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Abstract Novelty Cu—Cr nanoferrite, with the general
formula CuCr 3R os3Fe; 4,04 (Where R=Sm, Nd, Ce and
La), were prepared by standard ceramic method and char-
acterized by X-ray diffraction (XRD) analysis. Field emis-
sion scanning electron microscope (FESEM) and Energy
dispersive X-ray analysis (EDX) were obtained for all sam-
ples. The effect of doping Cu—Cr ferrite with different rare
earth (R**) types on the structural and electrical proper-
ties showed that the ionic radius, electronic configuration
and ionization potential for different R** could explain the
results. Introducing R** in Cu—Cr ferrite retained parent
cubic spinel structure ferrite. All R** types induced cation
redistribution. At low temperature the ionic radius of R**
control the conduction, whereas at high temperature the
ionization potential have the decisive effect. It was found
that La-doped Cu Cr sample had the lowest AC conductiv-
ity due to its large ionic radius and high ionization potential
promising application in memories and microelectronics.

1 Introduction

Ferrites are group of magnetic oxides containing iron as
a major metallic element. Many properties of ferrites are
drastically influenced by the type of distribution cations
in either A- and B-sublattices. Their properties are very
sensitive to the method of preparation [1]. Mixed cop-
per ferrites have been commercially used for many years
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as high-frequency devices such as radio frequency coils,
transformer cores, rod antennas and magnetic cores of
read-write heads for high speed digital tapes [2]. Therefore,
to meet the demands of applications at microwave frequen-
cies, attempts are taken to develop these ferrites. For this
purpose two major possibilities are available, controlling
the sintering temperature, atmosphere or adding some addi-
tives or substituents as R ions into Cu—Cr ferrite lattice. It
is known that rare-earth (R) atoms play an important role in
electrical properties as reported [3]. The electrical conduc-
tivity and dielectric behavior of ferrites markedly depend
on the preparation condition such as a sintering tempera-
ture, chemical composition, the quantity and type of substi-
tutions [4]. The influence of these factors on the electrical
properties have much valuable information on the behavior
of the delocalized electric charge carriers which can lead to
understand of the mechanism of electric conduction and the
dielectric in ferrite systems.

The main purpose of this work is to enhance the struc-
tural and electrical properties of Cu—Cr nanoferrite using
different rare earth ions. Also, there is shortage in literature
in the investigation materials which are important in many
technological applications.

2 Experimental work

Doped materials were prepared using standard
ceramic technique [5]. Ferrites of the general formula
CuCr 3R g3Fe; 470, (Where R=Sm, Nd, Ce and La) have
initial ingredients copper II oxide, chromium III oxide,
samarium III oxide, neodymium III oxide, cerium III
oxide, lanthanum III oxide and iron III oxide. The mix-
tures were grinded for 3 h, then they were compressed to
pellets. The samples were fired using Lenton furnace UAF
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16/5 (England) with microprocessor to control both the
rates of heating and cooling runs. Presintering was carried
out at 800°C for 6 h with heating rate of 4°C/min. Then,
final sintering was carried out at 1000 °C for 8 h with heat-
ing rate 4°C/min. The samples were annealed at 1000 °C
and all analyses have done at this annealed temperature.
The X-ray diffraction patterns were obtained using Diano
corporation of target Cu—Ka (A=1.5424 A). The average
crystallite size was calculated from the X-ray enlargement
line (d311) calculated by Scherrer’s equation considering
the half height and the enlargement of the peaks of diffrac-
tion [6]. The morphology was analyzed by the Scanning
Electron Microscopy for the samples using SEM Model
Quanta 250 FEG (Field Emission Gun) attached with EDX
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Unit (Energy Dispersive X-ray Analyses), with accelerating
voltage 30 KV, magnification X14 up to 1000000 and reso-
lution for Gun.1n, FEI company, Netherlands. The electri-
cal properties were measured by Hiooki bridge Japan LCR
Hi tester type 3530 (Japan) at frequencies ranging from
100 kHz to 5 MHz.

