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Abstract Bi–La-substituted M-type barium hexaferrites,

BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2), were prepared by

the standard solid-state reaction method. The effect of

temperature and concentration on the structural and mag-

netic properties of BaBixLaxFe(12-2x)O19 hexaferrite pow-

ders has been comprehensively investigated. XRD analysis

confirms the formation of M-type hexagonal crystal

structure with P63/mmc space group. The average crystal-

lite size of the powders was determined using Scherrer’s

formula (in the range of 66–77 nm.). Lattice parameters

were found to increase with the increase in Bi–La substi-

tution. Magnetic properties were enhanced by substitution.

Magnetic hysteresis loops were analysed using a ‘Law of

Approach to Saturation’ method. It was obtained the sat-

uration magnetization value close to the bulk value. Bi–La

substitution gives rise to increase of saturation magneti-

zation, coercive field, and effective magnetic anisotropy

constant for both 10 and 300 K. It is observed from FMR

measurements that resonance field increases with the con-

centration. The broad FMR linewidth of almost 2.5 kOe

indicates the existence of the particles with randomly dis-

tributed anisotropy axis. The enhanced magnetic properties

make these powders a good candidate for potential appli-

cations in permanent magnets at low cost and microwave

absorption devices.

1 Introduction

M-type hexagonal ferrites with its stoichiometric chemical

formula BaFe12O19 (generally denoted as BaM) have been

paid more attention in the last few decades because of their

potential applications in permanent magnet at low cost,

high-density magnetic recording, next-generation micro-

wave devices, magnetic fluids, and catalysts [1–7]. They

have magnetic, chemical, and dielectric properties such as

high coercivity, high saturation magnetization, high Curie

temperature, corrosion resistance, and good chemical sta-

bility [2, 7]. Barium hexaferrites have magnetically hard

property due to their large magnetic anisotropy with c-axis

easy magnetization. They are used as a magnetic material

for the permanent magnet application at low cost because

of this property [8]. In addition, they can be used as a

microwave absorber in microwave applications for a broad

frequency range due to their large permeability [1]. The

magnetic properties of the hexaferrites should be tailored

with different techniques and methods to make them suit-

able for the above-mentioned different applications [9–11].

It is known that M-type barium hexagonal ferrites have

five different crystallographic sites or sublattices (bipyra-

midal 2b, tetragonal 4f1, and octahedral 2a, 12k, and 4f2).

Fe3? ions located on these different sites determine the

magnetic properties of the hexaferrites [12]. The substitu-

tion of Fe3? ions by different ions having larger ionic radii

compared with the Fe ion radius can be an effective way to

tailor the magnetic properties (like magnetization, coercive

field, and magnetic anisotropy constant, etc.) for the above-

mentioned applications. Many different cations have been

used for this purpose, such as Y3?, Ti2?, Ni2?, Al3?, Ga3?,

and Cr3? [13–17].

These modifications have been come out to cause the

significant changes in the magnetic and electrical
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properties [18–24]. For example, with the diamagnetic

substitutions (Al and In), the invar effect has been observed

in barium hexaferrite solid solutions in low-temperature

range [22, 24]. Dual ferroic properties (coexistence of

magnetization and polarization) have been revealed at

room temperature for Al-substituted barium hexaferrite

ceramics (BaFe12-xAlxO19) in recent years [25, 26]. In

addition, the substitution of La ions gives rise to increase

coercive field and saturation magnetization [27–29]. This

increment is related to the increase of magnetocrystalline

anisotropy constant. Many of the previous investigations

about Bi–La-doped hexaferrites have been done at room

temperature [20, 28, 29].

In this study, the concentration and temperature depen-

dence of the magnetic properties were investigated in a wide

range of temperature (10–300 K) and magnetic fields

(±50 kOe) in an attempt to find out in detail the magnetic

behaviour of these powders. The enhancement of the mag-

netic properties of the barium hexaferrites substituted with Bi–

La ions was presented. It was discussed in detail the reasons of

improving of the magnetic properties (coercive field, mag-

netization, effective magnetic anisotropy, and resonance field)

as a function of concentration and temperature.

