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Abstract Soft nanoferrites of nominal composition
Mng 5Cu,Zng 5—Fe;04 with 0.0 < x < 0.35 were prepared
by chemical co-precipitation method. The formation of sin-
gle phase spinel structure with different compositions, sizes
and macrostructure were confirmed by X-ray diffraction
patterns and scanning electron microscopic (SEM) mea-
surements. The lattice parameter decreased with increase
in Cu®* content. The crystallite size of the powder samples
varied from 14 to 27 nm. The theoretical density increased
with increase in Cu?* content. Room temperature saturation
magnetization was measured as a function of copper con-
tent. The saturation magnetization (Ms) and Bohr magneton
(uB) increases up to x = (0.25 due to increased A-B inter-
actions in the AB,O4 type spinel nanoferrites. Dielectric
permittivity, dielectric loss tangent and complex impedance
plots were studied in the frequency range 20 Hz—5 MHz.
Loss peak occurs for all the studied compositions and shifts
towards low frequency with increased Cu®** content. Com-
plex impedance spectroscopic studies confirmed that con-
duction in the samples is due to grain boundaries. The high
values of DC electrical resistivity support this result.
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1 Introduction

Magnetic and semiconducting ferrospinels have a wide
range of potential applications, due to their interesting phys-
ical, structural, magnetic and electrical properties. Magnetic
ferrites possess high DC electric resistivity, low eddy current
and low dielectric losses [1, 2]. They are extensively used in
microwave devices, information storage systems, magnetic
cores, several medical diagnostic purposes, etc. [3]. Mn—Zn
ferrites can be divided into two groups [4], high permeability
materials that are used at low frequencies. The grain bound-
aries represent obstacles to domain movement, thus decreas-
ing the permeability. The ferrites should therefore be coarse
grained to display a high permeability. Power ferrites are
used at high frequencies (~1 MHz) and exhibit low power
losses. In contrast to high-permeability ferrites, the grain
boundaries in power ferrites should exhibit a high resistivity
in order to decrease power losses [5]. Different techniques
such as hydrothermal, sol-gel, co-precipitation, combus-
tion reaction, mechano-chemical and micro-emulsion [6-9]
methods have been developed to synthesize nanoparticles of
spinel ferrite. In the spinel type structure, cations and anions
are distributed between two different lattice sites: tetrahe-
dral (A) and octahedral (B) sites. Electrical properties as
well as magnetic properties of these ferrites strongly depend
on the distribution of cations at different sites as well as the
preparation methods, sintering temperature, substitution el-
ements and different conditions [5]. Many researchers have
studied structural, magnetic and electrical properties of Mn—
Zn and Mn—Zn substituted ferrites [10-13].

Manganese ferrite is inverse spinel and zinc ferrite is
normal spinel. Substitution of small amount of cations im-
prove the electrical and magnetic properties of these fer-
rites. We have synthesized complex spinel nanoferrites of
Mng 5Cu,Zngs5—Fey;O4 with variation of concentration x
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by chemical co-precipitation method. The prepared nanofer-
rites are characterized by X-rays diffraction (XRD), infrared
spectroscopy (IR), scanning electron microscopy (SEM), vi-
brating sample magnetometer (VSM), impedance studies by
LCR meter and two probe resistivity apparatus to investigate
the compositional, structural, morphological, magnetic and
electrical properties.

2 Experimental Details
2.1 Synthesis

Crystalline ferrospinels were synthesized by the chemical
co-precipitation method. High purity (AR grade) ferric ni-
trate, copper nitrate, zinc nitrate, manganese nitrate and
sodium hydro-oxide were used as raw materials. Stoichio-
metric amounts of individual metal nitrates were dissolved
in minimum quantity [0.05 molar solutions of Mn(NO3),-
4H,0, 0.05 molar Zn(NO3),-H>O and 0.2 molar Fe(NO3),-
9H,0] of doubly distilled de-ionized water to get a clear,
transparent solution at 85 °C. To this, 3 molar sodium hydro-
oxide solution was added drop wise with constant stirring.
The pH of the solution was maintained between 10.5-11.5.
The mixture was then heated at 90 °C for about 1 h. The
precipitates were thoroughly washed with distilled water,
at least five washings, until the washings were free from
sodium and chloride ions. The product was dried in an elec-
tric oven at 105 °C for overnight to remove water contents.
All the synthesized samples were sintered at 450 °C for 4 h.
The sintered ferrites were mixed with 2 % PVA as binder
and pressed into pellets of 13 mm diameter by applying a
uniaxial load of 5 kN using hydraulic press. These pellets
were gradually heated to about 300 °C to remove the binder.
The powder form of the samples was used for structural
and magnetic study, while pellets were utilized for dielec-
tric measurements.

