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Abstract—The correlation of the chemical composition, the structure, and the microwave characteristic of
solid solutions of the BaFe12 – xDxO19 (0.1 ≤ x ≤ 1.2) barium hexaferrite substituted with diamagnetic Al3+ and
In3+ ions has been studied. The precise data on the crystal structure have been obtained by powder neutron
diffraction using a high-resolution Fourier diffractometer (Dubna, JINR). The data on the distribution of the
diamagnetic substituting ions in the hexaferrite structure have been obtained by Mössbauer spectroscopy. The
microwave properties (the transmittance and the reflectance) have been studied in the frequency range 20–
65 GHz and in external magnetic fields to 8 kOe. It is found that the transmission spectra are characterized
by a peak that corresponds to the resonant frequency of the electromagnetic energy absorption, which is due
to the ferromagnetic resonance phenomenon. The correlation of the chemical composition, the features of
the ion distribution in the structure, and the electromagnetic properties has been revealed. It is shown that
external magnetic fields shift the absorption peak of electromagnetic radiation to higher frequencies due to an
increase in the magnetocrystal anisotropy. The results enable the conclusion that the features of the intrasu-
blattice interactions and the electromagnetic properties should be explained using the phenomenological
Goodenough–Kanamori model.
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1. INTRODUCTION
M-type hexagonal ferrite and their solid solutions

have a crystal structure of magnitoplumbite PbFe12O19
that was studied in [1] for the first time in 1938. As a
rule, it is well described in terms of space group
P63/mmx (no. 194) with the hexagonal unit cell a = b ≈
5.90 Å, c ≈ 23.30 Å containing two molecules per the
formula unit. Iron ions are distributed in five non-
equivalent crystallographic positions (anion environ-
ments): octahedral 2a, 4f2, and 12k, bipyramidal 2b,
and tetragedral 4f1 oxygen environments. These com-
pounds are characterized by the coexistence of strong
intrasublattice Heisenberg exchange interaction and a
weak competition of intersublattice exchange interac-
tions [2]. The intrasublattice interactions, as a rule,
dominate and form a collinear ferromagnetic structure
with high energies of the exchange interactions. A
strong correlation of the intrasublattice exchange
interactions and an attenuation of the intersublattice

exchange can lead to the formation of noncollinear
atypical magnetic structures (conical and helicoidal
magnetic structures, etc.).

Hexagonal barium ferrite BaFe12O19 (or BFO) and
BaFe12 – xDxO19 (or BFDO) solid solutions based on it
(with isovalent or heterovalent diamagnetic substitu-
tion for Fe3+ in the B sublattice) attract a great atten-
tion of researchers [3–8] due to their excellent func-
tional properties [9]. Their chemical inertness and
corrosion resistance [10] make them ecologically safe
and stable. The coexistence of a giant coercive force,
high residual magnetization, and high electrical resis-
tance make these materials suitable for application in
practice. Until recently, BFO and BFDO were widely
used as permanent magnets [11]. Even at the present
time more than 80% commercial permanent magnets
in the world are hexagonal ferrites. Hexaferrites were
also considered promising materials for magnetic
recording devices (perpendicular type of magnetiza-
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tion) [12]. Recently, the number of publications on
BFO and BFDO caused by their mutiferroic proper-
ties (coexistence of the ferromagnetic and ferroelectric
orderings) has increased significantly [13–18]. A high
electrical resistance of these materials makes it possi-
ble to use them for high-frequency applications (as
elements of functional devices of microwave equip-
ment and electromagnetic radiation (EMR) absorb-
ers) [21–24].

The development of mobile communication, the
internet, and digital networks need the increase in the
velocity and volume of data transmission which are
possible in going from the centimeter wavelengths to
the millimeter range corresponding to frequencies of
30–100 GHz. The M-type hexaferrites have high
fields of the magnetic crystallographic anisotropy and
capable of operating in this range. These materials are
promising for developing and designing functional
devices of microwave electronics: isolators, circula-
tors, phase-shifters, elements of reception–transmis-
sion antennas, and also efficient EMR absorbers to
provide the electromagnetic compatibility [25–30].
Doping or replacing barium hexaferrite with various
diamagnetic ions leads to a significant changes in the
magnetic characteristics and, as a result, to a change in
the operating frequency range.

