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In this article, the synthesis and the electrical and magnetic characterization of the M-type lead hexaferrite were presented.
Rare-earth substituted lead hexaferrite was synthesized by the traditional ceramic process. The final product was obtained
by sintering the lead hexaferrite compact at 950°C for 2 h. According to the XRD analysis, secondary phases did not appear
in the patterns. The electrical polarization curve of the sample did not confirm the ferroelectric response. The dielectric
constant vs. frequency indicated a reduction trend. As observed from the polarization curve, the polarization value changed
between 0.8 and -0.8 pC/cm’ under the voltage of 5.76 kV. The high symmetry of the crystal in this sample is proposed to
be the origin of the absence of ferroelectric response. Vibrating sample magnetometer (VSM) measurements confirmed the
ferrimagnetic behaviour for both RT and low temperature. The saturation magnetizations (IM;) were found to be 7.54-8.08
emu/g in the temperature range of 7-22 K and the highest coercivity value was found to be 1.2 kOe and this result depicts
the magnetically soft nature and multi-domain structure. The results showed that the obtained lead hexaferrite sample has
acceptable magnetic properties.

Keywords: Hexaferrite, Polarization, Dielectric, Saturation magnetization, Permanent magnet.

Introduction catalysis, humidity sensors, MRI, data storage devices,
satellite communication and so on [10]. In order to tailor
Ferrite materials cover three groups of magnetic the magnetic properties of the common hexaferrites, the
materials, namely: ferrite spinels, ferrite garnets and replacement of Ba* or Sr’* cations and also, of Fe’*
hexagonal ferrites. The last group which are poly- cation is carried out [9]. Since their discovery in 1950,
crystalline hexagonal ferrites exhibit very high uniaxial some specific electrical and magnetic behaviours of the
magnetic anisotropy. That is why they have become hexaferrites have drawn interest to these materials due
ideal permanent magnets. M-type hexaferrites having to the functionality of especially Sr and Ba hexaferrites.
the general formula of MFe ;O (Where M is Ba, These magnetic behaviours are related to the particle
Sr or Pb) can be used in many applications such as size, the particle shape and the synthesis methods
the permanent magnets, high density magneto-optics, [11]. Similar to the structures of other hexaferrites, the
magnetic recording media and so on. The requirements magnetoplumbite lead hexaferrite can be considered as a
for these applications are high saturation magnetization combined structure of the spinel and hexagonal blocks.
and coercivity, large magneto-crystalline anisotropy, In this structure, the lead cations and oxygen anions
together with excellent chemical stability [1-7]. Further- build up a dense packing along the ¢ axis in the sequence
more, for specific applications they are able to compete of ten layers of ABABACBCBC where Pb** cations are
with the metal-based permanent magnets [8]. Among found in the third and eighth layers [12].
the M-type hexaferrites, the Ba-hexaferrite was the first In the dielectric materials, there are tightly bound
one of which characterization was made. Because their electrons to the nucleus, which are not mobile. However,
coercivity is tunable, their saturation magnetization, under the electric field, a slight displacement of the cloud
their permittivity and their permeability are high, they of electrons is observed from the positive nucleus, which
are chemically stable, these materials have become one results in the electronic polarization. Polar molecules
of the popular research field. Among their uses, there show orientational polarization. In these molecules,
are biological applications, the automotive industry and the electrons are not shared symmetrically. Thus, there
telecommunications sector [9]. Apart from the permanent is a separation between the net positive and negative
magnets described above, these uses might contain charges. Under the electric field, a torque is exerted on

