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Using X-ray powder diffractions, Mössbauer spectroscopy, and magnetic measurements, the effect of complex
dopants (Ñı̂2+ + Ti4+) and (Bi3+ + Ti4+) on the fine structure and magnetic properties of M-type barium
hexaferrite prepared by hydroxide and carbonate precipitations has been studied. The distribution of cations
over five nonequivalent positions of barium hexaferrite with magnetoplumbite structure is discussed. It has
been shown that doped barium hexaferrite can be used for high-coercitivity data storage media.

1. Introduction

M-type barium hexaferrite (BHF) with magnetoplumbite
structure is widely used in devices for different purposes.1,2

Hexagonal ferrites can be used in microwave devices working
at high frequencies (above 100 GHz) due to their high uniaxial
anisotropy and relatively small width of ferromagnetic resonance
line.3 Modified BHFs are of interest as promising high-
coercitivity data storage media with high recoding density.4-7

To ensure the reliability of data carriers and their high
performance, the value of coercitive forceHc must be large
enough. However, there is a limitation forHc due to difficulties
of containment of strong magnetic field during recording on
high-coercitivity filler and due to complication of recording
device. It is known that substitution of Co2+ and Ti4+ ions for
Fe3+ ions is used to decrease the coercitive force in BHF for
magnetic recording.8,9 Only synthesis from solutions can meet
the stringent requirements to the fineness and morphology of
the particles of these materials: high homogeneity, optimal size,
and strong shape anisotropy. In recent years, the preparation of
nanostructured BHF by sol-gel method has been increasing.2,4-7

It is known that preparation of precursors by precipitation of
slightly soluble compounds (hydroxides, carbonates) is simplest.
However, the literature data relating to the effect of these
precursors on the structure features and magnetic properties of
BHF are very limited.4-6 Preparation of materials with required
characteristics requires the knowledge of dopant effect on the
fine structure of BHF.

Cobalt is relatively expensive and has low handleability in
the case when ammonium-containing precipitants are used.
Therefore, the search for other dopants in decreasing coercive
force is topical. Bismuth oxide suppresses grain growth during
sintering in some ferrites,10 and this impelled us to study also
the effect of Bi3+ ions on coercive force in BHF with the aim
to prepare ferromagnetic fillers for data carriers based on Bi3+-
doped BHF.

The aim of this work is the investigation of the effect of
aliovalent substitution of (Co2+ + Ti4+) and (Bi3+ + Ti4+) ions

for Fe3+ ions on the properties of BHF and distribution of
cations over crystallographic positions.

2. Experimental Methods

Synthesis.Samples of the systems BaCoxTixFe12-2xO19(γ (I )
and BaBixTixFe12-2xO19(γ (II) were investigated. Hydroxide-
carbonate precipitates were prepared by two-step precipitation
of slightly soluble compounds of barium, cobalt(II), iron(III),
bismuth(III), and titanium(IV). The preparation was performed
at room temperature and at constant value of pH to ensure
maximum precipitation. The pH of solution was adjusted using
the automatic titration unit BAT-15. 1 M water solutions of
ultrapure BaCl2, Co(NO3)2, Fe(NO3)3, Bi(NO3)3, and TiOCl2
were used.

For (Co2+ + Ti4+) dopant (system I), hydroxides of Fe(III)
and Ti(IV) were coprecipitated with a water solution of
ammonia. Precipitates were washed in distilled water to remove
NH4+ ions. Then cobalt(Π) and barium carbonates were
coprecipitated with a solution of sodium carbonate.

For (Bi3+ + Ti4+) dopant (system II), hydroxides of Fe(III),
Ti(IV), and Bi(III) were coprecipitated. Then barium carbonate
was precipitated with ammonia carbonate as a precipitant.

Finally, the precipitates of both systems were washed free
from the mother solution using distilled water until no NO3

2-

and Cl- ions in the washed solution were detected. Powders
were dried at 390 K and heat-treated at 1270 K.

X-ray Powder Diffraction. X-ray powder diffraction (XRPD)
patterns were obtained using a DRON-4-07 diffractometer (Cu
KR radiation).

M össbauer Spectroscopy.The Mössbauer spectra (MS) were
recorded at room temperature with a spectrometer working in
the mode of constant accelerations with the use of57Co in Pd
matrix. The speed scale was calibrated usingR-Fe lines. MS
were fitted using least-squares method.