3 Result and discussion

Figure 1 showed XRD analysis for CuCrg 3R o3Fe; ;04
R=La, Ce, Nd and Sm. All samples showed single face
spinel structure with small amount of secondary phase
R,0;. These diffraction patterns were considered as face
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centered cubic (fcc) structure. Compared with ICDD card
number 77-0013, it is found that the strong diffraction from
the planes 311, 220, 400, 511 and 440 as well as weak dif-
fraction from the planes 222 and 422 appeared in the X-ray
diffractograms. La>* ion on Cu—Cr ferrite behaved differ-
ently compared with the other rare earth element (R) ions.
This may be attributed to its empty f-orbital, while the
other rare earth metals the diffraction lines are shifted to
lower diffraction angle (0) with increasing the ionic radii
of R ions. This may attributed to cations distribution of the
ions as follow:

(Cugl Fegly ) L Cugly CrotFegyl, 08

(Cugh Fely )L Cugly CrotLagt Feyt,1,05

(Cug’y Fegy )L Cugy CrotCegtiFegt),05 1)
(Cugy Fegy ) [ Cugly CroyiNdyG Feqt 1,05

(Cugh Fegly )L Cugly CrotSmytFegh1,05

It was reported [7] that the planes in XRD analysis 220,
400, 422 and 440 are very sensitive to cation distribution
at both tetrahedral and octahedral sites. Any alteration in
cation distribution caused a significant change in XRD
intensity ratios. The calculations resulted from XRD analy-
sis were listed in Table 1. The crystallite size was calcu-
lated from the characteristics of the (311) XRD peaks using
Debye—Scherrer’s equation:

kA
h pcos@ &)

where A is the wavelength of Cuka radiation (=1.54056 10%),
shape factor k=0.9, B is the contribution to the XRD peak
width, full width at half maximum (FWHM) due to the
small size of crystallites in radians. It was observed that
the crystallite size was in the range from 100 to 161.4 nm
and increased by increasing the ionic radii of R-ions. The
lattice parameter for the investigated cubic spinel system
(where a=b=c) is calculated using the formula [8]. The

Table 1 Values of ionic radius, crystallite size, experimental lattice parameter a

sity Dy, Porosity (P) and tolerance factor (T) of Cu—Cr-R ferrite

experimental lattice parameter changed monotonically with
the type of R ion, which was attributed to the small differ-
ence in ionic radius of R ions and interchange in the cation
distributions among A-site and B-site of the spinel lattice
and increased in the order La**>Ce**>Nd**>Sm’".
Also, the increase of lattice parameter with increasing ionic
radius of R ions due to the formation of secondary phases
on the surface of ferrite grains during sintering process [9].
The theoretically lattice parameter (a,,) are calculated from
the relation [10] as follow:

a, = %[(Q +Rg) + \/g(rB +Ro)] 3)

where R is the radius of the oxygen ion (0.138 nm) [11],
r, and ry are the ionic radii of tetrahedral (A) and octahe-
dral (B) sites respectively. From Table 1 it is shown that the
theoretical lattice parameter values follow the same trend
as the experimental lattice parameter values [12].

The X-ray density, D, and bulk density, D, were deter-
mined [13] for various R in CuCr ;R o3 Fe, (7O, and listed
in Table 1. The X-ray densities, D, for all samples were
increased monotonically, with the type of R ions, com-
pared to that of undoped ferrite, which is consistent with the
decrease in the lattice constant. The percentage porosity (P)
of ferrite materials are calculated using the relation [14]

p=1-28 5 100%

=1~ 5 X 100% @)

Table 1, correlates the ionic radii of the rare earth ions
with the porosity factor. Generally, there is a lowering in the
porosity started after Nd-doped samples due to substitution
process, where the addition of rare earth ions acts as a sinter-
ing catalyst that helps in the development of densification at
lower temperature.

Tolerance factor T for spinel ferrite was suggested by the
following relation [6]:

1 Ty +R, 1 R,
T=— +— )
V3\7s+R, V2 \75+R,

oxps theoretical lattice parameter a,, X-ray density D,, bulk den-

Sample Tonic radius (A) Crystallite size Aexp A) ag A) D, (gm/cm?®) Dy, P % T
(nm) (gm/cm3)

