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Abstract
Barium hexaferrite was synthesized by chemical co-precipitation. Its
Mössbauer spectra were obtained. A semi-empirical model, based on the
Phillips theory of bonding, has been developed for quantitative explanation
of the Mössbauer isomer shifts of Fe ions in BaFe12O19 crystals. The results
show that, using the relationship between isomer shifts and covalency, the
site assignments in hexaferrites will be resolved easily. This paper provides
a powerful tool for studying other members of the hexagonal ferrimagnetic
oxides family.

1. Introduction

The application of BaFe12O19, both pure and doped, has been of interest for some years due
to its low production cost while providing excellent magnetic properties [1–3]. In particular,
BaFe12O19 powders are currently being investigated for use in perpendicular recording [4].
BaFe12O19 is just one member of the family of hexagonal ferrimagnetic oxides [5],which can be
described by the superposition of some fundamental structural blocks formed by a close packing
of hexagonal or cubic-stacked layers with composition BaO3 and O4. In this framework, the
metallic ions are located in octahedral and tetrahedral interstices. In the hexagonal M structure
of BaFe12O19 [6], the Fe3+ ions occupy five different crystallographic sites. Three of the Fe3+

sites are octahedral (12k, 4f2, 2a), one is tetrahedral (4f1), and one is trigonal bi-pyramidal (2b).
Mössbauer spectroscopy has been used frequently to study this compound [7–11]. However,
the Mössbauer spectra for these compounds showed complex structures that result from the
overlap of Zeeman splitting patterns of the iron nuclei occupying different crystallographic
positions in the lattice. Because of the superposition of sub-spectroscopies corresponding
to different inequivalent Fe sites, site assignments in these ferrites have been proved to be a
difficult task. It is well known, within each oxidation state, that the ranges of isomer shift
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reflect the sum of covalency and bonding effects. Therefore, it is reasonable to investigate the
isomer shift by starting from the chemical bond viewpoint.

2. Experiment

Barium ferrite was prepared by using the chemical co-precipitation method [9, 10]. All
reagents were analytical grade. A solution of Fe(NO3)·9H2O, and BaCl2·2H2O in water
was poured into an NaOH/Na2CO3 alkaline solution. Thermal treatment of the co-precipitates
that were obtained was performed at 1260 ◦C, respectively to each set of samples over 2 h.
X-ray diffraction investigation is performed using Cu Kα radiation (λ = 0.154 06 nm) in
reflection mode. The result shows that the sample has single-phase Ba–M structure. Mössbauer
experiments were carried out using a 57Co/Pd source and a constant-acceleration spectrometer
to collect the transmission spectra at room temperature. The spectrometer is calibrated using
a standard α-Fe foil.

3. Theory

The dielectric description of covalency developed by Phillips and van Vecten [12] has been
employed successfully in various fields. This theory provides us with a simple and clear
scale for chemical bond covalency in crystals. In subsequent years, other workers [13–16]
generalized the theory to the complex structure compounds.

Zhang [15] has pointed out that the properties of a crystal can be described by chemical
bond parameters, and any complex crystal can be decomposed into different kinds of binary
crystals. These binary crystals are related to each other and every binary crystal includes only
one type of chemical bond. However, the properties of these binary crystals are different from
those of real binary crystals, although their chemical bond parameters can be calculated in
a similar way. In the theory, ‘crystal formula’ is a combination of sub-formula of chemical
bonds. The sub-formula of any kind of chemical bond A–B in the multi-bond crystal AaBb . . .

can be expressed by the following formula:[
N(B − A)a

NCA

]
A

[
N(A − B)b

NCB

]
B

where A, B, . . . represent different elements or different sites of the same element in the
crystal formula, and a, b, . . . represent the numbers of the corresponding element, N(B − A)

represents the number of B ions in the coordination group of A ions, and NCA represents the
nearest coordination number of A ions. After decomposing the complex crystal into different
kinds of binary crystals that form an isotropic system, and introducing an effective charge of
valence electrons using the Pauling bond valence method, Levine’s theory [13] can be used
directly to calculated the chemical bond parameters in complex crystal compounds.

