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a b s t r a c t

Using X-ray powder diffractions, Mössbauer spectroscopy, and magnetic measurements, the effect of

dopants (Co2þ
þSi4þ) on the fine structure and magnetic properties of M-type barium hexaferrite

prepared by hydroxide and carbonate precipitations has been studied. It has been shown that the

magnetic properties of M-type barium hexaferrite can be controlled by heterovalent substitution

2Fe3þ-Co2þ
þSi4þ .

& 2012 Published by Elsevier B.V.
1. Introduction

Barium hexaferrite with magnetoplumbite structure M-type
BHF is a hard magnetic material. It is characterized by high values
of coercivity (Hc) and remanent magnetization (Br) due to a strong
uniaxial magnetocrystalline anisotropy [1,2]. Barium hexaferrite
is widely used as a material for new permanent magnets [1–3],
high-density data recording and storage systems [4,5], MW
devices [6], electromagnetic energy absorbers in the high-
frequency range [7–9], or biomedical hyperthermia inductors
[10,11]. The requirements for the values of coercivity (Hc) depend
on the application of BHF. Characteristic values of coercivity for
permanent magnets are 480–640 kA/m and more, for magnetic
recording 200–280 kA/m and for biomedical applications as low
as possible. The value of the magnetization (Ms) must be high
independent of application. Therefore, the preparation of BHF
with high Ms and controlled Hc is a problem of today. In recent
years, this problem is solved by heterovalent substitution of Fe3þ

according to the scheme 2Fe3þ-Me2þ
þMe4þ , where Me2þ and

Me4þ are ferromagnetic and nonmagnetic ions respectively
[12–19]. Such substitution ensures electrical neutrality in the
BHF structure. The substitution 2Fe3þ-Co2þ

þTi4þ is the most
studied [12–18]. It is favorable for smooth decrease in Hc with
increasing degree of substitution. Depending on the nature of
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dopants, the magnetization (Ms) of BHF can be unchanged [14],
slightly decreased [12], or increased [17].

It is known [1,2,19] that the magnetization of BHF is deter-
mined by antiferromagnetic ordering of magnetic ions Fe3þ . The
distribution of ferromagnetic cations over nonequivalent posi-
tions in the M-type BHF structure also affects the magnetization
[2,20]. The distribution of cations in ferrites depends on the
synthesis conditions and the of dopants nature [1,2,20]. In this
work, (Co2þ

þSi4þ) ions were chosen as dopants.
It is known that silica (SiO2) can be used as an inorganic matrix to

prepare glass ceramics based on BHF [21,22] and as a material for
encapsulating magnetic particles of BHF [23]. However, the effect of
substitution of Si4þ ions for Fe3þ ions is scantily studied [24].

The aim of this work is the investigation of the effect of
heterovalent substitution of (Co2þ

þSi4þ) ions for Fe3þ ions on
the crystal structure and magnetic properties of M-type barium
hexaferrite.
2. Experimental methods

High purity Ba(NO3)2, Fe(NO3)3, Co(NO3)2 and (C2H5O)4Si were
used as initial reagents. The starting hydroxide–carbonate precipi-
tates were obtained by two-step precipitation. The ingredients were
precipitated at constant pH. pH was monitored with an I-160 MI
ionometer and controlled with a BAT-15 automatic titration unit.

In the first step of precipitation, hydroxides of Fe(III) and Si(IV)
were co-precipitated with a water solution of ammonia at
pH¼4.3. Precipitates were washed in distilled water to remove
NH4
þ ions. In the second step of precipitation, Co(II) and Ba(II)

carbonates were co-precipitated with a solution of sodium
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carbonate at pH¼9. The resulting precipitates were washed free
from the mother solution using distilled water until no NO3

� and
Cl� ions in the washed solution were detected. Powders were
dried at 353 K and heat-treated at 1273 K for 2 h.

The samples were characterized by X-ray diffractometry (XRD)
using a DRON-3M diffractometer (CuKa radiation, exposure at
each point 10 s). SiO2 (2y standard) and certified intensity
standard Al2O3 [25] were used as external standards. For X-ray
phase analysis, a JCPDS database was used. The crystal structure
parameters were refined by X-ray full-profile analysis.