the molecules and this torque has a tendency to align
+Comesponding author them with. the field. The ionic pglarizabi.lity emerges
Tel - 190-212-3115000 when the ions of molecules are slightly displaced [13-
E-mail: burcuertug@gmail.com 16]. Dielectric materials can be defined as the insulator
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materials which do not exhibit electrical conductivity.
Between the valence and conduction bands of these
materials, there is a large energy gap. Despite the fact
that conductivity of the electric current is not observed,
under the applied electric field a polarization takes
place in these materials. An electric dipole is built up
in these materials through the shift of charge balance
under applied electrical field. The electrical insulators
or capacitors are the examples of the applications of
dielectric materials. The ability to store charge with
respect to vacuum is said to be dielectric permittivity
and it is commonly referred as dielectric constant. Under
applied electric field, E (V/m) the polarization, P (C/m?)
can be induced in the insulators (dielectric materials)
[17-21]. When the frequency rises, the net polarization
in the material decreases since each of the polarization
mechanisms ceases to make a contribution causing
the dielectric constant drop. At the higher frequencies,
approximately above 10" Hz, there is not any polarization
mechanism which can rapidly switch to be able to
remain in step with the applied electrical field. Thus,
the polarization ability of the material is lost leading to
the drop of the dielectric constant to one (the value of
the vacuum) [22-25]. As a result of the experimental
measurements, it is possible to obtain various types of
polarization versus electrical field (P-E) loops. Apart
from the typical ferroelectric hysteresis curves. elliptical
P-E curves might also be observed. It might be difficult
to estimate if the study material exhibits ferroelectricity
or not. In some cases, it is possible to misinterpret a non-
intrinsic type of polarization under applied electrical field
as an evidence for the presence of ferroelectric behaviour
[26-29, 12].

Several investigators studied the partial substitution
of rare earth elements for the cations of Sr [30] or
Ba [31] in order to improve the magnetic properties
of the hexaferrites. Several researches studied Pr
substitution on the magnetic and electrical properties
of Sr-hexaferrite [32], the effect of La-Pr-Co co-
substitution on the mag prop CaSr-hexaferrite [33], the
effects of Pr-Co content on the magnetic properties of
Sr-hexaferrite [34], the influence of La-Mn substitution
on the magnetic properties of Sr-hexaferrite [35]. Some
other researchers conducted magnetic studies on the Cr
substituted CaSrLa-hexaferrite magnets [36], electrical
and magnetic characterization of rare earth substituted
Sr-hexaferrite [37] and the magnetic studies of Bi and
La substituted Sr-Ba hexaferrite powders [38].

The substitution of La for Sr increased both the
saturation magnetization and coercivity. However,
substituting Pr in the Sr site by increased the coercivity.
Also, while substituting various rare earth elements
for Sr, the coercivity increased whereas the saturation
magnetization dropped [39]. It is possible to improve
the magnetic properties of the lead hexaferrite through
partially substituting the non-magnetic cations such as
La*", Ho*, AI*, Bi*" in the sites of Pb*" or Fe*" [40].

The formation of Ba or Sr-hexaferrites takes place
above 1250 °C and the formation of La-hexaferrite occurs
at 1360 °C. On the other hand, in the lead hexaferrite
the formation of the magnetic phase takes place at a
low temperature. That is why there is a specific research
interest on the PbFe ;019 material [27]. With respect to
Ba and Sr hexaferrites, PbFe,,0,, ferrimagnets have been
less examined owing to the environmental concerns. These
environmental effects are related to the chemical stability
of lead hexaferrite such as the decomposition to PbO that
takes place at 950 °C. Another drawback is the relatively
lower saturation magnetization and the anisotropy field
of Pb hexaferrite in comparison to other M-type ferrite
compounds. The modification of the magnetic properties
is maintained by the substitution of the metal-cations.
The long-range interaction within the material is changed
because of the cation substitution, which in turn results in
the modification of magnetic properties [41]. Mahdiani
and co-workers (2017) reported the magnetic properties
of PbFe ;09 nanostructures which were produced by
the sol-gel auto-combustion method at 900 °C for two
hours. They produced a nanostructure that exhibited a
high coercivity value of approximately 5.1 kOe [42]. In
a very recent study, Pb,CrFe;O19 with a grain size
of 53-63 nm. was prepared. Cr’" substitution initially
increased the saturation magnetization reaching a
maximum value of 64 emu/g for 30% Cr’* and with
further increase, the Ms value dropped. Also, for this
composition, a minimum coercivity value of 6.54 kOe
was obtained [43]. Ansari and co-workers (2014),
prepared the nanoplates and nanoparticles based on the
PbFe ;019 by the sol-gel auto-combustion method, the
obtained products exhibited high coercivities of 5.6 kOe
[44]. In a study of Tan and Wang (2011), PbFe,O19
powders were synthesized using the sol-gel method to
produce a hexagonal structure. Following the sintering
at 1000 °C for one hour, a strong ferromagnetism was
observed at room temperature for the obtained PbFe ;O
ceramics [2].