BFO-based compounds are promising materials
for the absorption (attenuation) of electromagnetic
radiation (EMR) with the allowance for their mag-
netic properties and the possibilities of their modifica-
tions. To improve the magnetic and functional proper-
ties of BaFe12O19, iron ions are usually replaced with
isovalent diamagnetic ions D3+ (isovalent substitu-
tion) [31–34] or heterovalent diamagnetic D4+ or D2+

ions (heterovalent substitution). The diamagnetic sub-
stitution in BFO changes the features of the crystal
structure (unit cell distortion, microdeformations,
and changes in the Fe–O bond length) and the mag-
netic structure (attenuation of the magnetic exchange
interaction and the magnetic structure frustration).
The modification of the crystal and magnetic struc-
tures must change the electromagnetic characteristics.
It is known that the selective EMR absorption in com-
plex magnetic oxides is realized by the two main
mechanisms: the domain boundary resonance and the
natural ferromagnetic resonance (NFMR) (the pre-
cession frequency of the magnetization vector) [35,
36]. The main contribution to the high-frequency
absorption is exactly related to NFMR.

The working range of BFO is determined by the
frequency range in which the permeability (the imagi-
nary part) is effectively changed, which takes place
near NFMR. The application of hexagonal ferrites
with a high degree of the crystal and magnetic anisot-
ropies allow one frequency-selective control the SMR
characteristics by shifting the NFMR resonant fre-
quency. The NFMR frequency of nonsubstituted
PHYSICS OF THE SOLID STATE  Vol. 60  No. 9  2018
BaFe12O19 is in the range 49–50 GHz and is depen-
dent on the value of the internal magnetic anisotropy
field Ha:

(1)

ω is the NFMR frequency and γ is the giromagnetic
ratio.

The NFMR region in polycrystalline ferrites is suf-
ficiently wide and it can be controlled varying the
value of Ha, for example, by introducing various dia-
magnetic ions in the ferrite structure and also using an
external magnetic field H0:

(2)

4πMs is the demagnetization factor.

Thus, we can change amplitude–frequency char-
acteristics of the resonance controlling the content of
substituting ions.

In this work, we studied the correlation between
the concentration of diamagnetic ions (Al3+, In3+) and
the electromagnetic properties of solid solutions of the
BaFe12 – xDxO19 barium hexaferrite (D = Al3+ and
In3+; 0 ≤ x ≤ 1.2). The diamagnetic ions (Al3+ and In3+)
were chosen by two reasons: (i) the difference in the
ionic radii:  = 0.54 Å   = 0.64 Å < = 0.94 Å;
(ii) the different electronic ion structures. Aluminum
ion has a completely occupied p-shell and empty
d-shell and can called “d0-ion.” The Al3+ electronic
structure 2s22p6 corresponds to the configuration of
noble gas Ne. Indium ion has the completely occupied
d-shell and the empty s-shell and can be called
“d10-ion” or “completely occupied ion.” The elec-
tronic structure of In3+–4d105s0 corresponds to the
electronic configuration of noble Pd metal. The main
aim of this work is to study the correlation of the
chemical composition, the structure, and the
microwave characteristics of solid solutions of the
BaFe12 ‒ xDxO19 (0.1 ≤ x ≤ 1.2) barium hexaferrite sub-
stituted with Al3+ and In3+ ions.

2. EXPERIMENTAL

The ceramic BaFe12 – xDxO19 samples (D = Al3+

and In3+, 0.1 ≤ x ≤ 1.2) were prepared of oxides Fe2O3
and D2O3 (D = Al3+ and In3+) and carbonate BaCO3
using the two-stage reaction (the common solid reac-
tion method). All the initial reagents were high purity.
The oxides and the carbonate were mixed in an exactly
stoichiometric proportion. The preliminary synthesis
was performed at 1200°C in air for 6 h. The final syn-
thesis was carried out at 1300°C in air for 6 h. After the
synthesis, the samples were slowly cooled (100°C h–1)

