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GRAPHICAL ABSTRACT
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Abstract

Two spices trivalent transition metal ions, nonmagnetic AI**, Bi** and magnetic Cr*",
Mn®" substituted barium hexaferrite powders are synthesised via dynamic hydrothermal
method then calcinated at different temperatures. Powder XRD patterns analysis and
Rietveld refinement indicate magnetoplumbite-type crystalline phase. The crystallite
size calculated using Scherer's formula varies from 153 to 248 nm as it is affected by
the ionic radius of trivalent metal ions and calcination temperatures. The morphological
features show agglomerations of spherical-shaped particles with an average size of
400 + 50 nm for BaBiFe;1019 and hexagonal-shaped particles 1-2um for the other
substitutions. Magnetic studies show a ferromagnetic behaviour for all samples. The
nonmagnetic AI**, Bi®" substituted materials have lower saturation magnetization Ms
and remanence Mr than the magnetic substitutions Cr®*, Mn®". These results reveal that
Ms and Mr are related to the magnetic moment of each metallic ion and its distribution
in the lattice. For magnetic substitution, Ms of manganese substitution (61.10 emu/g) is
found higher than that of chromium (60.33 emu/g) since Mn** has a magnetic moment
of 5pg greater than Cr** with 3ug. Coercivity Hec and maximum energy product (BH)max
determined from M-H loops exhibit an increasing trend with calcination temperature as
they are related to the crystallite size. Hc and (BH)max Of BaMnFe ;019 are found

maximum 0.426 T and 7.47 kd.m, respectively.

Keywords: Magnetically ordered materials; Crystal structure; Magnetisation; Magnetic

measurement; Scanning electron microscopy, SEM; X-ray diffraction.



1. Introduction

Ferrimagnetic oxides have received considerable attention in the few last decades owing
to their remarkable magnetic characteristics such as high Curie temperature, large
permeability, high saturation magnetization and magnetocristalline anisotropy [1]. The
diverse magneto-electric properties displayed by these materials have given rise to a

great variety of compounds for technological and industrial applications [2].

Ferrites are ferrimagnetic oxides divided into three families: spinel, garnet and
hexagonal. Among the family of hexagonal ferrite, barium hexaferrite BaFe1,019 (BaM)
with magnetoplumbite structure (P63/mmc) is well known as hard magnetic material
with strong magnetocristalline anisotropy along c-axis, high Curie temperature (Tc=
472 °C), relatively high magnetization saturation, high electrical resistivity, chemical
stability and resistance to corrosion [3]. These properties arise from exchanges between
the oxygen and metallic ions occupying particular positions in its hexagonal crystalline

structure.

Several investigations on the substituted barium ferrite have been carried out to further
improve its magnetic and electrical properties. A proper cation substitution on iron ions,
in tetrahedral and octahedral site of BaM unit cell, by trivalent magnetic or nonmagnetic
metal ions or with appropriate arrangement of bivalent and tetravalent cations is an
effective way to change these properties [4-9]. When metal ions are incorporated in
BaM compound, its saturation magnetization, coercivity and anisotropy field depend on

the nature, combination and distribution of this substitution in Fe sublattices.

The aim of the present work is to study the chemical changes that can be induced by the

nature and distribution of the trivalent ion in barium hexaferrite and the resulting



magnetic properties. Two species of trivalent ions are selected, nonmagnetic ions AI**,
Bi** and magnetic ions Cr¥*, Mn** ions for Fe®" substitution within BaFe;,O1g
compound. To examine the influence of the incorporation of each substitution on BaM
ferrite and find out the chemical structure modifications, X-ray diffraction, FTIR
spectroscopy, SEM and EDX analysis are used. The effects of the trivalent ions

substitution and its correlation with magnetic behaviour of these hexaferrites are then

investigated.

2. Experimental

2.1. Chemicals

Starting materials Fe(N03)3.9H20, Ba(N03)2, A|(NO3)3.9H20, Bi(NO3)3.5H20,
Cr(NO3)3.9H,0, Mn(NO3),.4H,0 and NaOH used as such without any further

treatment, for the synthesis of different samples, are purchased from Sigma-Aldrich.