In the current paper, the electrical polarization and
the magnetic behaviour of the lead hexaferrite prepared
through the traditional ceramic method were investigated.
Our objective is to examine the effect of the rare earth
elements (La, Y) on the electrical and the magnetic
response.

Material Method

Synthesis of Lead Hexaferrite

M-type lead hexaferrites with the compositions of
PbREFe Oy (x = 0.2) were produced by the solid-state
reaction. 3 g of the precursor powders were weighted
and PbCO; was used as the source of Pb and Fe,O; as the
source of Fe. The mass of the precursor powders; 98%
hematite (Fe,O;) (ZAG Kimya), 99% PbCO; (Refsan),
99.5% La,O; (Merck) and 99% Y,0; (Merck) were
taken based on the chemical formula. The preparation
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Fig. 1. Process diagram of the experimental work.

of the Pb-hexaferrite samples covered three steps: the
mixing of the starting powders, compaction and the
sintering of the powders. The process diagram showing
a summary of the experimental work is shown in Fig. 1.
The precursors used in this study were hematite, Fe,O;
and PbO. Appropriate amounts of the Fe,O;, PbCO; and
other powders of La,O; and Y,O; were were subjected
to milling in the agate mortar for a sufficient duration.
The powder mixture had a Pb/Fe ratio of 1:12. The
stearic acid was used to enhance the effectiveness of
the milling. Following the mixing, the powder mixture
was pressed into a compact sample using a hyraulic
press (Sahinler) with stainless steel die under a pressure
of 150 MPa for 60 seconds. The samples were 10 mm.
in diameter and 3 mm. in thickness. Afterwards, the
samples were sintered under the atmospheric condition
using (Nabertherm) at 950 °C for 2 h. at the heating
rate of 5 °C/min. in order to synthesize the compound
of PbFelzow.

Characterization Studies

X-ray Analysis of Lead Hexaferrite

The density of the sintered sample was calculated
by using the measured diameter and the thickness and
precisely taking the mass of the sample. The average
density was presented as the mean value of the two
densities obtained from different pellets.

The identification of the present crystalline phases was
done through X-ray diffraction (XRD) measurements with
the help of a X-ray diffractometer (Rigaku DMax2200).
The XRD pattern collection was made in the Bragg angle
range of 20-60°. The XRD data was collected at room
temperature using Cu Ko radiation (A= 1.5406A°) in the
20 range of 30-40° at the slow scan speed and then the
crystalline phases present in the sample were identified.

The crystallite size was calculated by the Debye-Scherrer
equation (1) :

_ kA
- B.cos® M

d shows the crystallite size; k value refers to Scherrer
constant; A indicates wavelength of X-rays and the B
value stands for Full Width At Half Maximum (FWHM).
The reader can refer to the study to obtain the details of
the calculation [43]. The lattice parameters a and ¢ were
calculated by Equation (2):

2 2 2
1_ ‘_‘(M) i (’_] )
da 3 a’ ¢

In Equation (2), d refers to interplanar spacing; hkl
refers to Miller indices and a and c are the lattice
parameters. The cell volume, V.a was calculated by

Equation (3):
Veell = 0.866a’c 3)

Electrical Characterizations

The electrical characterizations of the study were
carried out in two steps. The electrical polarization
measurements and the dielectric measurements. The
electrical polarization measurements were performed
by Keysight E4980AL LCR meter under the applied
voltages of various values. Polarization (uC/cm?®) curves
as a function of the electric field (kV/cm) were plotted.
Secondly, the dielectric constant of the lead hexaferrite
sample was measured as a function of frequeny in the
range of 0.1-100 kHz.

Magnetic Characterization of Lead Hexaferrite

The study of the magnetization parameters was
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conducted with the help of Dexing Magnet VSM
550 vibrating sample magnetometer (VSM) and the
magnetization loops were obtained at room temperature
from the sample having crystalline grains of random
orientation under applied magnetic field of 5.699 Oe.
In addition, the magnetic parameters of the samples
were measured in the range of 7-22 K under an applied
magnetic field of £ 100 kOe.