The macroscopic linear susceptibility χ can be resolved into contributions χµ from the
various types of bonds or from the various binary crystals

χ = ε − 1 =
∑

µ

Fµχµ =
∑

µ

Nµ

b χ
µ

b (1)

where ε is the dielectric constant, χµ is the total macroscopic susceptibility of a binary crystal
composed of only one type of µ bond, Fµ is the fraction of the binary crystal composing the
actual complex crystal, χµ

b is the susceptibility of a single bond of type µ in the corresponding
binary crystal, and Nµ

b is the number of bonds per cubic centimetre:

χµ = (4π)−1[(h̄�µ
p )2/(Eµ

g )2] (2)
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where Eµ
g is the average energy gap for the type µ bond and �

µ
p is the plasma frequency

obtained from the numbers of valence electrons of type µ per cubic centimetre, Nµ
e , using

(h�µ
p )2 = (4π Nµ

e e2/m). (3)

Nµ
e is expressed as follows:

Nµ
e = (nµ

e )∗/vµ

b (4)

(nµ
e )∗ = [(Zµ

A)∗/Nµ

CA + (Zµ

B)∗/Nµ

CB] (5)

(kµ
F )3 = 3π2 Nµ

e (6)

where (nµ
e )∗ is the number of effective valence electrons per µ bond, kµ

F is the Fermi
wavenumber of valence electrons in a binary crystal composed of only one type of bond
µ, and v

µ

b is the bond volume

v
µ

b = (dµ)3
/∑

ν

[(dν)3 Nν
b ] (7)

where dµ is the bond length. The average energy gap, Eµ
g , for every µ bond can be separated

into homopolar Eµ

h and heteropolar Cµ parts:

(Eµ
g )2 = (Eµ

h )2 + (Cµ)2. (8)

The ionicity and covalency of any type of chemical bond is defined as follows:

f µ

i = (Cµ)2/(Eµ
g )2

f µ
c = (Eµ

h )2/(Eµ
g )2 (9)

where

Eµ

h = 39.74/(dµ)2.48 (eV). (10)

For any binary crystal ABn-type compounds the heteropolar Cµ part is defined as

Cµ = 14.4bµ[(Zµ

A)∗ + �Zµ

A − n(Zµ

B)∗]e−kµ
s rµ

0 /rµ

0 (eV) (11)

rµ

0 = dµ/2
kµ

s = (4kµ

F /πaB)1/2 (12)

where kµ
s is the Thomas–Fermi screening wavenumber of valence electrons in a binary crystal

composed of only one type of bond µ, aB is the Bohr radius, and n is the ratio of element B to
element A in the sub-formula. �Zµ

A are correction factors from d-electron effects such as the
crystal field stable energy and Jahn–Teller effect, etc [16, 17]. bµ is proportional to the square
of the average coordination number Nµ

c :

bµ = β(Nµ
c )2

Nµ
c = Nµ

CA/(1 + n) + nNµ

CB/(1 + n)
(13)

where bµ depends on a given crystal structure. If the dielectric constant of the crystal is known,
then the value of β can be deduced from the above equations. The bond parameters of the
crystal, of which the dielectric constant is unknown, may also be estimated by using the β

value of its isostructrual crystals.
We introduce the chemical environmental factor, he, which is expressed as [16]

he =
(∑

αν
L f ν

c

)1/2
(14)

where αν
L is the polarizability of the ligand bond volume in the νth bond. The sum over ν runs

over all the different types of the ligand bonds. For the µth bond, the polarizable coefficient
α

µ

0 can be obtained from the Lorentz–Lorenz equation

(εµ − 1)/(εµ + 2) = (4π/3)α
µ

0 . (15)
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Figure 1. Mössbauer spectra of the precipitate method sample of Ba M.