2.2 Characterizations

X-ray powder diffraction study was performed with CuKer
radiation (A = 1.54056 A) to identify the phases and to cal-
culate the lattice constant. Particle size analysis was carried
out using a scanning electron microscope (JEOL-instrument
JSM-6490A), with an accelerating voltage of 30 kV. Lattice
constant was determined using the relation dl—z = h%j#
where a is the lattice constant, (2 k [) are the Miller indices
and d is the inter planar distance. Crystallite size was calcu-
lated using Scherrer’s relation [14]:

. 0.981
"~ Bcost

where ¢ is the crystallite size, A the X-ray wavelength of
CuKo radiation and g is the full width at half maximum

ey
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(FWHM) in radians of the XRD peak at 20. The X-ray den-
sity of the prepared samples was calculated using the rela-
tion [15]:

8M

Nad @)
where M is the molecular weight and N is the Avogadro’s
number. The measured density is calculated assuming the
cylindrical shape of the pellets and using the relation [15]:

D, =

_m__m 3
Dm = Vo ol )
here m, r and [ are the mass, radius and thickness of the
pellet respectively. The percentage porosity was calculated

using the relation [15]:

P=(1-2") %100 4
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X

Infrared absorption spectra (FTIR) of samples with vary-
ing copper concentration were recorded in the range of 400—
700 cm~! at room temperature. Magnetic measurements
give information about the magnetic ordering present in a
magnetic material. Magnetic measurements for all the com-
positions were performed at room temperature using a vi-
brating sample magnetometer (VSM), BHV 50, Riken Den-
shi Co. Ltd. Japan. Different magnetic parameters e.g. satu-
ration magnetization (Ms), remanence (Mr), coercivity (Hc)
etc. were calculated using M—H loop. The DC electrical re-
sistivity was measured by a simple two-probe method within
temperature range 300-573 K. The relation between resis-
tivity and temperature [16] may be expressed as

AE
p = poe*s’ 5
Dielectric constant (¢') in ferrites is contributed by sev-
eral structural and micro-structural factors. Frequency de-
pendent dielectric constant, dielectric loss tangent and com-
plex impedance were measured in the frequency range
20 Hz-5 MHz by (Wayne Kerr 6500B) LCR precision meter
bridge in the parallel mode. Silver paste was applied on both
sides of the pellet for good ohmic contacts. Dielectric con-

stant (¢') and loss tangent (tan §) of the samples is calculated
using the relations [14, 17]:

cd
/
= , 6
€= (6)
1
tand = ———— (7
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where C is the capacitance of the pellet, d the thickness,
A the cross sectional area of the flat surface pellet, ¢, the di-
electric permittivity of the free space, p is the resistivity and
f the frequency of applied field. The complex impedance
spectroscopy is a powerful tool to study the relaxation phe-
nomenon. The impedance measurements were carried out
at room temperature in the frequency range from 20 Hz to
5 MHz.
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3 Results and Discussion
3.1 Structural analysis

The X-ray diffraction pattern of ferrite samples having gen-
eral formula Mng 5Cu,Zngs—,Fe,O4 where x = 0.0, 0.15,
0.25 and 0.35 are shown in Fig. 1. The peaks could be in-
dexed as (220),311),(400),(422),511),(440)
and (5 3 3), which are characteristics of single-phase spinel
structure. The variation of lattice constant with Cu concen-
tration is listed in Table 1. The lattice constant decreased
with increase in Cu?*, which is due to replacement of larger
cations Zn2t(0.82 A) by smaller cations Cu?t(0.72 A) [16].
The average crystalline sizes were determined using Scher-
rer’s formula [15]. The crystallite size remained within the
range 14 to 27 nm for the studied samples. The lattice
constant a, measured density Dm, X-ray density Dx and
porosity P are listed in Table 1. The Dx increased from
5.235 to 5.299 g-cm™3, with concentration x in the pre-
pared nanoferrites. Since Cu has relatively smaller atomic
mass (63.546 amu) than Zn (65.390 amu) atoms, which sub-
sequently influenced the density due to the increase in mass
which overtook the decrease in volume of the unit cell.