2 Experimental details

Bi–La-substituted barium hexaferrite powders with general

formula BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) were pre-

pared by the standard solid-state reaction method. The

chemicals Fe2O3, Ba(CH3COO)2, Bi2O3, La2O3, and B2O3

were used for the synthesis. They were mixed for 20 min

and precalcinated at 500 �C for 2 h and finally calcinated at

1000 �C for 2 h. The crystal structure was analysed using

Rigaku SmartLab X-ray diffractometer (XRD) with Cu-Ka

radiation. The magnetization measurements were carried out

by vibrating sample magnetometer (VSM, Quantum Design,

PPMS 9 T) as a function of magnetic field and temperature

in the magnetic field of ±50 kOe and in the temperature

range of 10–300 K. Ferromagnetic resonance (FMR) spectra

were recorded using Bruker EMX X-band spectrometer

(9.8 GHz). The static magnetic field was varied in the range

of 6–22 kOe. The field derivative of microwave power

absorption (dP/dH) was recorded as a function of the static

magnetic field (H) at room temperature (300 K).

3 Results and discussion

3.1 XRD analysis

Figure 1 shows XRD powder patterns for BaBixLaxFe(12-

2x)O19 (0.0 B x B 0.2) hexaferrite powders. The patterns

are in good agreement with JCPDS data (card no. 039-

1433), confirming the formation of the hexagonal crystal

structure (space group P63/mmc, 194). Some smaller peaks

corresponding to a-Fe2O3 were observed in the powders

with x = 0.0 and 0.1 due to an incomplete crystallization.

The average crystallite size (D) was calculated from (114)

diffraction peak using Scherrer’s formula and listed in

Table 1. The lattice parameters (a = b, c) were calculated

by the following equation:

1

d2
¼ 4

3

h2 þ hk þ k2

a2

� �
þ l2

c2
ð1Þ

where d is spacing value and h, k, and l values are the

Miller indices belonging to XRD diffraction peaks. Fig-

ure 2 shows the variation of the calculated lattice param-

eters with Bi–La concentration (also listed in Table 1). As

can be easily seen, the lattice parameters continuously

increase with Bi–La concentration. Lattice constant

depends on the ionic radii, electron affinity, bond length,

and oxidation state [30]. The interaction among the

neighbour atoms influences the bond length between the

atoms and, therefore, the lattice constants [30]. Moreover,

the substitution of metals with larger ionic radii for Fe with

smaller ionic radii brings about the increasing of the lattice

parameters [31]. Because the ionic radii of Bi3? and La3?

(0.96 and 1.03 Å, respectively) are larger than that of Fe3?

(0.64 Å) [32, 33], the lattice parameters and, thus, the cell

volume (V) increase with the concentration in this study.

The similar behaviour has been observed for Zr–Cu-sub-

stituted strontium hexaferrite nanoparticles [31] and

BaCuxMgxZr2xFe12-4xO19 hexaferrite nanoparticles [34].

According to Wagner, the structure can be assumed as the

M-type magnetoplumbite structure if the c/a ratio is

obtained to be lower than 3.98 [35]. As can be seen from

Table 1, the c/a ratio ranges from 3.940 to 3.937, which is

lower than 3.98. This confirms the formation of M-type
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Fig. 1 X-ray diffraction patterns of BaBixLaxFe(12-2x)O19

(0.0 B x B 0.2) hexaferrite powders
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hexagonal magnetoplumbite structure for BaBixLaxFe(12-

2x)O19 (0.0 B x B 0.2) hexaferrite powders.

3.2 VSM analysis

Figure 3 shows the magnetization curves (M–H curves) of

BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexaferrite powders

for 300 (a) and 10 K (b). M–H curves of all the samples

were obtained by changing the external magnetic field up

to ±50 kOe to saturate the samples. The observed hys-

teretic behaviour of the samples used in the present study

indicates that BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexa-

ferrite powders have ferromagnetic behaviour in the tem-

perature range of 10–300 K.