2.2. Material preparation

Samples of BaMeFe1;019 (Me =Al, Bi, Cr and Mn) hexaferrites are prepared by
dynamic hydrothermal method. Appropriate amount of Fe(NO3)3.9H,0, Ba(NOs),,
Al(NO3)3.9H,0 or Bi(NO3)3.5H,0 or Cr(NO3)3.9H,0O or Mn(NO3),.4H,0O are mixed
with 2.5 mol.L"* NaOH solution according to desired stoichiometries, at room
temperature and under magnetic stirring. The resulting solution is poured into teflon-
lined stainless steel autoclave which is sealed, then placed in a shaked furnace. The
autoclave is maintained at 220 °C for 8 h, then cooled down to room temperature. The
obtained products are filtered, washed several times with distilled water and finally

dried in an oven at 80 °C.



The processed powders are calcined in air in the temperature range from 900 °C to
1000 °C for 2 h with heating rate of 10 °C.min™%. The details of different samples are

summarized in Table 1.
2.3. Characterization

The phase composition and structure of the synthesized samples are examined using
PANalytical X Pert Pro diffractometer with Cobalt Ka radiation (A = 1.79 A) in the
range of 10° < 260 < 80° with 0.02° step size. Crystal structure and microstructure are
refined applying Rietveld method using MAUD software [10]. Structural parameters
such as lattice constants (a and c) and crystallite size D are obtained from Rietveld
analysis. The unit volume cell V and X-ray density pxgrp Of the prepared samples are

calculated by the following equations

V= % a‘c (1)
M
Pxrp = N,V 2)

where d is the distance between lattice planes and (h, k, 1) Miller indices, Z the number
of formula units in a cell, M the molar mass of the sample and Na Avogadro number.

Infrared spectra of different samples are obtained on a Thermo Electron Corporation
Nicolet Nexus 670 FTIR Spectrometer, collecting 64 scan in the range of
4000 - 400 cm™, with 4 cm™ resolution at room temperature. The surface morphology
and EDX analysis are studied using scanning electron microscope (SEM) Hitachi
S-3400N model equipped with TEAM™ EDX system for elemental microanalysis. The
spectra of the samples are collected by smart phase mapping to provide high level of

elemental analysis. Magnetic measurements, such as saturation magnetization Ms,



remanent magnetization Mr, coercivity Hc and Curie temperature Tc are made on Lake

Shore 7400 vibrating sample magnetometer (VSM).

3. Results and discussion

3.1. X-ray structure analysis

The powder X-ray diffraction patterns of BaMeFe;1019 samples with Me = Al, Bi, Cr
and Mn annealed at 900, 950, 1000 °C are presented in Fig. 1. All the sharp reflection
peaks are indexed corresponding to the standard data obtained from M-type barium
hexaferrite ICDD pattern No. 74-1121 within space group P63/mmc. For different
samples, BaFe;,019 phase is formed at 900 °C together with other secondary phases.
The amount of the main phase increases with increasing temperature, while other phases
decease or disappear.

Lattice parameters (a and c), crystallite size (D) and the X-ray density (pxrp) Of the
substituted hexaferrites are calculated and their values are listed in Table 2. It can be
seen that with increasing calcination temperature from 900 to 1000 °C, an increase of
crystallite size is induced. The X-ray density decreased for BaAlFe;;019, BaCrFe 1019
and BaMnFe;;019, Whereas, it increased for BaBiFe;;019 since it is related to the
molecular weight.

As shown in Table 2, lattice constants of the hexaferrite samples are affected by radius
of the substitution ion. In fact, for BaAlFe;;019, BaCrFe 1019 and BaMnFe1;049 ferrite,
a and c are similar to those of BaFe;,019 as the ionic radius values of AI**, Cr** and
Mn®* are close to that of Fe®" (see Table 3, [11, 12]), so, it is easier to substitute in the
lattice of barium ferrite [13-16]. However, they did not change with bismuth

substitution as it is thought. Actually, it is supposed that Bi** (radius = 96 pm) could be



oxidized to Bi®" (radius = 74 pm), to substitute the Fe*" ions (radius = 67 pm) in
hexagonal phase. As Bi** cation is unstable in Fe* sites, the following chemical
reaction may result:

Bi¥* +2Fe®* ——> Bi® +2Fe*

So, for each Bi®* entering the lattice two Fe** are formed [17].
3.2. Infrared analysis

The formation of the hexagonal structure of substituted barium ferrite is also
investigated by infrared analysis. Typical FTIR spectra of BaFe;2019, AI1000, Bi1000,
Cr1000 and Mn1000 are shown in Fig. 2. For all samples, the spectra indicate the
presence of absorption bands in the range of 400 to 800 cm™* which are a common
feature of the hexaferrites [18]. The lower frequency absorption band v; between 400
and 490 cm ™ is assigned to Fe-O bending vibration of octahedral site and the higher
frequency absorption band v, lying in the range of 500 to 600 cm™" is related to Fe-O
stretching vibration in the tetrahedral site [19]. The v; and v, bands continuously
increase with annealing temperature from 900 °C to 1000 °C which reflect the presence
of high degree of crystallinity. No other band is observed, suggesting that single
BaFe;,019 phase is obtained which is in agreement with XRD characterization. For pure
hexaferrite, the remarkable absorption peak at 545 cm™ is associated to Ba-O stretching
vibration band [20]. This peak is less observed in the substituted ferrites, since it is
overlapped with the characteristic bands (v1 and v,) of hexaferrite [21]. The bands in the
range of 1000 - 1700 cm™ are associated to Metal-Oxygen-Metal bands [22], whereas,
the broad band around 3400 cm™ is due to the adsorbed water molecules. For pure

BaFe;,01g, it can be observed that there is an even distribution of iron ions in the two



sites since the absorbance of v; and v, bands are alike. This tendency changes with
substituted hexaferrites. For aluminium, chromium and manganese substitution,
absorbance of stretching vibration in the tetrahedral site v, becomes greater than that of
bending vibration of octahedral site vi, however, the absorbance of v, is lower than that
of v, for BaBiFe11019, independently of the calcination temperature. This phenomenon
can be related to the mass of the atoms since heavier atoms vibrate slower than lighter
ones, so Me-O band will vibrate at a lower frequency therefore the stretching absorption
will be decreased for bismuth compared to other hexaferrites. Other reason may be
related to the radius of trivalent ion. In fact, AI**, Cr** and Mn®" have ionic radius close
to that Fe**, so a tendency to replace the tetrahedral sites except for manganese which
can be in all sites. But by examining its IR spectrum, it occupies preferentially the
tetrahedral site. Bi** with its large radius trends to occupy the octahedral site, as seen
from lattice parameters determined from XRD study. So, increasing bending vibration

of this site by bismuth increased its dimension, so its absorbance [23].

3.3. Morphological analysis

The surface morphology and microstructure of AlI1000, Bi1000, Cr1000 and Mn1000
are observed by scanning electron microscopy (SEM) as depicted in Fig. 3.
Agglomerated hexagonal shaped particles can be observed in all four samples. Bi1000
reveals small spherical shaped-particles with a size about 400 + 50 nm, meanwhile,
Al1000, Cr1000 and Mn1000 presented bigger hexagonal shaped-particles with an
average grain size in the range of 1-2 um. The observed BaBiFe1;0:9 morphology is
associated to of Bi®* substitution which promotes the formation of homogeneous

spherical shapes, as it has been already reported [24].



The energy dispersive X-ray analysis (EDX) is carried out in order to confirm the
chemical composition of the substituted hexaferrites. Fig. 4 shows the typical EDX
spectra of substituted barium hexaferrite calcined at 1000 °C. The analysis data is
collected in a table as inset in the same figure. The difference between the data in the
two columns is discussed according to the atomic number of each element [25].

The estimated atomic percentages for different atoms basically agree with the designed
composition. It is observed that the elements Ba, Fe, O and substituting trivalent ion are
evenly distributed throughout the whole area, revealing a uniform chemical phase. The
determined atomic ratio of Al, Cr, Bi and Mn to Fe is 0.120, 0.066, 0.09 and 0.106,
respectively, which is close to the nominal value of 0.09 and within the uncertainty of
the instrument.

