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Abstract

M-type barium hexaferrite ceramics (BaM) are important materials owing to their tremendous applications and useful prop-
erties. However magnetic and electrical properties of Cu substituted BaM haven’t been studied yet. In the present study, Cu
doped BaM samples having chemical formula BaFe,_,Cu,O,4 (where x=0, 0.1, 0.3 and 0.5) were synthesized by conven-
tional solid state mixed oxide route. X-ray diffraction and Fourier transform infrared spectroscopy confirmed the formation
of hexagonal magnetoplumbite structure with space group P63/mmc as the major phase in all the samples. Scanning electron
microscopy revealed the dense structure of undoped and doped samples with platelet-like morphology. Vibrating sample
magnetometry showed a large decrease in the coercivity of BaM without the loss of saturation magnetization by the addi-
tion of Cu. Magnetic measurement at cryogenic temperature (25 K) revealed that Cu doped sample showed less variation
in magnetic properties on decreasing the temperature as compared to undoped BaM samples. Room temperature dielectric
studies showed that addition of Cu caused a decrease in dielectric loss however it increased at higher substitution level i.e.
x=0.5. High temperature conductivity studies revealed that single-ionized oxygen vacancies are responsible for conduction

in Cu doped BaM.

1 Introduction

Hexagonal ferrites are complex oxides of iron (Fe) with
various other divalent metal ions chemically combined in
different ratios and categorized as M, W, X, Y, Z and U
type hexaferrites [1]. These materials have become very
important for last few decades both technologically and
commercially owing to their multitude of applications in
magnetic recording devices, loudspeakers, small direct
current (DC) motors, electric power generation, ferrite
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cores, sensors, transistors, capacitors, inductors, microwave
absorbers and microelectromechanical systems (MEMS)
[1-5]. Among all other types of hexaferrites, M-type hexa-
ferrites specially barium hexaferrite (BaFe,,0,9, BaM) has
gained tremendous attention of researchers due to its useful
properties including relatively large saturation magnetization
(72 Am? kg™!), high magnetocrystalline anisotropy along
¢ axis (1352 kAm™), large coercivity (594 kAm™'), high
Curie temperature (450 °C), chemical stability, low cost,
ability to resist corrosion, high electrical resistivity and
low dielectric losses [1, 3-9]. High coercivity of BaM is
attributed to its large c/a ratio (3.94) and high anisotropy
constant (K; =3.3x 10° erg cm™>) which renders its various
applications as hard magnets. However, the coercivity (H,)
and other magnetic properties of BaM can be altered by
substituting Fe with various other dopants or/and by using
different synthesis techniques to broaden the span of its com-
mercial applications while retaining its useful properties
including chemical stability and high electrical resistivity
[1].

BaM, having space group P63/mmc, consists of Fe>* ions
randomly distributed in tetrahedral (4f,), octahedral (12k,
4f,, 2a) and trigonal bipyramidal (2b) sites in alternating


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-8477-y&domain=pdf

Journal of Materials Science: Materials in Electronics (2018) 29:5134-5142

5135

hexagonally and cubically packed layers of Ba and O. Net
magnetic polarization (J) at any temperature T per unit for-
mula of BaM can be given by [3, 10].
J(T) = 6myp (T) = 2mypy (T) = 2mypy(T) + 1my, (T) + 1myy,(T)
ey
where m, is the magnetic moment of Fe** ions in the nth
sub-lattice. It has also been reported that Fe** ion at 2b site
has the largest contribution to K;, while ions at the 2a, 4f,,
and 4f, sites have relatively smaller effect. Contrarily, Fe>*
ion at 12k has a negative contribution to the anisotropy
constant. Hence, the choice of an appropriate ion for the
replacement of Fe ions in BaM can be helpful in control-
ling its magnetic properties for the growth of its commercial
applications.

Researchers have replaced Fe with various trivalent ions
(Ce** [11], AP* [8], Cr** [12], Sm** [7], Ho*" [9], Ga®*
[13]) and a combination of divalent and tetravalent ions
(Mg*=Ti?* [5], Ni**=Sn** [10], Cu?*-Ti** [10], Ni**—zr**
[14]). It was found that replacing Fe with Ce>*, Sm**, Ho**
and Ga®* caused an increase in coercivity while AI**, Cr**,
Mg*-Ti?*, Ni**-Sn**, Cu**—Ti** and Ni**—Zr** caused a
decrease in the coercivity of BaM. Saturation magnetiza-
tion (M) and remanent magnetization (M,) decreased in
all the above reported cases. Scientists have also used vari-
ous synthesis routes including solid state oxide route [3],
hydrothermal method [15], glass crystallization method [16],
microemulsion [17], co-precipitation [18], citrate precursor
[19] and sol-gel auto-combustion method [20] to produce
BaM with wide range of coercivity. Solid state oxide route
yields powder well below single-domain grain size and uses
simple equipment and synthesis methodology [3].