ω = γ ,aH

= γ + − π0( 4 ),a sf H H M

3+
Alr �

3+
Fer 3+

Inr
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Fig. 1. Schematic of the method of measurements of the
electromagnetic characteristics by waveguide method (1 is
the network vector analyzer, 2 is the shielded cable, 3 is the
output for measuring the transmission spectra, 4 is the
waveguide, 5 is the sample, 6 is the reference plane, and 7
is the f lange).
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[37]. The synthesis of the BaFe12 – xDxO19 samples can
be represented by the following reaction:

(3)

The unit cell parameters (a, c, and V) were calcu-
lated based on the experimental neutron diffraction
data. The neutron diffraction studies were carried out
with the high-resolution Fourier diffractometer
(HRFD). HRFD is a time-of-flight diffractometer at
the IBR-2M pulsed reactor in Dubna with a relative
large (~21.131 m) path length from the moderator to
the detector and it has the extremely high resolution
(δd/d ≈ 0.001) that, in addition, is not almost depen-
dent on the interplanar spacing in a wide range dhkl.
The high-resolution neutron diffraction patterns were
measured by detectors disposed at average scattering
angle of ±152° in the interplanar spacing from 0.6 to
3.6 Å. The experimental f light-of-time neutron dif-
fraction patterns were carried out by the FullProfile
Rietveld [38] using the MRIA and FullProf program
packages [39] and built-in tables for coherent scatter-
ing length and magnetic form-factors. The distribu-
tion of the substituting ions in the hexaferrite structure
was studied by Mössbauer spectroscopy using a
Ms1104-Em spectrometer. The data processing was
carried out using the UnivemMs software. The elec-
tromagnetic properties were measured by the wave-
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PHY
guide method (Fig. 1) using an Agilent network ana-
lyzer.

The studies were performed in the range 20–
65 GHz. Transmittances ktr and reflectances kref were
determined as

(4)

where Pinc is the initial (incident) EMR power, Ptr is
the EMR power transmitting through the sample, Pref
is the reflected EMR power. The EMR absorption
coefficient kabs can be calculated using coefficients ktr
and kref obtained experimentally taking into account
the energy conservation law by formula

(5)

3. EXPERIMENTAL RESULTS
AND DISCUSSION

According to the neutron diffraction data, all the
BaFe12 – xDxO19 samples (D = Al3+ and In3+, 0.1 ≤ x ≤
1.2) are characterized by the hexagonal structure with
space group P63/mmc with two molecules in the unit
cell (Z = 2) (Fig. 2). It was stated that all the samples
are single-phase. The correspondence factors
obtained as a result of processing the neutron diffrac-
tion spectra (Rwp, Rexp, RB, RMag, and χ2) suggest that
the study samples are characterized by high quality,
and the level of the experimental data processing is
relevant. Figure 2 shows the structure formula model
(the right picture) and the concentration dependences
of the unit cell parameters (a, c, and V) for
BaFe12 ‒ xAlxO19 (Fig. 2a) and BaFe12 – xInxO19
(Fig. 2b).

The unit cell volume of the Al-substituted hexafer-
rites is smaller than that of nonsubstituted BaFe12O19.
The unit cell parameters and volume decreased, while
the aluminum concentration increased from 0.1 to 1.2
(Fig. 2a). The monotonic decrease of the volume from
696.91 Å3 to 690.12 Å3 is explained by insignificant
decrease in parameters a (from 5.889 to 5.870 Å) and
c (from 23.172 to 23.126 Å) in the range 0.1 ≤ x ≤ 1.2.
The reason of this dependence is a smaller Al3+ ion
radius (0.540 Å) as compared to the Fe3+ ion radius
(0.640 Å). The situation is opposite in the case of the
In-substituted samples. Whereas the In3+ concentra-
tion increases, the unit cell parameters increase too
(Fig. 2b). The nearly linear increase in the volume
from 698.82 Å3 to 714.63 Å3 is due to a significant
increase in parameters a (from 5.85 to 5.932 Å) and c
(from 23.217 to 23.445 Å) in the range 0.1 ≤ x ≤ 1.2. We
can state that it is a result of substituting of In3+ ion
with larger ionic radius (0.940 Å) for iron ion.