3.4. Magnetic analysis

The room temperature magnetic hysteresis loops (M-H) of BaFe;,0;9 and BaMeFe;1019
(Me= Al, Bi, Cr and Mn) samples annealed at 900, 950 and 1000 °C for 2 h are shown
in Fig. 6 and 7. The measured values of coercivity Hc, saturation magnetization Ms and
remanent magnetization Mr are given in Table 4. According to ferromagnetic theory,
magnetism in ferrites originates from the magnetic moments of ions in spin up and spin
down orientations in sublattice [26]. Usually, the magnetic behaviour of the M-type
hexaferrite is related to the distribution of iron ions in the crystallographic lattice sites.
The Fe** ions are spread over five crystallographic sites: three octahedral sites 12k (spin
up), 2a (spin up), and 4f, (spin down), one tetrahedral 4f; (spin down) and one
bipyramidal 2b (spin up) as shown in Fig. 5 [27]. The magnetic moment of barium
hexaferrite is deduced from the algebraic sum of iron magnetic moments in different

positions according to [28]
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M=M(@12k+2b+2a)T —M(4f, +4f,) !

For undoped BaFe1,010, as the magnetic moment of Fe®* is 5Sug, the resulting magnetic
moment is equal to 20 pg per unit formula leading to a magnetic moment of 40ug per
unit cell.

As observed in Fig. 7 and Table 4, the obtained samples have a ferromagnetic behaviour
with magnetic properties affected by magnetic nature of trivalent ion substitutions and
their occupied position in the five different lattice sites of Fe**. For non-magnetic
substitution by AI** and Bi** ions, a significant reduction of Ms and Mr can be

observed. AP

ions preferentially occupy the octahedral sites 12k (upward) [29, 30].
This preferential occupation results in a reduction of saturation magnetization. Bismuth
atoms seek to replace 4f; tetrahedral sites. As it is already discussed in XRD and FTIR
section, Bi** is unstable in Fe** sites and can be oxidized to Bi°* to enter the lattice [31,
32]. Consequently, two Fe?* can be formed resulting in a decrease of Ms.

In case of magnetic substitution by Cr®* and Mn®" ions, the increase of Ms and Mr with
calcination temperature is due to the decrease or disappearance of secondary phase as
shown in X-ray diffraction patterns in Fig. 1. c. At calcination temperature higher than
900°C, no significant decrease in Ms and Mr values is observed compared to those of
pure hexaferrite. As reported in the literature, Cr** with 3g, at high substitution level
(> 0.4), preferentially occupies 12k and 2a octahedral sites where it replaces Fe** [33,
34]. Consequently, the magnetic moment per formula unit M decreases which explains
the observed slight decrease of magnetization. In manganese substituted BaM, Mn**

ions may substitute the Fe®" ions in all sites: 12k, 2a, 2b (spin up) or 4f,, 4f, (spin down)

[35, 36]. The replacement of Fe** by Mn** ions does not alter the saturation

11



magnetization because both have the same magnetic moment (as shown in Table 3,
[37]).

Table 4 shows the variation of coercivity of doped barium hexaferrites upon annealing
temperature and ion substitution. The substituted samples have larger coercivity than
pure BaFe;;019 (0.241 T) which decreases with annealing temperature. The
enhancement in coercivity is due partially to the smaller crystallite size [38]. As seen in
XRD study, the D value of barium hexaferrite is reduced with the substitution (Table 1),
but this fact alone cannot explain enhancement of Hc in Mn and Bi substituted samples.
As Mn*" and Fe?* (induced by Bi>*) are in the electronic configuration 3d* and 3d°,
respectively, they may bring significant orbital moment and contribute to the increase
magnetorystalline anisotropy.

In order to determine the efficiency of a magnetic material, maximum energy product
(BH)max is calculated using the magnetic data [39]. The evolution of (BH)max With
substitution ions and calcination temperature is presented in Fig. 8. An increase of
magnetic energy is well observed with increasing calcination temperature for all
substituted barium ferrites except for BaBiFe;;019 which displays a remarkable
decrease. It is also noted that the behaviour of (BH)ma is related to the magnetic
moment of trivalent ion. In fact, among magnetic ion substitutions, barium hexaferrite
substituted with manganese (5pg) reveals the highest energy product with 7.47 kJ.m>,
meanwhile, for nonmagnetic ion substitutions, Aluminium substitution (Oug) presents
the lowest (BH)max With 4.40 ki.m™, at 1000°C.