(This figure is in colour only in the electronic version)

The polarizabilities of the bond volume is

α
µ

b = α
µ

0 v
µ

b . (16)

The polarizabilities of the ion volume in the µth bond are

α
µ

A = [(rµ

A)3/[(rµ

A)3 + (rµ

B )3]]αµ

0 (17)

α
µ

B = [(rµ

B )3/[(rµ

A)3 + (rµ

B )3]]αµ

0 (18)

where rµ

A and rµ

B are radii of the A and B atoms in the µth bond, respectively.
The significant aspect of Mössbauer spectroscopy is the discovery of the isomer shift. It

has been known that the 57Fe isomer shift can provide extensive and valuable information about
the local chemical environment of iron. For a given oxidation state, a correlation between the
isomer shift δ and the chemical environmental factor he is found [16]. This can be written as:

δ(57Fe) = δ0 + bhe (mm s−1, relative to α-Fe at room temperature) (19)

where, for isolated ions Fem+ and b = −0.7, it contains nuclear parameters. When he is equal
to zero, then δ = δ0, which is the isomer shift of the free-ion state. For an isolated high-spin
Fe2+(d6) and Fe3+(d5), δ0 is 1.68 and 0.87 mm s−1, respectively.

4. Results and discussion

Mössbauer spectroscopy of the sample synthesized by chemical co-precipitation shows the
typical pattern of five sextuplets due to iron’s 2a, 4f1, 12k, 4f2, and 2b ions (see figure 1).

For BaFe12O19, according to theory [15], the crystal formula of BaFe12O19 can be
converted into the sub-formula equation below:

BaFe12O19 = BaFe(1)Fe(2)Fe(3)2Fe(4)2Fe(5)6O(1)2O(2)2O(3)3O(4)6O(5)6

= 1
2 BaO(3)12/5 + 1

2 BaO(5)3 + Fe(1)O(4)3/2 + 2
5 Fe(2)O(1)5/4

+ 3
5 Fe(2)O(3) + 1

2 Fe(3)O(2) + 3
2 Fe(3)O(4) + Fe(4)O(3)6/5

+ Fe(4)O(5)3/2 + Fe(5)O(1)3/2 + 2Fe(5)O(2)3/2 + 2Fe(5)O(4)3/2

+ Fe(5)O(5)3/2.

Using the β value (0.097) of the isostructrual crystal LaMgAl11O19 [18], the chemical bond
parameters of each type of chemical bond are calculated and listed in table 1. The chemical
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Table 1. The chemical bond parameters of BaFe12O19.

Cation Anion
Bond type site site Nm

e u kµ
F Eµ

h Cµ f µ
c χµ αν

L

BaO(3) 2d 6h 0.063 1.231 2.717 14.899 0.033 0.157
BaO(5) 2d 12k2 0.068 1.263 2.914 11.519 0.060 0.468
Fe(1)O(4) 2a 12k1 0.604 2.615 7.123 13.504 0.218 3.378 0.393
Fe(2)O(1) 2b 4e 0.797 2.868 5.048 11.037 0.173 7.429 0.822
Fe(2)O(3) 2b 6h 0.502 2.459 8.539 11.306 0.363 3.235 0.301
Fe(3)O(2) 4f1 4f 0.712 2.762 8.153 7.415 0.547 8.062 0.473
Fe(3)O(4) 4f1 12k1 1.186 3.275 8.153 10.381 0.382 9.500 0.489
Fe(4)O(3) 4f2 6h 0.724 2.778 6.517 19.551 0.100 2.156 0.336
Fe(4)O(5) 4f2 12k2 0.422 2.320 7.404 10.124 0.349 3.474 0.361
Fe(5)O(1) 12k 4e 0.412 2.302 7.257 9.924 0.349 3.532 0.375
Fe(5)O(2) 12k 4f 0.528 2.500 6.371 12.052 0.218 3.717 0.459
Fe(5)O(4) 12k 12k1 0.341 2.161 6.208 9.417 0.303 3.451 0.460
Fe(5)O(5) 12k 12k2 1.006 3.100 7.761 18.216 0.154 3.385 0.335

Table 2. Mössbauer isomer shifts [11] of BaFe12O19 (mm s−1).