Magnetic Measurements.Magnetic properties of powder
samples were studied by means of a superconducting quantum
interference device magnetometry (SQUID Quantum Design
MPMS-5S, San Diego, CA). Hysteresis loops (demonstrating
the main magnetic parameters of coercitive force, specific
saturation magnetization, and maximal and residual magnetic
induction11) were measured at room temperature in magnetic
fields ranging from 0 to 15 kOe.
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3. Results and Discussion

X-rayPowderDiffraction. XRPDshowsthatBaCoxTixFe12-2xO19(γ
(x ) 0-1) (I) and BaBixTixFe12-2xO19(γ (x ) 0-0.15) (II)
samples are single-phase and have a hexagonal M-type mag-
netoplumbite structure (space groupP63/mmc). In system II, in
addition to BHF phase, a rhombohedral BiFeO3 phase also
appears atx ) 0.2 (Figure 1).

The structure of M-type BHF consists of spinel blocksS,S*
and hexagonal barium-containing blocksR, R* alternating in
the direction of thec axis.S* andR* blocks ensue on rotation
of theSandR blocks by 180°about thec axis. The unit cell of
BHF contains 10 layers of O2- ions (Figure 2).12 There are five
nonequivalent crystallographic positions of iron ions in the
structure; among them three are octahedral (12k, 4f2 and 2a),
one is tetrahedral (4f1), and the 2b position is an inside oxygen
bipyramid.

Mo1ssbauer Spectra.MS of samples I (x ) 0-0.8) and II (x
) 0.15) are shown in Figure 3, and their parameters are listed
in Table 1. The MS lines were assigned to structural positions
by the model described in refs 13-16, according to which each
of the five positions of iron in the BHF structure produces a
resonance sextet of magnetic interaction. The half-widths of the
MS lines in every sextet were assumed to be identical. This

model allows one to estimate the occupation of all structural
positions by Fe3+ ions in single-phase BHF with well-crystal-
lized structure.

Figure 1. X-ray powder diffraction patterns of BaCoxTixFe12-2xO19(γ (a) and BaBixTixFe12-2xO19(γ (b). (a)x ) 0 (1), 0.1 (2), 0.15 (3), 0.45 (4), and
0. 8 (5); (b)x ) 0 (1), 0.05 (2), 0.075 (3), 0.15 (4), and 0.2 (5).

Figure 2. Structure of M-type barium hexaferrite or magnetoplumbite.12

Figure 3. Mössbauer spectra of BaCoxTixFe12-2xO19(γ at x ) 0 (1),
0.15 (2), 0.2 (3), and 0.8 (4) and BaBixTixFe12-2xO19(γ at x ) 0.15 (5).

BATCH: jp11e141 USER: sjs29 DIV: @xyv04/data1/CLS_pj/GRP_jp/JOB_i47/DIV_jp064628t DATE: October 23, 2006

B J. Phys. Chem. B Belous et al.

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115



Taking into account the multiplicitiy of structural positions
and the same resonant absorption coefficients of iron cations
in each position, the ratio of sextet areas (or iron concentrations)
relating to the iron positions must be as follows: 12k: 4f1: 4f2:
2a: 2b ) 50:17:17:8:8.

Figure 4 shows plots of the relative areas of sextets (S),
hyperfine magnetic fields (Heff) and quadrupole splitting (QS)
for all positions on the degree of substitution of Co2+ and Ti4+

for Fe3+ ions in sample I. The areas of the MS sextets
corresponding to the 12k and 2apositions of sample I forx )
0-0.15 coincide with the theoreticalS values, 50 and 8%,
respectively (Table 1 and Figure 4a). The areas of the 4f1 sextets
are larger and those of 4f2, 2a and 2b smaller than the theoretical
values. Therefore, the Fe3+ ions in the BHF structure prefer to
occupy tetrahedral 4f1 positions in the spinel blocksS andS*
(see Figure 4a).