x=0.35

Intensity (arbit. unit)

x=0.15

x=0.0

T T T T T T T

20 30 40 50 60 70 80
20

Fig. 1 X-ray diffraction patterns of MngsCu,Zng5_,Fe,O4 ferrite
samples

3.2 Scanning Electron Micrograph Study

Figure 2 shows the scanning electron micrograph (SEM)
of Mng 5Cu,Zng5—,Fe, 04 system (x = 0.15). It is evident
that the synthesized sample has spherical particles shape
ranging in sizes from 12 to 35 nm. Most of the particles
are about 22 nm in size. This is in good agreement with the
average crystallite size (21 nm) obtained from X-ray mea-
surements shown in Table 1.

3.3 FTIR Studies

Figure 3 shows the IR spectrum for the samples with differ-
ent copper content. It is known that the high wave number
band vy in ferrites appeared at 500-600 cm ™! represent the
tetrahedral complexes, while the lower wave number v, at
400450 cm™~! represent the octahedral complexes [18, 19].
Therefore in the investigated samples, the high wave number
v1 represents the vibration of Fe3*—0%~ in the sub-lattice
site A, while the lower wave number band v, represents
the trivalent metal-oxygen vibrations at the octahedral B-
sites. The FTIR transmission spectrum revealed two domi-
nant absorption bands ranging from 602-581 cm™! (v;) and
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Fig. 2 SEM image of Mngs5Cu,Zngs—yFey;O4 ferrite sample
(x =0.15)

Table 1 The average crystallite

size (1 (ave)), lattice Composition x=0.0 x=0.15 x=0.25 x=0.35

constant (a), X-rays

density (D)), measured £(311) (nm) 14 22 27 25

density (Dy,), porosity (P), DC a(A) 8.431 8.408 8.405 8.389

electrical resistivity (ppc), -3

activation energy (AE) of the D, (g-cm 3) 5.235 5.272 5.274 5.299

Mng 5CuyZng s—FesO4 Dy, (g-cm™) 3.732 3.621 3.590 3.641

nanoferrites with varying Porosity (%) 28.7 31.3 31.9 31.3

concentrations 0 < x < 0.35 p (Q-cm) at 373 K 532 x 108 7.14 x 10° 6.67 x 10° 4.52 x 10°
AE (eV) 0.70 0.62 0.63 0.53
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Fig. 3 FT-IR for Mng 5Cu,Zng 5—Fe;O4 ferrite samples

467-440 cm~! (1) due to tetrahedral Fe3t—0%~ and octa-
hedral sites for Mng 5Cu,Zng s—,Fe,O4 ferrite powder, re-
spectively. Shifting of tetrahedral and octahedral bands to-
wards lower wavelength side with increase in Cu?t content
is observed. The difference in vy and v, band positions is ex-
pected because of the difference in the Fe3*—0>~ distances
for the octahedral and the tetrahedral sites due to redistribu-
tion of cations with the substitution of Cu®* ions.

3.4 Magnetic Studies

The M-H loops for all the samples have been plotted
as shown in Fig. 4(a). The low value of coercivity indi-
cates the soft nature of ferrites. It is observed that the
saturation magnetization increases slowly with increase in
Cu?* concentration up to x = 0.25 in the composition
Mng 5Cu,Zng5—,Fe;O4 and starts decreasing after wards.
The decrease in magnetization is observed for x > 0.25
could be attributed to decrease in A-B type interaction in
Cu?* substituted Mn—Zn structure. It is observed that satu-
ration magnetization of Cu?t (13.67 emu/g) added ferrite is
higher than pure Mn—Zn (13.48 emu/g). Similar increase in
saturation magnetization with Ni-Cu—Zn has been reported
by Rahman and Roy et al. [20, 21].