The size of BHF particle (nm) was estimated from the broad-
ening of the X-ray reflections 110 and 220. BHF calcined at 1773 K
for 5 h was used as a standard. The diffraction peak broadening b
was calculated from the formula: b¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
�b2

p
, where B is the total

linear broadening of the line, and b is instrumental broadening.
The particle size was calculated from the Scherrer formula
D¼ 0:9l=bhklcos yhklð Þ[3].

The Mössbauer spectra (MSs) were recorded at room tempera-
ture with a spectrometer working in the mode of constant
accelerations with the use of 57Co in Cr matrix. The speed scale
was calibrated using a-Fe lines. MSs were fitted by the least-
square method using Univem-2 software [26].

The magnetic properties of BHF powders were measured in the
range of magnetic fields H¼0–800 kA/m at room temperature
with a ballistic magnetometer.
Fig. 2. Concentration dependence of the unit cell volume (a) and parameters

(b) of BaFe12�2xCoxSixO197g samples calcined at 1273 K.
3. Results and discussion

XRD shows that in the range x¼0–0.3 BaFe12–2xCoxSixO197g
samples are single-phase ones and have a hexagonal M-type
magnetoplumbite structure (space group P63/mmc). In addition
to M-type BHF phase, a BaFe18O27 phase with hexagonal W-type
structure also appears at x40.3 (Fig. 1). Fig. 2 shows the
concentration dependence of the unit cell parameters of M-type
BHF. The decrease in V of doped M-type BHF in the homogeneity
region (x¼0–0.3) on the substitution of Fe3þ

CN¼6,HS ions
(r¼0.645 Å) [27] by Co2þ and Si4þ ions (rCo2þ

CN6¼0.735 Å,
rSi4þ

CN6¼0.400 Å, ř¼ 0.567 Å) obeys the Vegard rule. This indicates
the formation of substitutional solid solutions [28]. The increase
in V for x40.3 may be due to increase in the ratio Ba2þ/Fe3þ

content (rBa2þ
CN8¼1.420 Å, rFe3þ

CN6¼0.645 Å) in M-type BHF com-
pared with nominal composition (1/12�2x) due to the formation
of the second phase, BaFe18O27. It is known that solid solution has
M-type BHF structure in the range Ba/Fe¼1/12�1/8 [29–33].

The concentration dependence of the unit cell parameters of
BHF is of a complex character (Fig. 2b) due to the complexity of its
crystal structure.
Fig. 1. Diffractograms of BaFe12–2xCoxSixO197g samples calcined at 1273 K.

Fig. 3. Crystal (a) and magnetic (b) structures M-type BaFe12O19.
Fig. 3 shows crystal and magnetic structures M-type BaFe12O19

[34]. The structure of M-type BHF consists of spinel blocks S, Sn

and hexagonal barium-containing blocks R, Rn, alternating in the
direction of the c axis. Sn and Rn blocks result from rotation
of S and R blocks by 1801 about the c axis. The unit cell of
BHF contains 10 layers of O2� ions (Fig. 3). There are five



Fig. 4. Mössbauer spectra of BaFe12–2xCoxSixO197g samples calcined at 1273 K:

x¼0 (a); 0.1 (b); and 0.3 (c).

Table 1
Parameters of Mössbauer spectra of barium hexaferrites BaFe12�2xCoxSixO197g.

No. Parameters Sample Ion (position)

Fe3þ(12k) Fe3þ(4f1) Fe3þ(4f2) Fe3þ(2a) Fe3þ(2b)

1 Heff (kOe) x¼0 416 487 512 509 404

x¼0.1 417 489 514 511 403

x¼0.3 417 487 513 513 403

2 IS (mm/s) x¼0 0.37 0.29 0.45 0.30 0.28

x¼0.1 0.35 0.28 0.47 0.30 0.29

x¼0.3 0.37 0.29 0.50 0.31 0.30

3 QS (mm/s) x¼0 0.40 0.16 0.18 0.07 2.12

x¼0.1 0.41 0.19 0.07 0.02 2.18

x¼0.3 0.41 0.21 0.02 0.02 2.19

4 W (mm/s) x¼0 0.47 0.39 0.26 0.31 0.28

x¼0.1 0.41 0.36 0.29 0.31 0.27

x¼0.3 0.41 0.38 0.30 0.34 0.29

5 S (%)

(C(Fe3þ))

x¼0 52.4 23.4 12.1 9.1 3.0

(12.6) (5.6) (2.9) (2.2) (0.7)

x¼0.1 50.0 19.8 9.5 16.2 4.5

(11.8) (4.7) (2.2) (3.8) (1.1)

x¼0.3 46.1 17.6 11.5 20.4 4.4

(10.5) (4.0) (2.6) (4.7) (1.0)

Note: Heffmagnetic field, kOe.