It is known that at a sufficiently high magnetic field, the

variation of the magnetization follows ‘‘Law of Approach

to Saturation’’ [36, 37]. Therefore, magnetization (M) and

applied high magnetic field (H) depend on each other as

follows:

M ¼ Ms 1 � A

H
� B

H2

� �
þ vH ð2Þ

where Ms is saturation magnetization. The term A/H is

related to the magnetic anisotropy resulting from the

inhomogeneity of the material. The term B/H2 is related to

the magnetocrystalline anisotropy of the material. v is

high-field susceptibility. The terms A/H and v vanish at

high magnetic fields. For the material with hexagonal

crystal structure, Keff and Ha can be written as

Keff ¼ Ms

ffiffiffiffiffiffiffiffi
15B

4

r
ð3Þ

Ha ¼ 2
Keff

Ms

; ð4Þ

where Keff and Ha are effective magnetic anisotropy con-

stant and magnetic anisotropy field, respectively. After the

fitting of M-1/H2 plots with Law of Approach to Saturation

method, the intersection of the straight line with magneti-

zation axis gives the saturation magnetization. The slope of

the straight line is used to determine the effective magnetic

anisotropy constant and magnetic anisotropy field.

Figure 4 shows the magnetization (M) vs 1/H2 plots of

BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexaferrite powders

for 300 (a) and 10 K (b). It can be easily seen the linear

relation between M and 1/H2 for each sample and tem-

perature. According to Eq. (2), the linear fit of the M vs 1/

H2 plots gives the saturation magnetization (Ms), slope

(MSB), and also the magnetic parameter B values. As a

function of Bi3? and La3? concentrations (x), the variation

of saturation magnetization (Ms) of BaBixLaxFe(12-2x)O19

(0.0 B x B 0.2) hexaferrite powders for both 300 and 10 K

is shown in Fig. 5. It can be easily seen that the saturation

magnetization continuously increases with increasing the

Bi3? and La3? concentrations from x = 0.0–0.2 and

reaches its maximum value at x = 0.2. This behaviour is

the same for both 300 and 10 K as can be easily seen in

Fig. 5. The highest Ms values were recorded for the con-

centration x = 0.2 and are 64.40 and 91.57 emu/g for 300

and 10 K, respectively. These values are close to bulk

values of barium hexaferrite (BaFe12O19) [38] for both 300

and 10 K. The saturation magnetization values close to

bulk values make the powders used in this study a

promising candidate for different industrial applications.

Moreover, the saturation magnetization values obtained in

the present study are higher than that of La-doped barium

hexaferrite powders synthesized in ammonium nitrate melt

[9], Ba hexaferrites doped with bismuth oxide [32], and

modified Z-type hexaferrite with Bi2O3 additive [39].

The crystal structure of barium hexaferrites (BaFe12O19)

with magnetoplumbite structure consists of five crystallo-

graphic sites: three octahedral sites (2a, 12k, and 4f2), one

Table 1 Bi–La content, lattice

parameters (a, b, c), c/a ratio,

volume, and crystallite size of

BaBixLaxFe(12-2x)O19

(0.0 B x B 0.2) hexaferrite

powders

Bi–La content (x) Lattice parameters c/a V (Å)3 Crystallite size (nm)

a = b (Å) c (Å)

0.0 5.858 23.081 3.940 685.92 66

0.1 5.863 23.110 3.942 687.95 77

0.2 5.877 23.139 3.937 692.11 75
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Fig. 2 Variation of lattice constants a, b, and c with composition

(x) for BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexaferrite powders
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tetrahedral site (4f1), and one trigonal-bi-pyramidal site

(2b) [2]. Their magnetic behaviour results from the mag-

netic moment of the Fe3? ions. All the Fe3? ions in the

hexaferrite crystal structure are distributed on these sites.

The Fe3? ions in the three parallel sites (2a, 2b, and 12k)

are have upward spin direction, whereas these in the two

anti-parallel sites (4f1 and 4f2) have downward spin

direction. Thus, the total magnetic moment or magnetiza-

tion is determined by the algebraic sum of the magnetic

moments of the Fe3? ions in the sites:

m ¼ m2a þ m2b þ m12kð Þ"þ m4f1 þ m4f2

� �
# ð5Þ

where m indicates the magnetic moment or magnetization

of Fe3? ions in each site and the arrows (: and ;) show

upward and downward spin directions.

