-cm as illustrated in Table 1. From the inset in Fig. 5, it
is clear that resistivity decreases with an increase in temper-
ature for all the synthesized samples confirmed with semi-
conducting behavior. The conduction mechanism in ferrites
can be explained by a hopping mechanism [18, 19]. The ac-
tivation energy was determined from the slope of the In p
versus (1/kgT). The activation energy (AE) of the stud-
ied specimens was found in the range 0.16-0.25 (eV) with
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Fig. 5 Resistivity as a function of temperature at various concen-
trations X. Inset graph shows dependence of temperature on the
electrical resistivity for the nanoferrites of MngsCuqs5—Ni,Fe;O4
(0.00 < x < 0.50). Straight lines are the best fit to (1)

a maximum value for x = 0.00. The activation energy val-
ues are in good agreement with previously reported values
for other spinel ferrites [19]. The drift mobility (©q) was
determined using equation [20]:

1
M = (—) 2
nep

where p is the resistivity, e is the electron charge, and n
is the charge concentration carrier which can be calculated
from the relation [21]

e (NA/;;PFC) (3)

where Na, pm, and M are the Avogadro’s number, mea-
sured density, and molecular weight of the corresponding
sample, respectively, and Pg. is the number of iron atoms in
the formula Mng 5Cuq 5-NiyFe;O4. The drift mobility for
all the samples was calculated using (2) and (3). The plots
of (uq) with 1/kgT are shown in Fig. 6. The temperature
variation of resistivity was mainly attributed due to change
of drift mobility with temperature. It is observed from the
graph that by increasing the temperature, the drift mobility
also increases. It may be due to the fact that the charge carri-
ers start hopping from one site to another as the temperature
increases [22]. It is observed from Fig. 6 that with increasing
the temperature, the drift mobility increases. It may be due
to the charge carrier’s start hopping from one site to another
as the temperature gets increased. dc resistivity and activa-
tion energy as function of Nickel concentration are shown in
Fig. 7
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Fig. 6 Drift mobility (1q) as a function of temperature

3.4 Magnetic Properties

Figure 8a illustrates the variation of magnetization
M (emu/g) versus the applied magnetic field H (Oe) at
room temperature for the prepared Mng sCug s—, NiyFeoO4
spinel nanoferrites. A hysteresis loop was obtained using the
vibrating sample magnetometer (VSM). The narrow loops
determine the soft nature of the prepared nanoferrites. All
the observed curves behave normally, and the magnetiza-
tion was found to increase with an increase in the applied
magnetic field and attains its maximum value for an applied
field of 1.25 Tesla. Various magnetic parameters such as
saturation magnetization (Ms), remanence (M;), and coer-
civity (H.) were calculated from the hysteresis loop. The
values of all of these calculated parameters are given in Ta-
ble 1. The dependence of My and coercivity (H.) on con-
centration (X) is illustrated in Fig. 8b. It is observed that M
and H, increases with concentration (X). Coercivity repre-
sents the strength of the magnetic field necessary to surpass
the anisotropic barrier and allows the magnetization of the
nanomagnetic particles. Temperature influences the coerciv-
ity H. as it has been observed in superparamagnetic spec-
imens, and with an increase in temperature the coercivity
tends to vanish with increase [23]. The obtained M and H.
values in the present study are found to be in the range 11—
21 emu/g and 149-525 Oe. The effect of concentration on
saturation magnetization (M;) and Bohr,s magneton (np) is
shown in Fig. 8c and values are illustrated in Table 1. M,
increases with an increase in concentration (X). M, starts to
increase from 1.6 emu/g to 3.37 emu/g, respectively, as the
Cu concentration is decreased. The increase in the Mg and
M, values with a decrease in Cu concentration can be ex-
plained on the basis of Neel’s theory. Bohr magneton values
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Fig. 8 Magnetic hysteresis curve of Mng sCuq s5—,NiyFe;O4 for 0 < x < 0.5 (a); saturation magnetization (Ms) and coercivity (H.) vs. concen-
tration (b); M; and np vs concentration (c); Y-K angle vs. concentration (d)
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were determined by using relation [24]. The Bohr magneton
(np) was calculated using relation