The variation in saturation magnetization with Cu>* con-
tent is shown in Fig. 4(b). This could be explained by cation
distribution and exchange interaction, since the cations dis-
tribution at A- and B-sites greatly influence the magnetic
properties of ferrites. It is well known that Zn?* ion has
strong A-site occupancy, Mn3T ijons prefer to go at B-
sites, while Cu?t and Fe* ions can occupy both A and
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Fig. 4 (a) Hysteresis curves for Mng 5Cu,Zng 5_FeyO4 ferrite sam-
ples, (b) Change in saturation magnetization (Ms) and remanent mag-
netization (Mr) with Cu2* concentration. Inset shows variation of co-
ercivity with Cu?* concentration

B-sites [22]. Substitution of Cu?* in place of Zn**t re-
sults into migration of some of Fe3* ions from B to A-site.
This process will increase the magnetization of Mn—Zn fer-
rites. At high concentration of Cu?* jons (x > 0.25), for-
mation of Fe?* ions and B-B super-exchange interaction
reduces the overall magnetization of ferrites. Both these fac-
tors lower the saturation magnetization of Cu doped Mn—Zn
ferrites [23-25].

The magnetic moment (up) was calculated from the re-
lation

M.W x Ms
5585 X pim

where M.W, Ms, and p,, are the molecular weight, satura-
tion magnetization, and measured density. The Bohr mag-
neton values are illustrated in Table 2. The results obtained
are in agreement with previous studies of ferrites contain-
ing Mn, Cu, or Zn ions [26-30]. In calculating the mag-
netic moment (), we have considered A-B interaction and
cations distribution. It is observed that due to the substitu-

B ®)
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Table 2 Coercivity (H.), saturation magnetization (M), remnant 2.0x10° ] J J J J J J ]
magnetization (M, ), Bohr’s magneton (up), Y-K angle (ay-x) (de- ’ 5T
gree), squareness ratio (Mr/Ms) of the Mng 5Cu,Zng 5, Fe2O4 nano- 1.8x10 ] ]
ferrites with varying concentrations 0 < x < 0.35 1.6x10° - E
1.4x10° .
Composition x=0.0 x=0.15 x=0.25 x=0.35 w5 5 1
@ 1.2x10° ]
[} 5 1
H, (Oe) 318 208 190 166 o 1107 1
M; (emu/g) 13.48 13.54 13.67 8.39 8 8'0"104'_ §
M, (emu/g) 3.6 42 43 1.7 g 6007 1
1B 021 022 023 0.13 4.0x10 ]
2.0x10* ]
ay-K 30 43 50 58 00.]
M, /M 0.26 031 031 0.20 R 1
-2.0x10 T T T T T T T T T T T T T T
2 4 6 8 10 12 14 16
. . . Inf(Hz)
tion of Cu™ ions at tetrahedral (A) and octahedral (B) sites @)
in place of Zn*? ions, the magnetic moment of octahedral , , — , , ,
B-site increases. This is in agreement with the observations 221 ]
in [30]. The decrease in ng for x > 0.25 Cu?* content is due 201 ]
to weakening of A-B interactions and change of B—B inter- 1.84 ]
actions from ferromagnetic to antiferromagnetic state [27]. 164 y
The Yafet—Kittel (Y-K) angles have been calculated using 1.4+ .
the formula [31] © 121 -
£ 10 ]
uB = (6+x)cosay_g —5(1 —x) 9 ]

0.8 -
where x represents the Cu?t concentration. The vales of Y- 0.6 ]
K angles are illustrated in Table 2. The increase in Y-K an- 0.4.] 1
gle with increase in Cu?t content suggests the canted spin 02 ]
model of magnetization in these ferrites and increased B-B ’ T T T T T T T
super exchange interactions [32]. The increase in Y-K an- 2 4 6 8 Inf (:IZ) 12 14 16
gle with Cu?* concentration indicates the fact that triangular (b)

spin arrangement is suitable on the B-site leading to reduc-
tion in A-B interaction. It is also clear in the present system
of ferrites that randomness increases as Cu’* is substituted
in these ferrites and shows a significant departure from the
Néel collinear model.