It is known11 that Ti4+ ions, which have a rare gas outer shell,
and Fe3+ ions, which have a spherically symmetric 3d5 electronic
shell, are distributed uniformly over the tetra- and octahedral
positions of spinel structure. However, Co2+ ions prefer
octahedral coordination due to d2sp3 hybridizations11,17and force
out Fe3+ ions to the tetrahedral positions. Analysis of concentra-
tion dependences of relative areas of Mössbauer lines (Figure
4à) allows one to suppose that Co2+ and Ti4+ cations occupy
structural positions statistically in the case of their small content
(x e 0.2) and, with increase tox > 0.2, partly occupy the
positions 12k, 2a, and 2b. The antibate curves 4f1 - 4f2 and 2a
- 2b in the range ofx ) 0-0.2 and decrease inS values for
the positions 2a, 2b, and 12k in the range ofx ) 0.2-0.8 support
this statement.

Figure 5 shows that the increase in the unit cell volume (V)
of sample I obeys Vegard’s law, indicating that substitutional
solid solutions are formed. The concentration dependence of
unit cell volume correlates well with that of MS parameters:
both plots change their slope atx ) 0.2 (Figures 4 and 5). The
decrease in the slope of theV-x plot atx ) 0.2 (Figure 5) may

be due to a decrease in the average cation size because of
substitution of Co2+ and Ti4+ ions for Fe3+ ions. In our opinion,
Co2+ and Ti4+ ions are located in the 2aand 2bpositions in
the range ofx ) 0.2-0.8. This follows from the concentration
dependence of the areas of the MS lines 2a and 2b(see Figure
4a): the part of Fe3+ ions in these positions remains unchanged
in the range ofx ) 0-0.2 and decreases in the range ofx )
0.2-0.8. A substantial increase in the quadrupole splitting of
2b-sextet (Table 1, Figure 4c)4 is also caused by isomorphous
substitution in the 2b position and distortions of crystal lattice.18

It is not impossible that Ti4+ ions preferably occupy the 2b
position and that some larger Co2+ ions occupy the larger
octahedral 2a position. Analysis of the effect of the steric factor
on the distribution of cations over sites of BHF structure
confirms this. For example, the average radius of Fe3+ ions in
the structure of undoped BHF (x ) 0) calculated from the areas
of MS sextets (see Table 1) isr(Fe3+) ) 0.605. In calculation
we take into account that Fe3+ ions are in the high-spin state
and have different coordination numbers (CNs):r(Fe3+)CN)4,HS

) 0.49,r(Fe3+)CN)5,HS) 0.58;r(Fe3+)CN)6,HS) 0.645.19 Figure
4à shows that the substitution 2Fe3+ f Co2+ + Ti4+ occurs in
the 4f2 and 2apositions in the range ofx ) 0-0.2, but this
substitution occurs in the 2a, 2b, and 12k positions and results
in a decrease ofS values in the range ofx ) 0.2-0.8. The
average radius of Co2+ + Ti4+ ions in the range ofx ) 0-0.2
is 0.67 (r(Co2+)CN)6 ) 0.735,r(Ti 4+)CN)6 ) 0.60519) and in
the range ofx ) 0.2-0.8 is 0.65 (if Ti4+ substitutes for Fe3+ in
the 2bposition; in this caser(Ti 4+)CN)5 ) 0.5719) or >0.65 (if
Ti4+ substitutes for Fe3+ in the 2a and 2bpositions). Such
distribution of cations on BHF sites agrees with theV-x
dependence (see Figure 5). Figure 4b shows that the substitution
2Fe3+ f Co2+ + Ti4+ in the BHF structure is accompanied by
a decrease inHeff values for all positions.Heff decreases due to
isomorphous substitutions of iron by other cations.20 With
increasing dopant content, the exchange interaction between
sublattices decreases, andHeff decreases for all sublattices.

TABLE 1: Parameters of Mo1ssbauer Spectra of Doped Barium Hexaferritea

BaCoxTixFe12-2xO19(γ

position parameter x ) 0 x ) 0.15 x ) 0.2 x ) 0.8
BaBixTixFe12-2xO19(γ

x ) 0.15

Heff, kOe 419 417 418 403 420
12k IS, mm/s 0.37 0.37 0.37 0.37 0.37
octahedron QS, mm/s 0.42 0.40 0.40 0.28 0.41

fwhm, mm/s 0.34 0.45 0.47 1.02 0.39
S,% 48.9 50.6 51.4 50.1 50.8
Heff, kOe 497 491 490 474 496

4f1 IS, mm/s 0.27 0.28 0.29 0.31 0.30
tetrahedron QS, mm/s 0.23 0.20 0.19 0.13 0.17

fwhm, mm/s 0.37 0.42 0.45 0.58 0.43
S,% 23.3 21.3 24.7 27.6 24.9
Heff, kOe 525 519 520 499 522