IS¼ isomer shift relative to metallic iron, mm/s.

QS¼quadrupole splitting, mm/s.

W¼absorption line half-width, mm/s.

S¼relative component area, %.

Measurement error: Heff—5 kA/m; IS, QS; W—0.04 mm/s; S—6%.

Fig. 5. Dependences of Fe3þ ions concentration on x at the positions 12k, 4f2, 4f1,

2b and 2a of BaFe12–2xCoxSixO197g.
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nonequivalent crystallographic positions of iron ions in the
structure. Three positions are octahedral (12k, 4f2 and 2a), one
is tetrahedral (4f1), and one is inside oxygen bipyramid (2b).

MSs of BaFe12�2xCoxSixO197g samples are shown in Fig. 4, and
their parameters are listed in Table 1. The MS lines were assigned
to structural positions by the model described in Refs. [35–38].
According to this model, each of the five iron positions in the BHF
structure produces a resonance sextet of magnetic interaction.
This model allows one to estimate the occupation of structural
positions by Fe3þ ions. The parameters of MSs correspond to the
high-spin Fe3þ ions in octahedral (12k, 4f2 and 2a), tetrahedral
(4f1) and bipyramidal (2b) coordinations of M-type BHF
[17,35–38]. For calculation, various software and approaches
were used [39]. We assumed that widths of the lines in the
sextets are the same, and the ratio of line intensities of sextets is
3:2:1:1:2: 3. The change of the software and calculation method
does not affect significantly the MS parameters and the concen-
tration dependence of occupation Fe3þ ions position. If the
positions are uniformly occupied and the resonance absorption
coefficients are equal, then the ratio of the sextet areas relating to
the iron positions 12k:4f2:4f1:2b:2a must be 50:17:17:8:8. The
difference between experimental and theoretical occupancies
may be associated with a significant influence of BHF synthesis
conditions on the distribution of Fe3þ ions over positions.

Fig. 5 shows the dependence of the relative areas of sextets on
the degree of substitution of Fe3þ ions in the homogeneity region
of BaFe12�2xCoxSixO197g (x¼0–0.3). This dependence correlates
with the concentration dependence of unit cell parameters
(Fig. 2b). The areas of the MS sextets corresponding to the 12k

and 2a positions of BHF (x¼0) coincide with the theoretical
values (within experimental errors) (Table 1 and Fig. 5). The
areas of the 4f1 sextets are larger and those of 4f2, 2b and 2a are
smaller than the theoretical values. The same results have been
obtained by us for BaFe12�2xCoxTixO197g [17].

It is known that Fe3þ ions have a spherically symmetric 3d5

electronic shell. Therefore, Fe3þ ions are distributed uniformly
over the tetra- and octahedral positions of spinel structure [20].
The Fe3þ ions in BHF (x¼0) prefer to occupy tetrahedral 4f1

positions in the spinel blocks S and Sn (see Fig. 3). Fig. 5 and
Table 1 show that in the range 0.1oxr0.3 the areas of the
components 12k and 4f1 decrease, but that of 4f2 increases on the
substitution 2Fe3þ-Co2þ

þSi4þ . The decrease in the areas of MS
components indicates that the concentration of Fe3þ ions in this
positions and the occupation of Si4þ , Co2þ ions decrease.

It is known that the formation of four equivalent hybrid sp3-
orbitals is characteristic of silicon in compounds [40]. Therefore
Si4þ ions prefer tetrahedral coordinations 4f1. Whereas Si4þ ions
occupy 4f1 position, Fe3þ ions in the ranges 0oxo0.1 and
0.1rxr0.3 prefer octahedral positions 2b, 2a and 4f2, 2a



Table 2
Magnetic properties and particle size of BaFe12–2xCoxSixO197g samples calcined at

1273 K.

Sample d (nm) Ms (Am2/kg) Mr (Am2/kg) Mr/Ms Hc (kA/m)

x¼0 71 43.7 22 0.5 280

x¼0.1 38 49.5 27 0.55 104

x¼0.3 42 60.1 32 0.53 96
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respectively (Fig. 5). Co2þ ions prefer octahedral coordination due
to d2sp3 hybridization and can occupy 12k position [1,20,41].