The maximum energy product reduction of bismuth substitution can be associated with

the presence of the distortion created by two-steps hysteresis loop at all annealing
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temperatures (Fig. 7. b) which is not due to the presence of secondary phase, as

confirmed by XRD and FTIR data.
3.5. Curie point measurement

In order to figure out Curie temperature (T.) of different substituted barium
hexaferrites, temperature dependence of magnetization is measured using VSM with
high temperature attachment. The magnetization of the samples is determined in the
temperature range of 25 - 550 °C in an applied field of 1 T. Magnetization as function
of temperature for different substitutions is shown in Fig. 9.

As it is clearly seen from the data, for all substituted ferrites, only one ferromagnetic -
paramagnetic phase transition is observed which suggests the presence of single phase
material as already indicated by diffraction patterns and infrared results. As presented
in Table 5, T, of BaFe,019 is found to be 457 °C which is close to the value of 473 °C
reported by Smit and Wijn [1]. It is interesting to note that Curie temperatures of Al, Cr
and Bi doped hexaferrite sample are higher than that of pure BaFe;»,0;9, Whereas,
BaMnFe;;019 revealed a lower Tc corresponding (Table 5). The change in Curie
temperature is ascribed to the modification of the exchange strength of octahedral and
tetrahedral interactions as consequence of a change of the trivalent ion distribution
between these two sites [40].

From ions distribution, it is expected for AI**, Bi** and Cr®* substitution with low
magnetic moment replacing Fe®" to decrease the strength of octahedral and tetrahedral
interactions leading to decrease of Tc. However, Tc is found to increase. This can be
attributed to the big ionic radius of aluminium, bismuth and chromium causing the

distortion of lattice sites which is directly proportional to interionic distances. This
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distortion leads to greater cation-anion-cation bond angles and strengthening of sites
exchange interactions [41].

In the manganese substituted ferrite, the reduction of Curie temperature shown in
Fig. 9 and Table 5, can be explained by the distribution of manganese ions over
octahedral and tetrahedral sites. Producing, a shift of Curie temperature towards lower

temperature, as observed in manganese substituted spinels and W-hexaferrites [1].
4. Conclusion

M-type hexaferrites BaMeFe1;049 substituted with trivalent nonmagnetic ions (AI**,
Bi*") and magnetic ions (Cr**, Mn*") are successfully synthesized by dynamic
hydrothermal technique. The XRD and FTIR analysis confirmed the formation of single
phase hexagonal structure for all hexaferrites. Morphological investigation revealed
small spherical-shaped particles (400 + 50 nm) for Bi substitution and hexagonal-
shaped particles (1-2 um) for Al, Cr and Mn substitutions. The elemental study obtained
from EDX analysis gave a uniform chemical composition for all samples. The magnetic
study indicated that magnetic parameters markedly depend on the nature, concentration
and distribution of doped ions on the five sites in the crystal lattice. The saturation
magnetization decreased and the coercive field increased with nonmagnetic
Al substitution as it preferred to occupy 12k sites. FTIR, DRX and magnetic
characterization revealed that bismuth ions substituted iron ions at octahedral sites
resulting to valence variation of Bi*" to Bi** and Fe®*" to Fe?* cations in the hexagonal
structure which contributed to the modification of the magnetorystalline anisotropy, as
seen from hysteresis loops. The magnetic properties (Ms, Mr and Hc and (BH)max) of

the hexaferrites decreased with nonmagnetic trivalent ions (AI**, Bi**) substitution and

14



increased with magnetic ions (Cr**, Mn**) substitution compared to pure BaFe;,01s.
Manganese ions, on other hand, replaced the Fe** ions in all five sites contributing to
reach the maximum values of magnetization (Ms = 61.10 emu/g), remanence
(Mr = 33.16 emu/g) coercivity (Hc = 0.430 T) inducing a greater maximum energy
product ((BH)max = 7.47 ki.m™). Accordingly, the substitution of Fe** by these trivalent

ions at different sites is found to be affected by hydrothermal synthesis.
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Tables