4f2 IS, mm/s 0.39 0.40 0.39 0.43 0.41
octahedron i, mm/s 0.16 0.10 0.16 0.11 0.19

fwhm, mm/s 0.28 0.35 0.25 0.72 0.28
S,% 14.4 15.1 12.0 13.1 12.2
Heff, kOe 513 508 505 428 517

2a IS, mm/s 0.38 0.37 0.39 0.37 0.36
octahedron QS, mm/s 0.09 0.10 0.15 0.31 0.02

fwhm, mm/s 0.24 0.27 0.24 0.28 0.24
S,% 8.3 8.2 6.7 6.0 5.6
Heff, kOe 407 405 408 399 407

2b IS, mm/s 0.29 0.27 0.29 0.28 0.29
bipyramid QS, mm/s 2.17 2.12 2.07 2.01 2.11

fwhm, mm/s 0.28 0.33 0.47 0.31 0.38
S, % 5.1 4.8 5.2 3.2 6.5

a Note.Heff is the hyperfine magnetic field; IS is the isomer shift relative to metallic iron; QS is quadrupole splitting; HW is the half-width of
the absorption line; andS is the relative area of the MS sextet. Measurement error:Heff, (5 kOe; IS, QS, and fwhm,(0.04 mm/s;S, e6%.
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Isomorphic shift (IS) does not change with an increase of the
degree of isomorphous substitution (Table 1). This indicates
that the electronic configuration of Fe3+ ions remains unchanged
during the substitution 2Fe3+ f Co2+ + Ti4+. It is noteworthy
that Heff decreases sharply on nuclei of57Fe ions in the range
of x ) 0.2-0.8 and that the quadrupole splitting for Fe3+ ions
in position 2a increases with increasingx in contrast to its
decrease for ions in all other positions (see Figure 4b,c). The

dependences ofHeff and QS on thex value may be explained
by the partial substitution of Ti4+ ions for Fe3+ ions in position
2a. Therefore, in the range ofx ) 0.2-0.8, Ti4+ ions are not
only in position 2b (as we conclude from the change of the
slope of theV-x plot at x ) 0.2) but also in position 2a. The
presence of small Ti4+ ions and large Co2+ ions causes local
distortion of crystal lattice, and this is accompanied by an
increase of QS in position 2a (see Figure 4c). It is known that
interaction between nuclei and orbital magnetic moments of 3d
electrons make a contribution to the effective magnetic field
on nuclei.21 The partial substitution of Ti4+ (3p6) ions for Fe3+

(3d5) ions decreases this interaction and theHeff value, which
we can see for the position 2a (see Figure 4b).

Thus, complex analysis of concentration dependences of unit
cell volume and parameters of Mössbauer spectra allows us to
suppose that in the range ofx ) 0-0.2, Ñı̂2+ and Ti4+ ions
prefer to substitute for Fe3+ ions statistically in the positions
2a and 4f2. Forx > 0.2, small Ti4+ ions prefer to substitute for
Fe3+ ions in the positions 2a and 2b, and large Co2+ ions prefer
to substitute for Fe3+ ions in the positions 2a and 12k.
Comparison of the areas of MS sextets for all five positions of
Fe3+ in single-phase cobalt-containing (I) and bismuth-contain-
ing (II) BHF (see Table 1) allows us to suppose that Bi3+ and
Ti4+ ions prefer to occupy the positions 2a and 4f2 and force
out Fe3+ ions to the position 4f1.

Magnetic Measurements.Figure 6 shows concentration
dependences of the specific saturation magnetizationMs and
coercitive forceHc of samples I and II. The specific saturation
magnetization of cobalt-containing compositions smoothly
increases with increasing dopant content (see Figure 6, curve
1), which agrees with the data of refs 1 and 22, and coercive
force almost linearly decreases (Figure 6, curve 3). This is
observed in the case of single-domain particles, in which the
processes of magnetization and reversal magnetization occur
preferably by the mechanism of rotation of magnetization vector.
In this caseHc is proportional to theK1/Ms ratio, whereK1 is
the crystalline magnetic anisotropy constant.1,17 With an increas-
ing amount of Co2+ ions, theK1 value decreases,17 and this
results in a decrease ofHc. The plot ofMs against concentration
for BaBixTixFe12-2xO19(γ samples has a maximum atx ) 0.15
(Figure 6, curve 2). This maximum is probably due to the fact
that the solubility limit of Bi3+ ions is reached atx ) 0.15 and
that they begin to precipitate as a BiFeO3 phase atx > 0.15,
which is confirmed by X-ray analysis (see Figure 1).