Research Findings and Discussion

The average density of the lead hexaferrite sample
having 0.2% of La and Y was calculated to be 3.65 g/
cm’ (porosity of 8.75%) by the dimensions and the mass
of the sample whereas the estimated X-ray density was
calculated to be 2.70 g cm’. Similarly, in a previous
study, the effect of copper-substitution in the lead
hexaferrites prepared by co-precipitation method was
examined [45]. According to the study of Parmar and
co-workers (2020), the density of the un-substituted lead
hexaferrite was 3.98 g/cm’® [45].

XRD diagram of the PbLay;YFei 509 recorded at
room temperature were presented in Fig. 2. The sample
demonstrated a single hexaferrite phase structure of
PbFe,019, consistent with the standard pattern that
belongs to P63/mmc group with JCPDS file no (43-
0002). This indicated that PbCO; and Fe,O; precursors
were converted fully into the hexagonal phase of
PbFe;;,0y0 and La**-Y?" ions were successfully replaced
the Fe’" cations in the hexaferrite lattice after sintering at
950 °C. The principle reflections had the d-spacings (dix)
corresponding to the peaks of (107) and (114). These
Miller indices were used to estimate the values of the
lattice constants and the lattice parameters of a and ¢
were calculated as 5.59A and 26.96A°, respectively and
based on the parameters; c/a ratio was estimated to be
4.82 and unit cell volume V. was calculated as 729.56
A°. It was obvious that there was a change in the values
of the structural parameters. This result might be due to
the fact that the average ionic radii of 0.9 A for Y** and
1.061 A for La™ are larger to that of Fe** (0.63 A) [46].
The improvement in the unit cell volume by the increase

20 30 40 50 60
2 Theta (degrees)

Fig. 2. XRD pattern of lead hexaferrite sample and slow scan
rate pattern.

Table 1. The values obtained from the X-ray diffraction analysis.

Dxrp d-spacing

Phase Peak (nm) (A) FWHM
PbFe,049 (107) 70.2 2.6885 0.204
PbFe;,019 (114) 68.6 2.5090 0.211
PbFe;,019 217) 66.6 1.6915 0.231
PbFe,09 (203) 77.9 1.8377 0.194
PbFe,09 (008) 333 2.7363 0.407

Ve is unit cell volume; Dxgrp is average crystallite size

of the ionic radii is because of the cationic filling on the
site of the magnetic cation [47].

Average crystallite size, Dxgp Wwas calculated to be
70.83 nm. by the Scherrer method where k constant is
0.89 for the hexagonal crystal systems as shown in Table
1. For the electrical characterization studies, initially the
occurrence of ferroelectric behaviour in the substituted
lead hexaferrite was discussed.

In order to find out whether the sample had ferroelectric
property, the pellet sample was characterized using the
electrical polarization curve at various frequencies and
under different applied voltages. The polarization data
was collected at room temperature. As an example, a
polarization curve of elliptical shape might be mistaken
for a ferroelectric response. The leakage current in the
studied material might result in an observed elliptical
shape in the polarization curve [48]. The space group
of our sample is P63/mmc, which is not a polar
space group. Because of the high symmetry of the
crystal in this sample, it seems unlikely to observe a
ferroelectric behaviour. However, since our sample is a
magnetoelectric material (coupling between polarization
and magnetization) [49]. The electrical polarization
might be induced by the magnetic field.