3.5 Dielectric Study

The frequency dependence of the dielectric constant for
samples have been studied in the frequency range from
20 Hz to 5 MHz. Figure 5(a) shows the variation of di-
electric constant with frequency for different concentrations
of Cu?t. It is clear that the samples exhibit the dielec-
tric dispersion where dielectric constant (¢') decreases as
the frequency increases from 20 Hz—5 MHz. The dielec-
tric constant decreases rapidly in low frequency region and
slows down in high frequency region, almost approaches
frequency independent behavior. The phenomenon of di-
electric dispersion in ferrites has been explained on the ba-
sis of Maxwell-Wagner model [33, 34] and Koop’s phe-
nomenological theory [35] of dielectrics. This model sug-
gests that dielectric medium is made of well conducting
grains, separated by poorly conducting grain boundaries. It
has been observed that in ferrites the permittivity is directly

Fig. 5 Variation in (a) dielectric constant (¢’) and (b) loss tangent
(tan 8) for Mng 5Cu,Zng 5 FeoO4 ferrite samples

proportional to the square root of conductivity [36]. There-
fore the grains are highly conductive and have high values of
permittivity, while as the grain boundaries are less conduc-
tive and have smaller values of permittivity. At lower fre-
quencies the grain boundaries are more effective than grains
in electrical conduction. The thinner the grain boundary, the
higher is the value of dielectric constant. The higher values
of the dielectric constant (¢') observed at lower frequencies
are also explained on the basis of interfacial/space polar-
ization due to inhomogeneous dielectric structure [37, 38].
The inhomogeneities present in the system can be porosity
and grain structure. The variation of dielectric loss tangent
(tan ) is shown in Fig. 5(b). It is observed that the loss tan-
gent decreases initially with increasing frequency followed
by the appearance of the relaxation peak. The appearance
of relaxation peak can be explained according to the Debye
relaxation theory [38]. The loss peak occurs when the ap-
plied field is in phase with the dielectrics and the condition
wt =1 is satisfied, where w =27 f, f being the frequency
of the applied field. Singh et al. [39] have observed a similar
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relaxation peak at a frequency of 1 kHz for Mn substituted
Ni—Zn ferrites synthesized by the citrate precursor method.
In the present investigation, the relaxation peak appears at
frequency 450 kHz and shifts towards lower frequency with
increase in Cu?* content. The shifting of the relaxation peak
towards lower frequency side with an increase in Cu’™ is
due to the strengthening of the dipole—dipole interactions
causing hindrance to the rotation of the dipoles [39]. There-
fore, the resonance between rotation of the dipoles and ap-
plied field takes place at lower frequency. Values of dielec-
tric constant (¢") and loss tangent (tan§) at 100 and 1 MHz
are listed in Table 3. The results show decreased in dielectric
constant and loss tangent with increase in Cu®* content.

3.5.1 Impedance Spectroscopy

Figure 6 show the resistive (real Z’) and imaginary (reac-
tive Z"") part of impedance as a function of applied field for
given compositions. The value of Z’ and Z” decreased with
increase in frequency which shows ac conductivity increase
with increasing frequency. The values of real and imaginary
parts of impedance decreases except for x = 0.25. The in-
crease in values of both parts of impedance for x = 0.25 is
consistent with the results of dielectric measurements. The
complex impedance measurements gives the information
about real (resistive) and imaginary (reactive) components
of a system. Impedance plane plots usually show two semi-
circular arcs, smaller one at high frequency and larger one at
low frequency side. The semicircle at low frequency repre-
sent resistance of grain boundaries (Rgp) and one at high
frequency gives resistance of grains (Rg) [40]. To corre-
late the electrical properties of the Mng 5Cu,Zng 5—FeyO4
composition with microstructure of the material, an equiva-
lent circuit model shown in the inset of Fig. 7(a). In nanofer-
rites, the grain boundary resistance is higher than the grain
resistance [41]. The parameters Ry, Rgp, Cg and Cgp were
obtained by fitting the impedance plane plots using Zview
software (within 2 % fitting error) for all the compositions
and listed in Table 3. Figure 7(b) shows increase in resis-
tance of both grains and grain boundaries up to x < 0.25
while decreases suddenly for x > 0.25. This increase in re-
sistance with Cu?* concentration is in good agreement with
electrical measurements. In the present study appearance of
one semicircle for all samples suggests a predominant con-
tribution from the grain boundaries (Fig. 8). The calculated
values support this statement.