CuCr - 100 8.363 8.382 5.406 4.573 15 1.0006

La 1.032 161.4 8.377 8.397 5.456 4.670 14 0.9978

Ce 1.010 108.8 8.375 8.396 5.440 3.953 27 0.9980

Nd 0.983 108.4 8.371 8.395 5.451 4.080 25 0.9982

Sm 0.958 104.3 8.370 8.394 5.457 4.279 22 0.9984
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Fig. 2 a The micrograph of
FESEM of Cu—-Cr-R ferrite. b
EDX pattern for Cu—Cr-R fer-
rite. (The inset is the Histogram
of the average particle size)

where 1y, rg and R are ionic radius of A-site, B-site and  all the investigated samples were closed to unity suggest-
for oxygen (=1.38 A) respectively. For an ideal spinel ing the spinel structure of Cu—Cr—R ferrite as prepared
structure T value is close to unity. It was observed that  previously.
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Tab‘le 2 Va.lues of ionic radius, Sample Tonic radius Crystallite size Particle size Dy S S
crystallite size from XRD, &) XRD FESEM (em/em®)  Crystalsize ~ FESEM
particle size from FESEM, (nm) (um) «10* %10%
bulk density D,, surface area ( em?/ o) ( em? )
from crystallite size and from
FESEM (8) of Cu—Cr-R ferrite  cycr - 100 3.132 4.573 13.12 0.42
La 1.032 161.4 4.962 4.670 7.96 0.26
Ce 1.010 108.8 5.323 3.953 13.94 0.27
Nd 0.983 108.4 5.972 4.080 13.57 0.25
Sm 0.958 104.3 12.479 4.279 13.44 0.11

Table 3 EDX analysis for Cu—Cr—R ferrite

Element Weight percentage (wt%) Atomic percentage
(At.%)
Theoretical From EDX  Theoretical from
analysis EDX
analysis
CuCr
Cuy K 26.691 29.42 14.286 18.65
Cry K 6.552 7.76 4.285 6.01
Fe,s K 39.876 46.08 24.286 33.23
Oz K 26.88 16.73 57.143 42.12
La
Cuy K 26.415 28.30 14.286 18.41
Cr, K 6.484 8.11 4.286 6.45
Las; L 1.7322 3.03 0.4286 0.90
Feys K 38.767 44.61 23.857 33.02
Oz K 26.602 15.95 57.143 41.22
Ce
Cuy K 26.411 26.16 14.286 16.74
Cry K 6.483 8.11 4.286 6.34
Cesg L 1.747 2.97 0.429 0.86
Fe,s K 38.761 46.01 23.857 33.50
Oz K 26.598 16.75 57.143 42.56
Nd
Cuyy K 26.397 26.25 14.286 16.81
Cry, K 6.480 8.00 4.286 6.26
Nd¢, L 1.797 3.03 0.429 0.85
Fe,s K 38.741 45.97 23.857 33.48
Oz K 26.585 16.76 57.143 42.60
Sm
Cuyy K 26.377 26.95 14.286 17.67
Cry,, K 6.475 8.40 4.286 6.73
Smg, L 1.872 3.99 0.429 1.11
Fe, K 38.711 44.92 23.857 33.51
Oz K 26.564 15.74 57.143 40.99

3.1 Field emission scanning electron microscopy
(FESEM) analysis

Figure 2a showed FESEM images of CuCr ;R o3Fe; 4704,
(R=La, Ce, Nd and Sm). The micrographs of all sam-
ples has inhomogeneous grain size distribution. This may
be due to the agglomeration of large clusters, that held
together through relatively weak bonds of either magnetic
or Van der Walls force [15]. The agglomeration of particles
were depended on many factors such as: shape factor, sur-
face area, porosity and density as shown in Tables 1 and 2.

The inset of Fig. 2b showed the Histogram of the aver-
age particle size measured by Image J manufactured from
NIH Image company and are tabulated in Table 2. From
this table, the particle size decrease by increasing ionic
radius of R ions from 12 to 3 um. This might be attributed
to the ionic radius of R ions in which some of R ions might
reside on the grain boundaries and inhibited the grain
growth and also exert stress on the grain which caused
decreasing in the particle size [16]. Table 2 showed the
crystallite size calculated from XRD analysis and the par-
ticle size calculated from FESEM analysis. It was observed
that the particle size from FESEM greater than that from
XRD analysis due to the fact that XRD analysis gave the
information of crystalline region only but the contribution
from amorphous grain surface did not considered. On the
other hand, FESEM gave the overall image of the particles.
Also calculated specific surface area (S) from XRD analy-
sis and from FESEM analysis were calculated using the fol-
lowing relation [17]:

g 6000
~ Partical size X bulk density

(6)