Ion Fe(1) Fe(2) Fe(3) Fe(4) Fe(5)

Site 2a 2b 4f1 4f2 12k
he 0.716 0.783 0.905 0.691 0.783
δcalc 0.37 0.32 0.24 0.39 0.32
δexp [11] 0.38 0.32 0.24 0.39 0.35
δexp (this work) 0.34 0.32 0.26 0.39 0.35

Table 3. Iron sublattices in the crystalline structure of BaFe12O19 hexagonal ferrite.

No of iron Average Nµ
e f µ

c

ions per bond (average (average
Sublattice Coordination formula unit δ (mm s−1) length values) values)

4f2 Octahedral 2 0.39 2.021 0.573 0.225
2a Octahedral 1 0.38 2.000 0.604 0.218
12k Octahedral 6 0.35 2.028 0.606 0.247
2b Bi-pyramidal 1 0.32 2.035 0.620 0.287
4f1 Tetrahedral 2 0.24 1.894 1.068 0.424

environmental factor for Fe sites in Ba–M crystals is obtained using equation (14) and the
isomer shifts of Fen+ were calculated from equation 19. The results are shown in table 2.
From table 2, it is clearly seen that the calculated results of Mössbauer isomer shifts in various
crystallographic positions are in good agreement with their experimental values. This also
shows that the chemical bond parameters calculated by us are reasonable.

In order to classify the most obvious trends in isomer shift, the room-temperature values of
isomer shift and some parameters describing their local environments have been listed in table 3.
It is generally admitted that, for a given oxidation state and for identical ligands, a decrease in
the iron coordination number leads to a decrease in the isomer shift. One mechanism has been
proposed to explain this result: an increase in the covalency of the iron–ligand bonds [19]. As
shown in table 3, our calculated covalency of various Fe3+ sites could support the above point
of view.
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For the observed decrease in the isomer shifts with increasing Nµ
e in table 3, an explanation

should be sought in the physical nature of this hyperfine interaction. For a given source matrix,
the isomer shift is a measure for the electron density at the absorbing nuclei and is proportional
to |�(0)|2. Neglecting relativistic effects, only s-electrons possess a non-zero probability of
entering the nuclear volume and therefore the isomer shift is a good approximation proportional
to the s-electron density at the nucleus, |�s(0)|2. Since the nuclear radius of 57Fe in the first
excited state is smaller than that in the ground state, an increasing δ implies a decreasing
s-electron density at the absorbing nuclei. In BaFe12O19 hexagonal ferrite, a decreasing Nµ

e of
iron sites could represent decreasing s-electron density and result in an increase in the isomer
shifts.

It might be tempting to assume that an increase in the Fe–O distances should induce a
decrease in the overlap between the 4s orbital of iron and the ligand orbital, and therefore
lead to an increase in the isomer shift. However, we have to admit that such a correlation is
by no means obvious in table 3—for example, (Fe3+O5) triangular bipyramidal coordination
possesses larger length than (Fe3+O6) octahedral coordination, but the corresponding average
isomer shift is definitely smaller in (Fe3+O5). So, the correlation between the isomer shift and
the length of the iron–ligand bonds appears to be groundless.

In addition, the general belief is that the strong anisotropy of the hexagonal compound
BaFe12O19 is, to a great extent, due to one of the Fe ions in a bi-pyramidal site. The calculated
results of the susceptibility that we have reported here can support the above view. From
table 2, our calculated results show that the susceptibility χµ (Fe2O1, parallel to the c-axis)
�χµ (Fe2O3, perpendicular to the c-axis).

5. Conclusion

In conclusion, starting from the chemical bond viewpoint, we investigated all constituent
chemical bonds in BaFe12O19. Since the chemical isomer shift behaves independently of the
other two hyperfine interactions, and is conveniently considered first, by using the relationship
between isomer shifts and covalency the site assignments in hexaferrites can be resolved
easily. This paper provides us with a powerful tool for studying other members of the family
of hexagonal ferrimagnetic oxides.
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