To determine the character of the distribution of
substituting ions in the hexaferrite structure and to
study the influence of the positions occupied with dia-

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

tr ref
tr ref

inc inc

10 log and 10 log ,P Pk k
P P

= − −tr ref0.1 0.1
abs 10 log(1 10 10 ).k kk
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Fig. 2. Model of the barium hexaferrite structural formula (the right picture) and the concentration dependences of the unit cell
parameters (a, c, and V) for BaFe12 – xAlxO19 (a) and BaFe12 – xInxO19 (b).
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magnetic ions on the exchange interaction intensity
we used Mössbauer spectroscopy. Figure 3 shows the
Mössbauer spectra of BaFe12 – xAlxO19 (Fig. 3a) and
BaFe12 – xInxO19 (Fig. 3b), where x = 0.1 and 1.2. The
features of the Mössbauer parameters are given in
Table 1. The nonsubstituted BFO (x = 0) has five sex-
tets, according to the Fe3+ positions (oxygen coordi-
nations): octahedral 12k, 4 f2, and 2a, tetrahedral 4 f1,
and bipyramidal 2b. The magnetic fields at 57Fe nuclei
are different for all the positions and are in the follow-
ing order: BeffFe(4 f2) > BeffFe(2a) > BeffFe(4 f1) >
BeffFe(12k) > BeffFe(2b).

All the BFDO samples with x = 0.1 demonstrate
the appearance of a new sixth sextet. The appearance
of additional new sextets denoted as 12k1 corresponds
to a distorted type of the 12k sublattice. We assume
that diamagnetic cations at low concentrations are dis-
tributed in the 2b position, which lead to a weakening
of the exchange couplings Fe3+ (2b)–O–Fe3+ (12k)
and Fe3+ (2b)–O–Fe3+ (2a) (due to the magnetic
structure frustration at a weakening of the long-range
order of the exchange interactions). As a result, the
nonequivalent positions of Fe3+ (for the 12k positions)
with a lower field (Beff) in 57Fe nuclei. This corre-
sponds to sextet C6 in the spectra for Fe3+ (12k1).
PHYSICS OF THE SOLID STATE  Vol. 60  No. 9  2018
In theory, the 12k1 state can forms as a result of the
distribution of cations D3+ in the 12k position, since it
builds triads, but the total area of the sextet for C1
(12k) and C6 (12k1) does not confirm this assumption.
At the same time, the area of the sextet corresponding
to the 4f1 increases. The increase in this sextet area can
be the result of the superposition with the 2a sextet.
The distribution of cations in the 2b position, as afore-
mentioned, leads to the attenuation of the exchange
interactions inside the Fe3+ (2b)–O–Fe3+ (2a), which
leads to the nonequivalent state of Fe3+ for the 2a posi-
tion with a lower effective field at 57Fe nuclei and with
the parameters analogous to position 4 f1. A partial
agreement of overlapping sextets confirms the increase
in the Fe3+ (4 f1) line width. The fields (Beff) at 57Fe
nuclei in the samples with a low substitution (x = 0.1)
are analogous to the fields in the nonsubstituted hexa-
ferrite as one new value of Beff for 12k1. Thus, the field
in 57Fe at x = 0.1 has the following order: BeffFe(4 f2) >
BeffFe(2a) > BeffFe(4 f1) > BeffFe(12k) > BeffFe(2b) >
BeffFe(12k1).

However, a completely different situation is
observed for concentration x = 1.2. All the substituted
BFO samples with x = 1.2 demonstrated the appear-
ance of the seventh sextet. We assumed that the sev-
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Fig. 3. Mössbauer spectroscopy data for (a) the BaFe12 – xAlxO19 and (b) BaFe12 – xInxO19, where x = 0.1 and 1.2.
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Fig. 4. Theoretical concentration dependences of the
NFMR frequency for barium hexaferrites substituted with
various ions.
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enth sextet can be referred to the formation of a new
nonequivalent position 12k2 (this is also a distorted
nonequivalent sublattice 12k with a different binding
energy). This is a quite complex case for the unambig-
uous interpretation of the cation distribution, but we
can most likely propose the following explanation. We
believe that diamagnetic ions in the Al-substituted
samples (x = 1.2) occupy the 2b and 12k positions,
which leads to an attenuation and even breaking of the
exchange couplings Fe3+ (2b)–O–Fe3+ (12k) and Fe3+