Cu’* ions are believed to behave in the similar way as
Co?* ions [21] and it is already known that addition of Co**
decreases the coercivity of BaM due to its negative first
order magnetocrystalline anisotropy constant [22]. Sozeri
et al. [10] doped BaM with Cu?* in combination with Ti
and reported a decrease in coercivity without having much
effect on its saturation magnetization. However, a detailed
investigation on the effect of solely Cu on polycrystalline
BaM ceramics is still scarce in literature. In present work,
the effect of Cu on the structural, magnetic and electrical
properties of BaM has been investigated using advanced
analytical tools. X-ray diffraction (XRD) and Fourier trans-
form infrared spectroscopy (FTIR) has been used to inves-
tigate the structural changes. Grain size and morphological
aspects have been studied by scanning electron microscopy
(SEM) analysis. Vibrating sample magnetometer (VSM) was
used to determine the magnetic properties both at room and
cryogenic temperatures. Impedance analysis is an impor-
tant modern tool to characterize the electrical properties of
ceramics since an increasing interest has been developed
among researchers to evaluate the dielectric response of

BaM for the purpose of advanced electronic applications
[1, 10, 23-25]. Therefore a detailed dielectric study has
been done to investigate the dielectric properties, conduc-
tion mechanism and the activation energy of samples using
precision impedance analyzer.

2 Experimental procedure

Cu doped BaM samples having chemical formula
BaFe,,_,Cu,0,y (where x=0, 0.1, 0.3 and 0.5) were syn-
thesized by conventional solid state mixed oxide route.
Stoichiometric amounts of dried BaCO; (Riadel-de Haen,
99%), Fe,O; (UniChem, 99.5%) and CuO (Grey/Green Brit-
ish House Drug Ltd., 99%) powders were carefully weighed
and milled in ethyl alcohol for 4 h. After milling, the result-
ant powder was heated to 900 °C at a rate of 20 °C min~! and
calcined for 5 h in air atmosphere. Calcined powder was fur-
ther ground in ball mill using ethyl alcohol as solvent for 3 h
and was converted into 10 x 1 mm? cylindrical pellets using
uniaxial hydraulic press. Phase and crystallographic studies
were done using X-ray diffractometer (PANalytical Xpert
PRO) with Cu—Ka (A=0.154 nm) radiation. Morphology
and particle size of the samples were analyzed using scan-
ning electron microscope (Nova NanoSEM-450). Infrared
spectroscopic analysis was done by using FTIR (Jasco FT/
IR-4100) spectrometer. Magnetic measurements of samples
were done at cryogenic (25 K) and room temperature by
using vibrating sample magnetometer [Model: 7407, Lake-
shore (USA)]. Precision impedance analyzer (Wayne kerr
6500B) was used to determine room temperature dielectric
properties and high temperature conductivity (upto 210 °C)
in the frequency range of 1 kHz-2 MHz.

3 Results and discussion
3.1 X-ray diffraction

The XRD patterns of BaFe,,_,Cu,O,y (x=0, 0.1, 0.3 and
0.5) powders sintered at 1300 °C for 2 h in air are shown in
Fig. 1. XRD patterns confirmed the formation of BaFe ,0,4
as a major phase in all the prepared samples. However,
BaFeO;_g appeared as an impurity in the undoped sample.
It is already known from the literature that formation of sin-
gle phase BaFe,,0,4 is very difficult via both conventional
solid state and wet methods [1, 19, 26]. It was observed that
addition of Cu suppressed the formation of impurity phase
in samples BaFe, ¢Cu, 0,4 and BaFe,; ,Cu, ;0. This type
of behavior in which a dopant promotes the sintering pro-
cess and restricts the formation of impurity phase, has been
reported in several other cases [3, 27]. However, hematite
(Fe,05) appeared as an impurity at higher substitution level
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Fig. 1 XRD patterns for BaFe ,_,Cu,O,, for different values of x.
Hexagonal magnetoplumbite structure (space group: P63/mmc) was
formed in all the samples as a major phase

i.e. x=0.5. All the peaks were indexed in accordance with
Joint Committee on Powder Diffraction Standards (JCPDS)
no. 84-0757 for BaFe,0,9 23-1023 for BaFeO;_g and
40-1139 for Fe,0;. Standard pattern of BaFe,0,, has also
been displayed at the base of Fig. 1 for quick reference.