The measured polarization behaviour of the sample
was similar to that of linear resistor in a previous study
[50],_which implies that this material exhibited a poor
insulation behaviour. Since the high frequencies might
restrict the contribution of the dipoles by the space
charges, the measurements were carried out at 100
Hz under the maximum voltage and still under the
maximum voltage at 500 Hz. Large reduction of the
polarization was observed as a a function of frequency.
This was related to the conductivity of the sample, which
resulted in the space charges. As the voltage increased,
the polarization linearly increased. A non-linear increase
would indicate the domain motion, which is related to
ferroelectric behaviour. A symmetric curve is observed
for the linear resistor with respect to the horizontal and
vertical axis [50]. This was the case observed for our
sample. There was not any evidence of ferroelectric
response in the lead hexaferrite sample as can be seen
from Fig. 3, 4. At room temperature the dielectric
measurements of PbLa,YFe 22019 (x = 0.2) was carried
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out as a function of frequency. The dielectric constant
shows the capacity of a material to store electrical energy
under applied electrical field [18]. Fig. 4 displays the
dielectric constant (&) for the sample of La-Y substituted
lead hexaferrite from the frequency value of 0.1 kHz
to the exceeding value of 100 kHz. According to the
electrical polarization curve, the symmetrical values of
the sample at 5.76 kV were determined to be 0.8 and -0.8
uC/cm?, which was 1.5 times higher than the reported
value of 0.6 pC/cm? from Al-substituted Ba-hexaferrite,
measured under an electrical field of 110 kV/m at
RT [51]. According to the result of an earlier study,
pure Ba- and Sr-hexaferrites produced by a modified
ceramic method exhibited a ferroelectric property. The
spontaneous polarization was detected upon application
of an electrical field value of 100-300 kV/m [51].
Also, a spontaneous polarization was determined in
the Ba-hexaferrite at RT, which revealed a ferroelectric
hysteresis behaviour. The ferroelectric polarization in
the Ba-hexaferrite is suggested to be originated from
the existence of FeOs octahedron in the perovskite-like

hexagonal structure and also, from the Fe*" shifting
from the center of this octahedron [52]. Similar studies
were conducted for Sc substituted Ba-hexaferrite [53]
and for the single crystal of Sc substituted Sr- and Ba-
hexaferrite [51]. In addition, the electrical polarization
measurements at different frequencies demonstrated that
the reduction of polarization occurred with increasing
frequency.

Fig. 5a displays M-H loop for the sample with
substitution concentration of x = (0.2 and it was recorded
at 26.3 °C under magnetic field of 5699 Oe. M, M,, H,
and M,/M; ratio of the substituted sample were calculated
using the magnetic hysteresis curve. According to the
obtained M-H curve, the saturation magnetization, M of
the lead hexaferrite was 2.23 emu/g (Am’/kg) and the
remnant magnetization, M, was 0.94 emu/g (Am’/kg). It
can be seen from Fig. 5a. that the magnetic properties
(M; and M,) decreased in comparison to that of the pure
lead hexaferrite sample (M, = 38.3 emu/g and M, = 20
emu/g) [54] after the substitution of La-Y. The reduced
value of M; can be explained based on the occupancy
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of La and Y cations at the different sites of the lattice
[55-57]. The obtained hysteresis curve of the Pb-ferrite
at RT displayed the hard ferrimagnetic behaviour (higher
than H, value of 0.125 kOe). The coercivity (H.) value
that was obtained from the isothermal magnetization
curve of the sample was 1.732 kOe (137.9 kA/m). The
squareness ratio (M./M;) is a characteristic that is related
to the magnetic hardness (high M/M; of 0.48-1.0299)
and M/M; values of the multi-domain materials are

Table 2. RT magnetic parameters of lead hexaferrite samples.

smaller than 0.5 [45]. In the present study, M,/M; value
was calculated to be 0.421 as shown in Fig. 5a. This
value indicates that the obtained sample possesses the
multi-domain structure.

The room-temperature magnetic values in the literature
were provided and compared to the present study in
Table 2. When the magnetic parameters compared, it
was seen that one of the studies indicated a multi-domain
structure with a SQR value smaller than 0.5 [8] and the

.. . interin M, M, R H,
Composition Synthesis method pirariete%s (emﬁ/g) (emu/e) (I\iSMS) (kOe) Ref.
PbFe2010-TiO, precipitation 800 °C/5 h 14 2 0.14 0.98 [8]
PbFe2010-Si0,-B,0; crystallization 700 °C/5 h 15 - - 1.45 [49]
PbAly,Fe 15019 coprecipitation 900 °C/14 h. 11.05 10.99 0.5 2.72 [32]
PbAly,Fe 15019 sonochemistry 900 °C/14 h. 7.04 7.15 0.5 2.66 [32]
PbLay,Yo.Fe; 15019 traditional ceramic 950 °C/2 h. 2.23 0.94 0.421 1.732 Present study

Ms; Saturation magnetization, Mr; Remnant magnetization, Mr/Ms; Squareness ratio, H; Coercivity, Ref.; References
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Table 3. Magnetic parameters of hexaferrites at 7-22 K.