(2a)–O–Fe3+ (12k).
The effective magnetic fields at 57Fe nuclei in

BaFe10.8Al1.2O19 have the following order: BeffFe(2a) >
BeffFe(4 f2) > BeffFe(4 f1) > BeffFe(12k) > BeffFe(12k1) >
BeffFe(2b) > BeffFe(12k2). For the In-substituted sam-
ple (x = 1.2) we believe that diamagnetic ions predom-
inantly occupy 2b and 2a positions and weaken the
order of exchange couplings in the bond Fe +
(2b)−O−Fe3+(12k) and Fe + (2b)−O−Fe3+(2a).
Fields on 57Fe nuclei BaFe10.8In1.2O19 are arranged in
the following order: BeffFe(4 f2) > BeffFe(4 f1) >
BeffFe(2a) > BeffFe(12k) > BeffFe(2b) > BeffFe(12k1) >
BeffFe(12k2). 

Figure 4 shows the theoretical data calculated
according to Eq. (2). To calculate the anisotropy field,
we used the data for the spherical shape of the crystal-
lites in an approximation of low size dispersion. The
data shown in Fig. 5 confirm the statement that ions
PHY
with different electronic structures differently influ-
ence the electrophysical properties (the NFMR reso-
nant frequency shift). From Fig. 5, it can be seen that
the increase in the NFMR resonant frequency (due to
the increase in the magnetocrystalline anisotropy
(MCA)) is only characteristic of the case with the Al3+

substitution. Other ions induce a decrease in the reso-
nant frequency ( fres). The MCA value for the nonsub-
stituted barium hexaferrite BaFe12O19 is 16–17 kOe.
SICS OF THE SOLID STATE  Vol. 60  No. 9  2018
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Table 1. Parameters of the Mössbauer spectroscopy for the BaFe12 – xAlxO19 and BaFe12 – xInxO19 (x = 0.1 and x = 1.2) sam-
ples