Table 1 Samples designations

Table 2 Lattice parameters, crystallite size and X-ray density for substituted barium
hexaferrites

Table 3 lonic radii and ionic magnetic moment (ug) of different used cations for barium
ferrite substitutions

Table 4 Magnetic parameters of different substituted Barium hexaferrites

Table 5 Curie temperature of different samples annealed at 950 °C
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Table 1

Sample Calcination Temperature (°C) Abbreviation
BaAlFe;1019 900 AI900
950 AIl950
1000 Al1000
BaBiFe 1019 900 Cr900
950 Cr950
1000 Cr1000
BaCrFe; ;019 900 Cr900
950 Cr950
1000 Cr1000
BaMnFe ;019 900 Mn900
950 Mn950
1000 Mn1000
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Table 2

Sample a (nm) ¢ (nm) cla Pxray (9 cm™) D (nm)
BaFe; ;09  0.58944 2.3231 3.9439 5.286 294.5
Al900 0.58965 2.3223 3.9384 5.152 160.7
Al950 0.58921 2.3209 3.9390 5.150 177.9
Al1000 0.58917 2.3181 3.9345 5.150 183.5
Bi900 0.58992 2.3210 3.9344 6.028 153.5
Bi950 0.58931 2.3205 3.9376 6.063 213.2
Bi1000 0.58929 2.3185 3.9343 6.063 229.8
Cro00 0.58992 2.3179 3.9291 5.288 198.2
Cr950 0.58917 2.3195 3.9368 5.278 248.2
Cr1000 0.58824 2.3212 3.9460 5.278 262.1
Mn900 0.58893 2.3175 3.9351 5.295 204.9
Mn950 0.58909 2.3188 3.9362 5.295 207.1
Mn1000 0.58924 2.3193 3.9360 5.295 215.1
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Table 3

lon lonic radius (pm) lonic magnetic
moment (Up)
Fe** 67 5
Fe™* 83 4
Al 57 0
Bi** 96 0
Bi>* 74 0
cr** 64 3
Mn®* 70 5
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Table 4

Composition MoHc (T) Ms (emu/g) Mr (emu/g) Mr/Ms
BaFe;,019 0.241 61.84 33.95 0.567
AI900 0.335 51.89 28.86 0.535
AIl950 0.329 52.86 30.05 0.538
Al1000 0.339 54.98 32.25 0.556
Bi900 0.488 46.27 24.54 0.531
Bi950 0.481 47.72 25.43 0.530
Bi1000 0.376 49.50 25.84 0.522
Cr9o00 0.449 36.47 19.41 0.532
Cr950 0.345 55.61 29.22 0.525
Cr1000 0.230 60.33 35.68 0.581
Mn900 0.434 50.16 27.96 0.546
Mn950 0.431 51.68 28.45 0.551
Mn1000 0.426 61.10 33.26 0.550
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Table 5

Sample T:(°C)
BaFe;,019 457
BaAlFe;1019 485
BaBiFe;1019 478
BaCrFe 1019 479
BaMnFe;;019 424
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Figures Captions

Fig. 1. X-ray diffraction patterns of samples a) BaAlFe1;019, b) BaBiFe;;019, C)

BaCrFe ;019 and d) BaMnFe;;019 calcined at different temperatures

Fig. 2. FTIR absorption spectra of substituted barium hexaferrite calcined at 1000 °C

Fig. 3. SEM images of a) Al1000, b) Bi1000, c) Cr1000 and d) Mn1000

Fig. 4. EDX patterns for a) Al1000, b) Bi1000, ¢) Cr1000 and d) Mn1000

Fig. 5. Unit cell of the barium hexaferrite

Fig. 6. Hysteresis curve (M-H) of BaFe;2019

Fig. 7. Hysteresis curves (M-H) of a) BaAlFe;;019. b) BaBiFe;1019 ¢) BaCrFe 1019 and

d) BaMnFe;1014 calcined at different temperatures

Fig. 8. Variation of (BH)max With the calcination temperature for different hexaferrite

powders

Fig. 9. Magnetization of substituted hexaferrites as function of temperature used to

determine the Curie temperature
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Fig. 2.
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Fig. 5.
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Fig. 6.
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Fig. 7.
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Fig. 8.
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Fig. 9
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