Lattice parameters a and ¢ were calculated according to
the formula [13].

4(h2 + hk + k2 2
14 )+% -

T 2
d., 3a

In the given equation, d is interplanar spacing as deter-
mined by the Bragg formula 2dsin 6 =nA. The unit cell vol-
ume was calculated from the formula [13].

Vo = i 3)
cell 2 ac
Table 1 shows the effect of Cu doping on the lattice
parameters of BaM. The lattice constants of pure BaM
are in good agreement with the previous work [1]. It

Table 1 Values of lattice constants ‘a’ and ‘c’, ¢/a ration and volume
of unit cell of BaFe,_,Cu,Oq

Composition a(A) c(A) c/a Ve

BaFe ;0,9 5.89 23.11 3.93 693.21
BaFe;; oCu, 019 5.89 23.15 3.93 695.14
BaFe;,; ;,Cu(;0/9 5.88 23.06 3.93 689.23
BaFe|; sCu50;9 5.89 22.86 3.88 685.91
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is evident from Table 1 that the lattice parameter ‘c’
increased upto x =0.1 but started decreasing afterwards.
The increase in ‘c’ can be explained on the basis of larger
ionic radius of Cu?* ions (r(Cu?*)=0.57 A for CN=4
and r(Cu®*")=0.73 A for CN=6 [28]) which are replac-
ing smaller Fe** ions (r(Fe**)=0.49 for CN=4 and
r(Fe*t)=0.65 A forCN=6 [28]) in the hexagonal crystal
lattice [29]. At higher substitution rates, apparently the
formation of oxygen vacancies (to balance the charge as
divalent ions are being replaced by trivalent ions) has a
greater effect on lattice parameters as compared to the sub-
stitution of Fe** ions by Cu®* ions in the unit cell, which
consequently results in the decrease in lattice parameters
[3, 30].

3.2 Fourier transformed infrared spectroscopy

Figure 2 shows the IR spectra recorded for BaFe,,_,Cu,Oq
(where x=0, 0.1, 0.3 and 0.5) ceramics. Two absorption
peaks can be observed in the range of 400-600 cm™! which
can be related to the characteristic vibration band of hex-
agonal ferrite [4, 31]. Band in the range 420-470 cm™!
can be assigned to Fe—O bending by Fe-O, and Fe-O
stretching by Fe—O, whereas, the band in the range
520-550 cm™' can be assigned to the Fe—O stretching by
Fe-O, [4, 31, 32]. The positions of all absorption bands of
the products are very similar, while their relative intensi-
ties varied slightly. The absorption peak in the range of
630640 cm™! present in all the samples can be attributed
to the metal-oxygen stretching vibrations of Fe,O5 [33].
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Fig.2 FTIR spectra of BaFe,,_,Cu, O, for x=0, 0.1, 0.3 and 0.5
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Fig.3 SEM images of a
BaFe,,0,, b BaFe,; ¢Cu 0o,
¢ BaFe, ;Cu( ;0,9 and d
BaFe;; sCuy5Oy9
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Fig.4 M-H loops for BaFe,_,Cu,O,y ceramics for x=0, 0.1, 0.3
and 0.5

3.3 Scanning electron microscopy

Microstructural analysis of fractured surface of Cu doped
BaM ceramic samples was done using SEM and the result-
ing micrographs have been shown in Fig. 3. Dense micro-
structure with platelet-like morphology can be observed in
Fig. 3a—d, which is in accordance with XRD analysis.

3.4 Magnetic properties
Figure 4 represents the hysteresis loops of BaFe,_,Cu,O,4

(where x=0, 0.1, 0.3 and 0.5) ceramics measured at a
maximum applied field of 18 kOe at room temperature. The

Table 2 Effect of dopant on magnetic properties of BaFe,_,Cu, Oy
ceramics for x=0, 0.1, 0.3 and 0.5

X Saturation magneti- Remanent magneti- Coercivity
zation zation H, (Oe)
M, (emu g™ M, (emu g™