Figure 6 (curves 3, 4) shows that the complex dopant Bi3+

+ Ti4+ is more effective than Co2+ + Ti4+ in decreasing the
coercive force of BHF. Both dopants increase specific saturation
magnetization. Such combination of magnetic properties and
characteristics of fine ferromagnetic filler based on doped BHF
(Table 2) indicates that M-type BHF doped with complex dopant
has promise in the production of magnetic data storage media
with high recording density.

4. Conclusion

The effect of (Co2+ + Ti4+) and (Bi3+ + Ti4+) dopants on
the fine structure and magnetic properties of M-type BHF has
been studied. It has been shown that in the range of o˜ ) 0-0.2,
Co2+ and Ti4+ ions prefer to substitute for Fe3+ ions statistically
in positions 2a and 4f2 and that, in the range ofx ) 0.2-0.8,
Co2+ and Ti4+ ions substitute for Fe3+ ions in positions 2a, 2b,
and 12k. In the latter case, Ti4+ ions substitute for Fe3+ ions in
positions 2aand 2band Co2+ ions substitute for Fe3+ ions in
positions 2aand 12kand force out Fe3+ ions to positions 4f1

and 4f2. In single-phase BaBixTixFe12-2xO19(γ (x ) 0-0.15),

Figure 4. Concentration dependences of relative areas of MS sextets
(S), hyperfine magnetic fields (Heff), and quadrupole splitting (QS) for
positions 2a, 2b, 4f1, 4f2, and 12kof BaCoxTixFe12-2xO19(γ.

Figure 5. Concentration dependence of the unit cell volume of
BaCoxTixFe12-2xO19(γ.
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Bi3+ and Ti4+ ions prefer to occupy positions 2a and 4f2 and
force out Fe3+ ions to position 4f1. It has been shown that M-type
BHF doped with the complex dopants (Co2+ + Ti4+) and (Bi3+

+ Ti4+) has promise in the production of magnetic data storage
media with high recording density.
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Figure 6. Concentration dependence of saturation magnetizationMs (a) and coercive forceHc (b) for BaCoxTixFe12-2xO19(γ (1, 3) and
BaBixTixFe12-2xO19(γ (2, 4).

TABLE 2: Magnetic Properties of BaCoxTi xFe12-2xO19(γ and BaBixTi xFe12-2xO19(γ (T ) 1270 K)a

no. chemical composition phase composition Bs, T Br, T Br/Bs Hc, kA/m

1 BaFe12O19(γ BHF 0.30 0.19 0.63 430
2 BaCo0.1Ti0.1Fe11.8O19(γ BHF 0.34 0.21 0.62 390
3 BaCo0.15Ti0.15Fe11.7O19(γ BHF 0.345 0.21 0.61 300
4 BaCo0.2Ti0.2Fe11.6O19(γ BHF 0.37 0.24 0.65 282
5 BaCo0.4Ti0.4Fe11.2O19(γ BHF 0.38 0.24 0.63 206
6 BaCo0.8Ti0.8Fe10.4O19(γ BHF 0.39 0.25 0.64 145
7 BaBi0.05Ti0.05Fe11.9O19(γ BHF 0.34 0.21 0.62 406
8 BaBi0.075Ti0.075Fe11.85O19(γ BHF 0.35 0.22 0.62 350
9 BaBi0.1Ti0.1Fe11.8O19(γ BHF 0.35 0.22 0.63 295
10 BaBi0.15Ti0.15Fe11.7O19(γ BHF 0.36 0.22 0.62 240
11 BaBi0.2Ti0.2Fe11.6O19(γ BHF + BiFeO3 0.31 0.19 0.61 255

a Note.Bs is the maximal magnetic induction;Br is the residual magnetic induction; andHc is the coercive force.

BATCH: jp11e141 USER: sjs29 DIV: @xyv04/data1/CLS_pj/GRP_jp/JOB_i47/DIV_jp064628t DATE: October 23, 2006
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