As shown in Table 1, parameters Heff, IS and W do not change
with increasing degree of substitution (x). This indicates that the
electronic configuration of Fe3þ ions remains unchanged on the
substitution 2Fe3þ-Co2þ

þSi4þ . Dynamics of change in quadru-
pole splitting (QS) with increasing x is observed for positions 4f1,
2b, 4f2 and 2a (QS increases for positions 4f1 and 2b, and
decreases for positions 4f2 and 2a). The increase of QS for 4f1

sextet may be associated with a distortion of the oxygen tetra-
hedron due to the substitution of Si4þ ions for Fe3þ ions.
Anomalously large values of QS for Fe3þ (2b) sextet are probably
due to the strong symmetry breaking of bipyramidal anionic
environment. The presence of anisotropy of the mean-square
shift of Fe3þ ion along the c axis in position 2b confirms this
[35]. QS increases for 2b sextet with increasing Fe3þ ion concen-
tration and degree of substitution (Table 1, Fig. 5).

The particle size of BHF decreases due to the substitution of Co2þ

and Si4þ ions for Fe3þ ions (Table 2). The coercivity (Hc) of
BaFe12�2xCoxSixO197g samples decreases with increasing x and is
378, 104 and 96 kA/m for x¼0, 0.1 and 0.3 respectively (Table 2). The
decrease in Hc may be attributed to a decrease in the magnetocrys-
talline anisotropy constant (K) of BaFe12�2xCoxSixO197g samples as
compared to BaFe12O197g samples [1]. It should be noted that for the
control of coercivity (Hc), a combination of Co2þ

þSi4þ ions is more
effective than that of Co2þ

þTi4þ ions [17].
The magnetization (Ms) of samples with x¼0, 0.1, 0.3 increases

with x and is 43.7, 49.5 and 60.1 kA/m2, respectively.
The magnetic moment of BHF sample is determined as the

algebraic sum of magnetic moments of ions in different

positions:Ms ¼Msð12k
,

þ2b
,

þ2a
,
Þ�Msð4f 2

 �
þ4f 1

 �
Þ (Fig. 3b) [2]. It is

evident that the increase in the magnetization of modified BHF
(Table 2) results from an increase in the concentration of
ferromagnetic ions (Fe3þ and Co2þ) in the positive component

Ms ¼Msð12k
,

þ2b
,

þ2a
,
Þand a decrease in Fe3þ ion concentration in

the negative component Ms ¼Msð4f 2

 �
þ4f 1

 �
Þ (Fig. 5, Table 1).
4. Conclusion

The effect of (Co2þ
þSi4þ) dopants on the fine structure and

magnetic properties of M-type BHF has been studied.
It has been found that in the range x¼0–0.3, homogeneous

substitutional solid solutions BaFe12–2xCoxSixO197g are formed.
The presence of only Fe3þ ions in the high-spin state in the

homogeneous region has been detected.
It has been shown that in M-type barium hexaferrites Ba

Fe12–2xCoxSixO197g, Co2þ and Si4þ ions prefer to occupy crystal-
lographic positions 12k and 4f1 respectively. Si4þ prefers to
occupy tetrahedral positions 4f1 and Co2þ ion prefers to occupy
octahedral positions 12k.

It has been shown that substitution 2Fe3þ-Co2þ
þSi4þ con-

tributes to decrease in particle size and coercivity (Hc) and
increase in the magnetization (Ms) of BHF.
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[39] A.A. Novakova, T.Yu Kiseleva, Mössbauer Practical Work (Rus), Moscow,

Moscow State University, 2000.
[40] V.S. Gorshkov, V.G. Savelev, N.F. Fedorov, Physical Chemistry of Silicates and

Other Hardly Fusible Compounds, Vysshaya Shkola, Moscow, 1988.
[41] L.E. Orgel, An Introduction to Transition-Metal Chemistry, Wiley, New York,

1960.


	Mössbauer and X-ray diffraction study of Co2+-Si4+ substituted M-type barium hexaferrite...
	Introduction
	Experimental methods
	Results and discussion
	Conclusion
	References