0 89.0 41.3 2263.1

0.1 115.0 259 932.5

0.3 115.1 59 262.1

0.5 88.5 354 1911.0

values of saturation magnetization (M,), remanent magneti-
zation (M,) and coercive force (H.) measured for all samples
are given in Table 2. It can be observed that M, increased
from 89 to 115.0 emu g~! with the addition of Cu to x=0.3
in undoped sample and then it decreased to 88.5 emu g~
on further addition of Cu to x=0.5. The increase in M, of
BaM by the addition of Cu can be explained by Ligand field
theory; according to this, ions with d!, d%, d® and d* electrons
prefer tetrahedral coordination, while ions with de, d7, a8
and d° electrons prefer octahedral coordination [3, 34, 35].
Therefore Cu®* ions, which have d° electrons, are expected
to replace Fe*™ ions at 4f, site which is octahedrally coor-
dinated position having spin down moment. According to
Eq. 1, substitution of Fe** ions (with magnetic moment of
5 pg/ion) at 4f, position by Cu?" ions (having lesser mag-
netic moment) should lead to an increase in the net magnetic
polarization (J) of BaM which can account for the initial
increase in the M. The decrease in M, afterwards can be
explained by the fact that at higher substitution level, large
increase in c-axis length decreases the effect of down-spin
state contributions (4f,) to the total magnetization [36].
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As evident from Table 2, both M, and H, decreased with
increase in Cu content upto x=0.3 and then increased at
x=0.5. A high H_ value for pure BaM is attributed to its high
uniaxial anisotropy along the c-axis [1]. In M-type hexafer-
rites the ions at octahedral coordination sites (12k, 4f,) and
2b (trigonal bi-pyramidal coordination) sites are known to be
the major contributors to the magneto crystalline anisotropy.
Large decrease in H_ can be related to the reduction of the
anisotropy field as a result of Cu®* substitution at 4f, site,
which provides the largest contribution to magnetocrystal-
line anisotropy [10, 36-38]. Increase in H, at higher dopant
concentration can be attributed to the weakening of super
exchange interactions. An excessive amount of Cu®* ions
might destroy the regular arrangement of Fe®* ions, which
would lead to an increase in H, [11]. More specifically large
substitution causes weakening of super exchange interaction
of type FeA**—~O—FeB>*, leading to the collapse of magnetic
collinearity of the lattice [8].

Figure 5 shows the variation in magnetic properties of
BaM due to the drop in temperature to 25 K for undoped and
doped samples. It is evident that addition of Cu has dimin-
ished the effect of cryogenic temperature on the magnetic
properties of BaM.

3.5 Dielectric studies

Dielectric characteristics of BaFe;,_,Cu,O, (where x=0,
0.1, 0.3 and 0.5) were measured over frequency range
of 1 kHz-2 MHz at ambient temperature and the results
are shown in Fig. 6. The variation of real and imaginary
part of complex permittivity (¢’ and ") with frequency is
shown in Fig. 6a, b. The real part of the complex permit-
tivity (¢') represents the quantity of energy stored in the
dielectric material from the alternating current (AC) field
and imaginary part (¢”) represents the losses [4]. The real
and imaginary part of permittivity (¢', ¢”) decreased with
increasing frequency for all the compositions and this
trend can be explained using the correlation of frequency
and polarization. The total or net polarization of a die-
lectric material is the sum of contributions from ionic,
electronic, dipolar and interfacial polarizations [23, 24,
39, 40]. These polarizations are quite responsive to the
time varying electric field at low frequency, but as the
frequency of electric field is increased, the contributions
from different polarization filter out one by one which
results in the decrease of net polarization. Hence, permit-
tivity of the ceramics generally decreases with increasing
frequency [24, 39, 41]. Also, ferrites are characterized
by conducting grains and highly resistive grain bounda-
ries. When they are subjected to electric field, charge
carriers start traveling towards the grain boundary (GB)
through hopping phenomenon and then start piling up
due to the high resistance of the GB. This piling of

@ Springer
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Fig.5 Variation in magnetic properties of BaM due to the drop in
temperature to 25 K for a undoped and b doped (x=0.1) samples

charges causes polarization and when the frequency of
the applied electric field is increased, the charges tend
to reverse the direction of their motion more often. This
phenomenon decreases the probability of electrons to
reach the GB and as a result the polarization decreases.
Consequently, the dielectric constant starts decreasing
with increasing frequency of the applied electric field.
The results obtained in the present work are in accord-
ance with precious reports [23, 24, 42]. It can also be
seen in Fig. 6a, b that the real part of permittivity (&')
and imaginary part (¢") increased with the increase in
Cu?* except for BaFe,, ¢Cu, ,0,,. Figure 6¢c indicates the
variation of dielectric loss (tan 8) with increasing fre-
quency for various amounts of Cu (x=0, 0.1, 0.3 and
0.5). The value of dielectric loss varied between 0.01 and
0.14 for all the compositions at lower frequency. Further
decrease in dielectric loss was observed with the increase
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in frequency. This decrease can probably be due to the
fact that the dipole oscillations cannot follow the changes
of the external field at high frequencies [43].