Sample Spectrum 
component

Isomer shift δ, 
mm/s

Quadrupole 
splitting Δ, mm/s

Magnetic
fields B, T

Area
components S, %

Nonsubstituted barium hexaferrite

BaFe12O19 C1–12k(Fe3+)VI 0.36 0.41 41.2 50.4

C2–4f2(Fe3+)VI 0.37 0.17 51.6 19.2

C3–4f1(Fe3+)IV 0.27 0.2 49.0 18.3

C4–2s(Fe3+)VI 0.33 0 50.5 7

C5–2b(Fe3+)V 0.29 2.21 40.1 5.1

Al-substituted barium hexaferrite

BaFe11.9Al0.1O19
x = 0.1

C1–12k(Fe3+)VI 0.35 0.41 41.3 45.9

C2–4f2(Fe3+)VI 0.38 0.18 51.4 15.8

C3–4f1(Fe3+)IV 0.27 0.21 48.9 23

C4–2a(Fe3+)VI 0.35 0.03 50.6 5.5

C5–2b(Fe3+)IV 0.29 2.16 40.0 5.9

C6–12k(Fe3+)V 0.29 0.36 39.8 3.9

BaFe10.8Al1.2O19
x = 1.2

C1–12k(Fe3+)VI 0.34 0.47 41.5 16.5

C2–4f2(Fe3+)VI 0.39 0.16 50.3 19.3

C3–4f1(Fe3+)IV 0.27 0.26 46.6 20.3

C4–2a(Fe3+)VI 0.33 −0.32 50.6 6.3

C5–2b(Fe3+)IV 0.26 2.15 38.3 6

C6–12k1(Fe3+)V 0.34 0.42 40.0 27.6

C7–12k''(Fe3+)VI 0.32 0.43 36.7 4

In-substituted barium hexaferrite

BaFe11.9In0.1O19
x = 0.1

C1–12k(Fe3+)VI 0.35 0.41 41.1 46.0

C2–4f2(Fe3+)VI 0.38 0.18 51.3 16.3

C3–4f1(Fe3+)IV 0.27 0.19 48.7 22.4

C4–2a(Fe3+)VI 0.35 0.03 50.4 5.0

C5–2b(Fe3+)IV 0.26 2.16 40.1 4.6

C6–12k'(Fe3+)V 0.38 0.51 34.5 5.7

BaFe10.8In1.2O19
x = 1.2

C1–12k(Fe3+)VI 0.34 0.38 39.1 16.1

C2–4f2(Fe3+)VI 0.40 0.11 48.3 14.6

C3–4f1(Fe3+)IV 0.30 0.10 45.9 28.8

C4–2a(Fe3+)VI 0.35 0.32 40.4 9.4

C5–2b(Fe3+)IV 0.28 2.31 36.0 3.7

C6–12k1(Fe3+)V 0.34 0.41 33.5 20.6

C7–12k''(Fe3+)VI 0.41 –0.48 16.4 6.8
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Fig. 5. Frequency dependences of the transmission coefficient for the samples with various concentrations of (a) Al3+ and
(b) In3+ cations, where 0.1 ≤ x ≤ 1.2.
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The resonant frequency peak was observed at 49–
50 GHz. In BaFe12 – xAlxO19, the substitution of alu-
minum ions for iron ions induces the increase in MCA
from 16–17 kOe (x = 0) to 23 kOe (x = 1.2). This fact
can be explained by the attenuation of the interlattice
exchange Fe3+–O2––Fe3+ interaction due to the mag-
netic structure frustration. According to the Möss-
bauer spectroscopy data, the attenuation will be pref-
erentially noted for the interactions of positions 2b, 2a,
and 12k (the attenuation of the long range order of the
exchange interactions of the Fe3+ (2b)–O–Fe3+ (12k)
coupling). In the dependence on the aluminum ion
concentration, we will be observe the competition of
the attenuations of the bonds between Fe3+ (2b)–O–
Fe3+ (2a) (at x ≤ 0.6) and Fe3+ (2a)–O–Fe3+ (12k) (at
0.6 < x ≤ 1.2). In BaFe12 – xInxO19, the substitution of
In3+ ions for iron ions leads to the decrease in the
MCA value from 16–17 kOe (x = 0) to 10–11 kOe (x =
1.2). This result is also can be explained by the attenu-
ation of the interlattice exchange Fe3+–O2––Fe3+

interaction due to the magnetic structure frustration.
However, the features of the intersublattice interaction
should be analyzed for explaining the microwave char-
acteristics in the context of analyzing the electronic
structure of the diamagnetic ions and the influence of
the crystal field energy.

Figure 5 shows the spectra of the EMR transmis-
sion through the samples with different concentrations
of Al3+ (Fig. 5a) and In3+ (Fig. 5b) cations. Figure 6
shows the concentration dependences of the ampli-
tude–frequency characteristics of the electromagnetic
properties of the barium hexaferrite substituted with
Al3+ (Fig. 6a) and In3+ (Fig. 6b) ions.

The most intense decrease in the transmission is
observed in the frequency range 20–65 GHz in all the
PHY
samples, because of the absorption processes caused
by the NFMR phenomenon. The abscissa of the
global minimum of the EMR transmission spectrum
determines the resonance frequency ( fres). The ordi-
nate of the global minimum of the EMR transmission
spectrum determines the resonance amplitude (Ares)
of the absorption process.

The Al-substituted BaFe12 – xDxO19 samples
demonstrated the increase in fres with the Al3+ ion con-
centration. The resonance frequency peak ( fres)
shifted from 51 to 61 GHz in the concentration range
from x = 0.1 to x = 1.2, respectively (Fig. 6b). The
results agreed well with the theoretical data obtained
by numerical calculations using Eq. (2).

Thus, the increase in the Al3+ ion concentration
leads to the decrease in the amplitude (Ares) from
‒29.5 to –20 dB (Fig. 6a). The In-substituted
BaFe12 ‒ xDxO19 samples demonstrated the decrease in
fres as the In3+ ion concentration increased. The reso-
nance frequency peak ( fres) shifted from 50.5 to
27 GHz in the concentration range from x = 0.1 to x =
1.2, respectively (Fig. 6d). The results agreed well with
the theoretical data. Some deviation from the linear
dependences in the frequency dependences for con-
centrations x ≥ 0.9 can be due to internal microstress
(microstrain in the crystallites because of the large
In3+ ionic radius). Amplitude Ares decreased from
‒34.9 to –26.9 dB in the same concentration range,
respectively (Fig. 6c).