The variation of the saturation magnetization with the

nonmagnetic Bi3? and La3? contents is unveiled with the

preferential crystallographic site occupancy of the substi-

tuted Bi3? and La3? ions at different sublattice sites

[12, 40, 41]. If the nonmagnetic La3? and Bi3? ions enter

4f1 and 4f2 sites (spin-down sites) or substitute by the Fe3?

ions in these sites, the net magnetic moment (or magneti-

zation) increases. Therefore, the saturation magnetization

of BaBixLaxFe(12-2x)O19 (0.0 B x B 0.3) hexaferrites

increases with increasing the Bi–La substitution contents

up to x = 0.2. The similar behaviour of the saturation

magnetization was reported for La–Co substituted M-type

barium ferrites [42] and Co–Ru substituted Ba–Sr hexag-

onal ferrite powders [43]. In general, the net magnetic

moment (or magnetization) originates from the super

exchange interactions between transition-metal ions

mediated by the oxygen atoms in oxides (Fe3?–O–Fe3?).

The strengthening of the superexchange interaction gives

rise to increase the net magnetic moment of the hexaferrite

[29].

Figure 6 represents the variation of the effective mag-

netic anisotropy (Keff) and anisotropy field (Ha) values with

respect to Bi3? and La3? concentrations (x) for both 300

and 10 K. As can be easily seen from Fig. 6, Keff increases,

whereas Ha decreases with rise in Bi3? and La3? concen-

trations (x). It is known that the large magnetocrystalline

anisotropy of the barium hexaferrite results from the strong

exchange interaction among Fe3? ions on the 2b and 4f2

sites [44]. The increment in Keff may be attributed to the

increasing the crystallinity of powders [45]. The competi-

tion between Keff and Ms determines the variation of Ha

with respect to the substitution as dictated by Eq. (4). The

saturation magnetization (Ms) (Fig. 5) increases more

rapidly than the effective magnetic anisotropy constant

(Keff) (Fig. 6) with the increase of the Bi3? and La3?

concentrations (x), which cause the anisotropy field to

decrease for both 300 and 10 K.

Figure 7 shows the variation of the saturation magneti-

zation (Ms) of BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hex-

aferrite powders with temperature. It can be seen from the

figure that Ms continuously decreases as temperature

increases from 10 to 300 K for each concentration. This is

due to the weakening of the Fe3?–O–Fe3? superexchange

interactions between Fe3? ions with the increasing of the

temperature from 10 to 300 K.
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Bi–La concentration dependence of coercive field (Hc)

of BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexaferrite pow-

ders for 300 and 10 K is shown in Fig. 8. As can be seen,

Hc increases by approximate two times as the Bi–La con-

centration increases from x = 0.0–0.2. It should be noted

that the nonmagnetic Bi3? and La3? ions are very effective

in the increase in the strength of the coercive field. It is

known to be observed a high coercive field for barium

hexaferrite because of having a strong uniaxial magnetic

anisotropy [46]. The observed increase in Hc with the

increase in the Bi–La concentration (x) is due to the

enhancement of the effective magnetic anisotropy

(Fig. 6a). The variation trend of the coercive and aniso-

tropy field with Bi3? and La3? concentrations is not similar
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Fig. 4 Magnetization (M) vs. 1/H2 plots for BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexaferrite powders recorded at a 300 and b 10 K

Effect of composition and temperature on the magnetic properties of BaBixLaxFe(12-2x)O19 (0.0 B … Page 5 of 8 488

123



to each other. This means that the magnetocrystalline

anisotropy of the samples is not the dominant factor

affecting the magnetization reversal processes of the par-

ticles [18, 43].

The temperature dependence of the coercive field (Hc)

values of BaBixLaxFe(12-2x)O19 (0.0 B x B 0.2) hexaferrite

powders is shown in Fig. 9. It is easily seen that the coercive

field is strongly influenced by temperature. It is known that the

coercive field is the required magnetic field for the magneti-

zation reversal processes [36]. According to the Stoner–

Wohlfarth theory, coercive field increases with the increasing

of magnetic anisotropy constant, whereas decreases with the

increasing of saturation magnetization [47]. The variation of

the coercive field depends on the competition between mag-

netic anisotropy constant and saturation magnetization. In this

study, the decreasing of Hc with decreasing temperature is

attributed to the saturation magnetization increasing more

rapidly than the effective magnetic anisotropy constant (Keff)

calculated from the linear fitting of M vs 1/H2 curves.