3.6 Electrical Measurements
In general, DC electrical resistivity of ferrites depends on
the crystalline size, chemical composition, density, poros-

ity and sintering temperature. The DC electrical resistivity
measurements were done using two probe method for all
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Fig.7 (a) Complex impedance plane plot of Mng sCug.15Zng 35Fe204
ferrite samples. (b) Variation of grains and grain boundaries resistance
with Cu concentration

compositions and their values are given in Table 1. It is seen
that DC electrical resistivity shows a linear decreasing be-
havior with increase in temperature Fig. 9, which confirms
the semiconducting behavior for all the samples. The resis-
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Table 3 Dielectric constant —
(¢), loss tangent (tan ), Composition x=0.0 x=0.15 x=0.25 x=0.35
resistive impedance (Z),
reactive impedance (Z"), ¢’ at (100 Hz) 1.01 x 10° 5.55 x 10* 1.45 x 10* 6.25 x 10*
resistance of grains (Rg) and ¢’ at (1 MHz) 3.06 x 102 1.86 x 102 8.1 x 10! 1.87 x 102
grain boundaries (Rgp) of the
Mo sCuy Zno 5. x FosOs tan 8 at (100 Hz) 2.09 1.84 1.70 1.56
nanoferrites with varying tand at (1 MHz) 1.54 1.07 0.75 0.91
concentrations 0 < x < 0.35 7' at (100 Hz) 4.81 x 10 2.49 x 10° 5.89 x 10° 1.64 x 10
Z” at (100 Hz) 2.27 x 10° 1.44 x 10° 3.81 x 10° 1.11 x 10°
7’ at (1 MHz) 1.65 x 10° 3.10 x 103 3.47 x 103 2.48 x 103
Z” at (1 MHz) 1.64 x 103 3.13 x 10° 5.01 x 103 3.00 x 103
R, (ohm) 1.55 x 103 4.46 x 10° 4.54 x 10° 3.59 x 103
Rgp, (ohm) 1.80 x 10° 2.70 x 10° 7.98 x 10° 2.80 x 10°
C, (Farad) 7.98 x 10710 1.32 x 10710 1.29 x 10~ 5.86 x 10~
Cyp (Farad) 3.30 x 10~° 1.16 x 1078 6.68 x 1072 5.44 x 10~8
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Fig. 8 Complex impedance plane plots of MngsCuyZng5-,Fe;O4
ferrite samples. Inset shows the equivalent circuit model

tivity increases with Cu?t concentration up to x < 0.25 to
the value of 7.14 x 10° Q-cm at 373 K. This high value of
DC electrical resistivity is attributed due to large number of
grain boundaries at nanoscale. The increase in electrical re-
sistivity with Cu>* content is mainly due to redistribution of
iron ions at A and B sites. Cu>* ions prefer to occupy B-sites
replacing Fe3* ions which have equal tendency to occupy
both A and B sites. Moreover, the existence of Mn?* and
Mn3+ ion pairs gives rise to the A-B hopping mechanism.
The activation energy A E was calculated using slope of the
curve between Inp vs. 1/kgT plot. AE decreases with in-
crease in Cu®T concentration showing that conduction is due
to hopping of electrons.

4 Conclusions

Copper substituted Mn—Zn soft ferrites with composition
Mng 5Cu,Zng s5_Fe,O4 with a concentration 0.00 < x <

Fig. 9 DC electrical resistivity of MngsCu,Zng5_,Fe2O4 ferrite
samples

0.35 were prepared via a chemical co-precipitation method.
Single phase spinel structure of the compound was con-
firmed by X-ray diffraction with the size of the nanofer-
rites in the range of 14-27 nm which is in agreement
with SEM results. The lattice constant was found to de-
crease with increase in the Cu®t content. This observa-
tion is attributed due to the relative smaller ionic radii of
Cu* as compared to Zn>*. The observed results suggest
that the morphology and structure of the synthesized nano-
ferrites can be controlled by varying the composition in
Mng 5Cu,Zng 5—,Fe,O4. Higher and lower frequency bands
attributed to positions of cations, e.g., tetrahedral and oc-
tahedral 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
Zn>* metal ions. Furthermore, the hysteresis loop indicates
the soft nature of prepared nanoferrites. Saturation magneti-
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zation (Ms), remanence (Mr), coercivity (Hc) and magnetic
moment (up) are calculated from the hysteresis loop and
found to increase with Cu®t concentration up to x = 0.25
in the prepared nanoferrites. The Y-K angle strongly varies
with composition showing spin canting nature of magneti-
zation. Dielectric and complex impedance plane plots show
the major contribution due to grain boundaries resistance.
The results are in agreement with DC electrical measure-
ments.
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