Toesurement M, M, H. SQR  (BH)m
K)  (emwg) (emug) (Oe) (MJ/M) (kIim’)

7 7547 2417 512 032 0.14857

12 8082 2418 724 029  0.15084

17 7961 2485 1213 031  0.75420

22 7843 2357 805 030  0.15084

other one had a SQR value equal to the critical value
of 0.5 [41]. Fig. 5b. represents the second quadrant of
our sample with that of the reference sample, which
is PbM-TiO, nanocomposite [8]. With the help of the
second quadrant of the magnetic loop, the maximum
energy product (BH)m.« of our sample was calculated to
be 0.031 MGOe (0.25 kJ/m?).

For the samples of PbLayYoiFeis01, the M(H)
relationships were also measured at 7 K, 12 K, 17 K
and 22 K under the external magnetic field of £ 100 kOe.
These curves were presented in Fig. 6. The magnetic
parameters of the samples in the range of 7-22 K were
deduced from the M(H) curves and were tabulated in
Table 3 [55-57].

It was seen that the coercivity, H. varied between
around 0.5 kOe and 1.2 kOe. The remnant magnetization,
M; was in the range of approximately 2.35-2.48 emu/g
and M; varied from 7.5 to 8.08 emu/g in the temperature
range of 7-22 K. The obtained results in the range of
7-22 K revealed that the hexaferrites showed a soft
magnetic behaviour [58-60]. Compared to the room
temperature results at 300 K, the magnetization exhibited
a noticeable rise in the range of 7-22 K. This rise in the
magnetization can be attributed to the reduction in the
thermal fluctuations of the magnetic moments [61-64].
As the measurement temperature decreased from RT
down to 7-22 K, the coercivity, H. values were reduced.
The coercivity reduction with the lower temperature is
correlated with the alteration of the M; values [65, 66].
As the M; values were improved in the range of 7-22 K
-compared to that of RT, H, values were also diminished
[62, 67, 68]. It was also observed that Fe sites which
were substituted by La’ and Y’* cations affected the
magnetic parameters of the hexaferrite samples. The
M; value depended on the replacement of the magnetic
Fe’" cations by the non-magnetic La-Y ions and also,
on the preferential site occupancy of them [69-71]. If
the spin-up sites of 2a, 2b and 12k are occupied by the
non-magnetic cations such as La-Y, the net magnetic
moment and thus the magnetization value decreases
[70, 72]; this was the reason why M, value of the co-
substituted sample was reduced compared to the pure
lead hexaferrite. In addition, the maximum energy
product, (BH)m.x values over the low temperature range
of 7-22 K varied between 0.0185-0.094 MGOe.

Burcu Ertug

Conclusion

As a result of the experimental work that was carried
out, M-type lead hexaferrite with the chemical formula
of PbLay,Yo.Fe15019 was successfully produced by the
traditional ceramic process where there are relatively
lesser number of literature studies among the other
M-type hexaferrite materials. From the XRD analysis,
it was observed that the primary phase of the sample
was identified to be a single M-hexaferrite phase after
co-substitution for Fe*" cations at x = 0.2.

Since the typical hysteresis behaviour was not observed
for the polarization curve, our sample did not exhibit
the ferroelectric response. According to the elliptical
polarization curve, the symmetrical values changed
between 0.8 and -0.8 uC/cm?® at the frequency of 5.76
kV. The source of the absence of ferroelectric response
is believed to be the crystal structure of PbFe ;O with
space group of P63/mmc with a high symmetry. When
the magnetic parameters were evaluated through the M-H
measurement, it was found that a clear ferrimagnetic
response result was obtained.

A hard magnetic property was obtained at RT with a
reduction of M; value when compared to the unsubstituted
lead hexaferrite. The maximum energy product (BHimax)
value at RT was calculated as 0.031 MGOe through the
second quadrant of the magnetic curve. The maximum
saturation magnetization at the low temperature range
was found to be 8.08 emu/g, which was measured at 12 K
and the coercivity was 1.213 kOe and it was measured at
17K. All of the ferrites characterized at low temperatures
were magnetically soft with the remnant magnetizations
smaller than 6.5 emu/g. Based on the findings obtained
from this work, it can be concluded that the present
data could be useful in the production of Pb-hexaferrite
samples for the development of ferrimagnetic properties
of ferrite magnets.
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