It was observed from the calculation that the specific
surface area increased as the particle size decreased.
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Fig. 3 The Ac conductivity of Cu—Cr-R ferrite

3.2 Energy dispersion X-ray analysis (EDX) analysis

Figure 2b and Table 3 showed the compositional analysis
for CuCrq 3R, g3Fe; 6,04 (R=La, Ce, Nd and Sm). The fig-
ure and the table showed the elemental percentage of each
element which were expected to be present in the finally
sintered samples. The detail of composition of different R
ions samples were listed in Table 3. The energy of K, L and
M series X-rays increased by increasing the atomic num-
ber. The light elements could emit X-rays of L or K-series
and L-series in the normal energy range which is typical
for most spectrometers, (15-20 kV). Intermediate ele-
ments could emit X-rays of L or K-series and L series. On

@ Springer

contrast heavy elements could emit X-ray of M or L-series
and M-series [18]. As a result, a wide range of elements
might be recorded simultaneously during FESEM analysis.
In the investigated samples CuCr;Fe, O, had light ele-
ments. By adding R elements it became heavy elements.
Table 3 showed the atomic percentage (At.%) and weight
percentage (wWt%) for the investigated samples calculated
theoretically and from EDX analysis. It was observed that
the stoichiometry is nearly closed to anticipated values with
small deficiencies. Finally, the incorporation of R** ions in
place of Fe** was indicated by the intensities of the respec-
tive peaks in EDX analysis.
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Fig. 4 The dielectric constant of Cu—Cr-R ferrite

3.3 Electrical properties
3.3.1 Electrical conductivity

Figure 3 showed the variation of AC conductivity against
the frequency for CuCry ;R g3Fe; 704, R=Sm, Nd, Ce
and La. It was noticed that c,, remains almost constant in
relatively low frequency region then it increased in higher
frequency region. As the frequency of the applied electric
field increased, the hopping of charge carriers between
the ions of Fe’*<Fe* and R**<R>* increased, thereby
the conduction of such ferrite increased. This type of
behavior showed that more than one activation barriers

with different activation energies existed. The results
could be explained in terms of two regions depending
on the applied frequency; region I (100 kHz-1 MHz)
and region II (1-5 MHz). In region I the conduction was
due to the resistive grain boundaries. While as in region
II might be due to some trapped energy states, by pro-
moting the hopping between the different charge carriers
located at B-site [19].

The linearity of o, frequency dependence, in region II
was attributed to small polaron type conduction [20]. In
general the total conductivity can be expressed as [21]:

Cotal = Odc + Ouc

)
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Fig. 5 The dielectric loss of Cu—Cr-R ferrite

where o, is the direct current conductivity which is related
to the dielectric relaxation of the bounded charge carriers
and o, is the alternating current conductivity. The sec-
ond term in Eq. (7), o, is a frequency and temperature
dependent and it is predominant at high frequencies at low
temperatures.

Figure 3 showed the effect of rare-earth type on the
AC conductivity at different temperatures (350, 450 and
550 K) and different frequencies. Ce-doped sample had
the highest electrical conductivity among this group.
While, Sm doped sample had the lowest AC conductiv-
ity. The results could be interpreted on the basis of ionic
radius, electronic configuration of the different rare earth
elements used as well as the ionization potential of the
rare element.
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3.4 Dielectric properties

Figures 4, 5 showed the frequency dependence of the real
part (¢) and imaginary part (¢") respectively for all investi-
gated samples at different temperatures (350, 450, 550 K), for
CuCr ;R i3Fe, (70, samples, the dielectric constant (¢') and
dielectric loss (¢") decreased with increasing frequency. By
adding R ions with larger ionic radii, the dielectric constant
(¢) increased. The dispersion in both dielectric constant (€’)
and dielectric loss (") were rapid at lower frequency range
(10°-10° Hz) which were due to interfacial polarization. At
higher frequency range, due to rotational displacements of the
dipoles which results in the orientational polarization, disper-
sion in dielectric constant (¢') and dielectric loss (¢”) become
small approaches a nearly frequency independent response
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[21]. The dielectric constant (¢") and dielectric loss (¢") could
be described by the following relations [22].