M.W x Mg

= 4
5585 X pom @)

np
Whereas M.W, M, and p, are the magnetic moment,
molecular weight, saturation magnetization, and measured
density. The Bohr magneton values are illustrated in Table 1.
The results obtained are in agreement with previous studies
of ferrites containing Mn, Cu, or Ni ions [24-30]. In calcu-
lating the magnetic moment (ng), we have to consider A—B
interaction and cation distribution. It is observed that due to
the substitution of Ni>* ions at tetrahedral (A) and octahe-
dral [B] sites in place of Cu™? ions, the magnetic moment
of octahedral B-site increases. It is observed that the mag-
netic moment decreases with an increase in Cu®*. This is
in agreement with the observation in [24]. The Yafet—Kittel
(Y-K) angles have been calculated using the formula [31]:

ng=(6+x)cosay—g —5(1 —x) 5)

where X represents concentration. The vales of Y-K angles
are illustrated in Table 1 and the effect of concentration on
the Y-K angle at room temperature is represented in Fig. 8d.
It increases exponentially with the decrease with concentra-
tion (x). The nonzero Y-K angles suggest that the magne-
tization behavior cannot be explained on the basis of Neel
two sublattice models due to the presence of spin canting
on B sites, which increases the B—B interaction, and conse-
quently decreases the A-B interaction. These results are also
in good agreement with the observation of A-B interaction
in the two sub-lattices due to Ni substitution in mixed Mn
ferrites by others [32]. This shows that in the present system
of ferrites, randomness increases as Ni is substituted in these
Cu ferrites and shows a significant departure from the Neel
collinear model.

In Fig. 9, variation of Curie temperature with concentra-
tion (X) is shown. It is observed that with an increase in
concentration of the Cu, the Curie temperature decreases.
T. is maximum for Mng 5Ni,Fe,O4 while it is minimum
for Mng 5Cug sFe,04. The lowering of 7, can be correlated
with values of Y-K angles especially in ferrites. An increase
in the Y-K angle is characterized by a decrease in A-B in-
teraction and this leads to lower the T in ferrites. The values
of T are tabulated in Table 1 which are in agreement with
the observation in [24, 32].

4 Conclusions
The coprecipitation method was used for the synthesis of

nanoferrites of MngsMg, 5_,Ni,Fe;O4 with a concentra-
tion 0.00 < x < 0.50. Various characterizations have been
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done to study the various electrical and magnetic proper-
ties of the synthesized nanoferrites. XRD confirmed the for-
mation of a single phase spinel Mn—-Mg-Ni ferrite structure
with the size of the nanoferrites in the range of 16-29 nm
and the result is in agreement with SEM results. The lat-
tice constant and porosity were found to decrease with a de-
crease in the Cu contents. These observations are attributed
due to the relative larger ionic radii of Cu>* as compared to
Ni*2. The observed results suggest that the structure, com-
position, and morphology of the synthesized nanoferrites
can be controlled by varying the composition of Mn—Cu—
Ni ferrites Mng sCug.s—,NiyFe,O4. Higher and lower fre-
quency bands attribute to positions of cations, e.g., tetrahe-
dral and octahedral sites of the prepared spinel-ferrites were
observed using FTIR spectroscopy. A slight variation in the
bands is attributed to the relative size variation between Cu
and Ni metal ions. Furthermore, the hysteresis loop indicates
the soft nature of the prepared nanoferrites. Saturation mag-
netization (M), remanence (M;), H., and Bohr magneton
(np) are calculated from the hysteresis loop and found to
increase with Ni concentration (X) in the prepared nanofer-
rites. The Y-K angle strongly varies with composition and
affects the Curie temperature of the synthesized material.
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