3.3 FMR analysis

The room temperature FMR spectra of BaBixLaxFe(12-

2x)O19 (0.0 B x B 0.2) hexaferrite powders are presented in
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Fig. 10a. As can be easily seen from Fig. 10a, b, the res-

onance fields of the FMR spectra are high (almost 17 kOe)

for each powder and increases with Bi–La concentration

(x). These high resonance field values are due to the

magnetically hard property of barium hexaferrite. In

addition, all the FMR spectra are characterized by a single,

broad, and slightly asymmetric resonance line. The broad

curves indicate that the powders used in this study have

ferromagnetic behaviour. In addition, the broad lines prove

the existence of dipolar–dipolar interactions among parti-

cles and randomly oriented magnetic anisotropy axes

[41, 48, 49]. The asymmetric behaviour is related to the

non-uniform modes as well as the main FMR mode

[37, 41]. As the Bi–La concentration (x) increase, the peak-

to-peak FMR linewidth decreases from 2653 to 2208 Oe.

As is known, the FMR linewidth (DHpp) of polycrystalline

ferrite is given by [50–52]

DHpp ¼ DHi þ DHa þ DHp ð6Þ

where DHi is the linewidth of single crystal or intrinsic

linewidth, DHa is the crystalline anisotropy induced line-

width broadening contribution, and DHp is the porosity-

induced linewidth broadening contribution. DHi is small

(on the order of few Oe) when comparing with other

linewidth contributions [50]. Therefore, DHi is usually

neglected. In this case, the main contribution to DHpp

comes from DHa and DHp. It has been shown in the works

of R. Guo and X. Jiang et al. [50, 51] that DHa is almost

unchanged with increasing the iron deficiency or concen-

tration of Bi2O3 in Bi-doped polycrystalline ferrites.

According to ferromagnetic relaxation theory, porosity is

one of the dominant factors affecting FMR linewidth in

bulk polycrystalline ferrites [51]. In Bi-doped polycrys-

talline ferrites, porosity slowly decreases with increasing

Bi3? concentration [50]. In addition, it has been observed

that the variation of the porosity-induced linewidth

contribution is almost the same that of FMR linewidth with

respect to rise in Bi3? concentration [50, 51]. In this way,

the decrease in porosity brings about the decline of FMR

linewidth. Therefore, with rise in Bi3? concentration (x),

the decreasing of DHpp can be attributed to the porosity in

the powders in this work.

Moreover, the broad FMR linewidth indicates that the

powders absorb the microwave in the broad absorption

range. This makes the powders used in this study a good

candidate for radar-absorbing materials (RAMs) used in

microwave absorption applications in broad frequency

range.

4 Conclusion

Bi–La-substituted M-type barium hexaferrites, BaBixLax-

Fe(12-2x)O19 (0.0 B x B 0.2), were prepared by the standard

solid-state reaction method. The structural and magnetic

properties of the powders were investigated in detail in the

temperature from 10 to 300 K under magnetic field of

±50 kOe. The structural properties of the powders were
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(0.0 B x B 0.2) hexaferrite powders on temperature
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Fig. 10 a FMR spectra of BaBixLaxFe(12-2x)O19 (0.0 B x B0.2)

hexaferrite powders, b variation of resonance field and linewidth of

FMR spectra with respect to Bi–La concentration (x)
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analysed by X-ray diffraction (XRD) technique. The

magnetic properties were determined using vibrating

sample magnetometer (VSM) and ferromagnetic resonance

(FMR) techniques. All the powders show the magneto-

plumbite-type hexagonal crystal structure characteristic.

The average crystallite size of the powders was found to be

in the range of 66–77 nm. It has been observed that Bi–La

doping contributes to the improvement of magnetic prop-

erties. Law of Approach to Saturation method is used to

determine the saturation magnetization, effective aniso-

tropy constant, and anisotropy field. The saturation mag-

netization and effective magnetic anisotropy constant

increase with the increasing of Bi–La concentration (x).

The coercivity value increases with increasing Bi–La

concentration due to an enhancement of effective magnetic

anisotropy. FMR measurements prove the ferromagnetic

behaviour of the powders. The resonance field increases,

whereas linewidth decreases with increasing the Bi–La

concentration. The broad FMR linewidth originates from

the random orientation of magnetic anisotropy axis. VSM

and FMR measurements reveal that these powders are a

good candidate for the potential applications in permanent

magnet and microwave absorption devices.
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