, £, — €

€Tt 1 + w272 ®)
(e, — €., )T

1+ w272

" o_

®

"

tand = —
6/

10)

where g is the static dielectric constant, e, is high fre-
quency limit of dielectric constant, » the applied angu-
lar frequency (2x f), t the relaxation time and tand is the
dielectric loss tangent. The dielectric dispersion depended

1locecccccco o000 oo o O B BB S S 0000000000

3000 4000 5000 6000

f (kH2)

on two factors: the first was due to the electron hopping
between Fe?* and Fe** ions and the second was due to the
space charge polarization of an inhomogeneous dielectric
structure. Koop’s [23] theory suggested that the sample
having heterogeneous structure contains well conducting
grains separated by highly resistive thin grain boundaries.
This caused localized accumulation of charge under the
applied electric field which built up space charge polariza-
tion. Also, from the figure the dielectric constant (¢') and
dielectric loss (¢") increased with the increase in tempera-
ture due to thermally energized electrons, which contribute
to the polarizability at higher frequency.

Figure 6 showed the dielectric loss tangent, which
decreased with increasing frequency and this is normal
dielectric behavior in ferrites. It was noticed that the Ce
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sample has the lowest dielectric constant values and die-
lectric loss factor. The variation of dielectric loss tangent
(tand) with increasing frequency showed the same trend
similar to that of dielectric constant (¢") and dielectric
loss (¢"). The decrease was rapid at lower frequencies and
became slower at higher frequencies, where the electrons
were localized at the grain boundary through hopping pro-
duced polarization. As the frequency of the applied field
was increased, the electrons reversed their direction of
motion more often.

In general, the temperature dependence behavior of
dielectric constant (¢") and dielectric loss (¢") and tand
could be explained as follows: dielectric constant in fer-
rites was attributed to four types of polarization: inter-
facial (P;), dipolar (P,), electronic (P,) and space charge
(P,). At low frequencies where all four types of polari-
zation contribute, the rapid increase in (g') and (¢") with
temperature were mainly due to interfacial and dipolar
polarization, which were strongly temperature dependent
[24]. In case of the interfacial polarization, which was due
to the accumulation of charges at the grain boundary, an
increase in polarization results more charges reached the
grain boundary as temperature increased. The decrease
of (¢') and (¢") beyond the temperature at which the
last maximum appeared, was attributed to the decrease
in internal viscosity of the system giving rise to more
degrees of freedom to the dipoles which results in increas-
ing the disordering of the system and hence decreasing
both (g') and (¢") again.

Dielectric loss tangent was an important part of the total
core loss in ferrites. Hence, for low core loss, low dielec-
tric loss is desirable. Dielectric loss (tand) represented the
energy of dissipation in the dielectric system. The hopping
(exchange) of the charge carriers in the octahedral sites
(which was responsible for electric conduction) was ther-
mally activated by an increase in temperature. As a result,
the dielectric polarization increased causing an increase in
¢', ¢” and tand. Therefore, €', ¢” and tand increased with the
temperature and decreased with frequency which is a nor-
mal behavior for semiconducting ferrites.

Finally, addition of R ions gave highest conduc-
tion as follow: Ce>Nd>Sm>La and gave the dielec-
tric loss as follow: Nd>La>Sm>Ce. This means that
CuCrj;Lajy;Fe, 4O, ferrite had the highest resistiv-
ity which is the preferable sample in many technological
applications.

4 Conclusion
1. X-ray analysis confirmed that all samples had were

face centered cubic (fcc) structure single phase spinel
structure with small secondary phase peaks.
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2. FESEM analyses explained the morphology of the
particles. The micrographs of all samples had inhomo-
geneous grain size distribution. The particles showed
irregular shapes by adding different R ions.

3. EDX data gives the elemental % and atomic % in the
composition of mixed Cu—Cr-R ferrites, and it shows
the presence of all cations of the samples.

4. The most recommendable sample satisfies the techno-
logical application is CuCr, 3La i3Fe; ;04 which has
higher resistivity, low crystallite size and valence sta-
bility potential promising application in memories and
microelectronics.
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