3.6 Conductivity analysis

Figure 7 shows the AC-conductivity (c,.) as a function of
frequency in temperature range of 30-210 °C. AC conduc-
tivity (o,.) of all the samples was quantified via impedance
analysis by using relation [44],

_ 7 t
PR “)

where Z' and Z" are real and imaginary part of impedance
and (#/A) are dimensions of sample. It is very clear that with
the rise in temperature AC-conductivity increases. This rise
in AC-conductivity can be divided into two regions. A small
increase in AC-conductivity was observed up to 130 °C and
it increased to a large extent from 130 to 210 °C. As far
as frequency dependence of AC-conductivity is concerned,
at lower frequencies plot showed narrow dispersion which
turned out to be wider after 100 kHz. This step like feature
inZ' (w) and o, (®) with rise in temperature is an indication
of multiple potentials countered by charge carriers near GB
and electrode surface as the formula unit contains 12 no. of
iron atoms [45, 46].

AC-conductivity behavior with temperature for
BaFe | oCug 0,4 is shown in Fig. 8. The plot could be
distributed, independent of frequency, in two regions cat-
egorized by different slopes. At low temperature (region-
1), frequency dependence is high as all conductivity curves
are wide spread. While at high temperature (region-II)
these curves are merging together. Each region is charac-
terized by different slopes which indicates diverse conduc-
tion mechanisms associated with the corresponding values
of activation energy (E,). Moreover, the AC conductivity
increases with measuring frequencies especially at high
temperatures. As the temperature increases, the conductiv-
ity becomes frequency independent with a slight increase
on the higher frequency side. Similar trend is shown by
all other compositions. In order to explain the conduction
mechanism at different frequencies, activation energies are
calculated by employing Arrhenius relation [27, 47],

t=r,exp (E,/kgT) )
where 7, is the pre-exponential factor, E, is the associated
activation energy and kj stands for Boltzmann constant
(1.3807x 1072 J K~1). Activation energy values for all the
sintered samples at different frequencies are calculated and
presented in Table 3.

Activation energy values are found to decrease at higher
frequencies. It has been reported in the literature that acti-
vation energy is in the range of 0.3-0.6 eV and 0.6—-1.2 eV
for single-ionized and doubly ionized oxygen vacancies
respectively [48]. Taking this into account, conduction
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mechanism in BaFe;,_,Cu,O4 is due to conduction of
single-ionized oxygen vacancies.
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Table 3 Activation energy values (eV) at different frequencies in
temperature range of 30-210 °C

Composition Activation energy (eV)

100 Hz 1 kHz 10 kHz
BaFe ,0, 0.52 0.48 0.37
BaFe ; ¢Cug ;04 0.53 0.45 0.33
BaFe ; ;Cu 304 0.59 0.49 0.35
BaFe ; sCu; 504 0.64 0.54 0.38

4 Conclusion

Cu doped BaM samples having composition BaFe,_, Cu,Oq
(where x=0, 0.1, 0.3 and 0.5) were successfully synthesized
by conventional solid state mixed oxide route. XRD and
FTIR spectroscopy confirmed the formation of hexagonal
magnetoplumbite structure with space group P63/mmc as
the major phase in all the samples. BaFeO,_g appeared as a
secondary phase in undoped sample which was eliminated
by the addition of Cu. SEM revealed dense platelet-like
structure of samples. Addition of Cu caused a large decrease
in coercivity of BaM from 2263.1 to 262.1 Oe at x=0.3
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while retaining a high value of M, i.e. 115.1 emu g~!. Mag-
netic measurement at cryogenic temperature (25 K) revealed
that Cu doped sample showed less variation in magnetic
properties on decreasing the temperature as compared to
undoped BaM samples. Room temperature dielectric studies
showed that addition of Cu caused a decrease in dielectric
loss from 0.11 to 0.01 at x=0.1 which started increasing
afterwards at higher substitution level. High temperature
conductivity studies revealed that single-ionized oxygen
vacancies are responsible for conduction in Cu doped BaM.
BaFe, | ;Cu, ;0,4 ceramics showed lowest value of coercivity
(H,) i.e. 262.1 Oe while having highest value of saturation
magnetization i.e. 115.1 emu g~! hence these ceramics are
quite suitable for switching device applications.
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