Figure 7 demonstrates the influence of an external
magnetic field on the amplitude–frequency charac-
teristics of the samples.

It was noted above that the applying of the energy of
an external magnetic field can lead to an increase in
SICS OF THE SOLID STATE  Vol. 60  No. 9  2018
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Fig. 6. Concentration dependences of the resonance amplitude (Ares) and resonance frequency ( fres) for solid solutions of (a, b)
Al3+-substituted and (c, d) In3+-substituted barium hexaferrite in the concentration range 0.1 ≤ x ≤ 1.2.
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MCA and, correspondingly, shift the NFMR frequency
to higher frequencies. The studies of the solid solutions
BaFe12 – xAlxO19 (Fig. 7a) and BaFe12 – xInxO19 (Fig. 7b)
showed a nearly linear shift of the resonance frequency
( fres) to higher frequencies. The energy of an external
magnetic field increases the intensity of the intrasu-
blattice exchange interactions, which increases the
resonance frequency of the spin precession. The pos-
sibility of controlling the amplitude-frequency char-
acteristics not only by varying the chemical composi-
tion, but also by external magnetic fields, opens seri-
ous perspectives of applying these materials in
practice.

When searching for materials that effectively work
in the microwave range, the region caused by NFMR is
of the greatest interest. Ferromagnetic resonance leads
to the loss of the electromagnetic field energy that are a
result of a number of processes during cation spin pre-
cession for ferro- or ferrimagnetics related to additional
fluctuations of the crystal lattice sites. The spin preces-
sion during NFMR occurs under influence of internal
local magnetic fields as a result of the intrinsic mag-
netic anisotropy. The magnetization vector precesses
around the easy-magnetization axis. The physical
principles responsible for the NFMR loss are the same
as those during the induced ferromagnetic resonance.
They are additional fluctuations of hexaferrite crystal
lattice portions due to spin waves. The interaction of
spin waves with the crystal lattice leads the conversion
of a part of the external field energy exciting the ther-
mal spin precession and, therefore, spin waves to ther-
mal lattice fluctuations. In this case, the NFMR fre-
quency is determined by the energy of the magnetiza-
tion vector rotation in the easy-magnetization plane
and also the energy of rotation from this plane.

4. CONCLUSIONS

The main purpose of this work was to study the cor-
relation of the chemical composition, the structure,
and the microwave characteristics of solid solutions of
the BaFe12 – xDxO19 (0.1 ≤ x ≤ 1.2) barium hexaferrite
substituted with diamagnetic Al3+ and In3+ ions. To do
this, it was necessary to perform precise studies by the
powder diffraction method, the Mössbauer spectros-
copy, and the high-frequency measurements of the
transmittances. The powder diffraction data showed
that the dependence of the unit cell parameters on the
concentration is closely related to the effective ionic
radii of the substituting ions (0.540 Å for Al3+ and
0.940 Å for In3+). The character of the distribution of
the diamagnetic ions was determined by the Möss-
bauer spectroscopy. It is shown that the distributions
of the diamagnetic ions in low concentration (x < 0.3)
are similar for the Al- and In-substituted composi-
tions. However, the distributions of the Al- and In-
substituting ions in corresponding compositions
become different as their concentrations increase This
PHY
circumstance variously influences the attenuation of
the intersublattice exchange interactions in the Fe3+–
O2––Fe3+ chains due to various mechanisms of the
magnetic structure frustration. It is shown that the
concentration substitution level and the nature of the
substituting ions variously influence the amplitude–
frequency characteristics of the solid solutions of the
BaFe12 ‒ xDxO19 (0.1 ≤ x ≤ 1.2) barium hexaferrite sub-
stituted with diamagnetic Al3+ and In3+ ions. The
EMR energy loss during the interaction with the study
samples are provided by the absorption processes due
to the natural ferromagnetic resonance. These pro-
cesses are based on a change in the chemical composi-
tion. The Al-substituted compositions demonstrate
nearly linear increase in the resonance frequency ( fres)
as the resonance amplitude (Ares) decreases. Con-
versely, the In-substituted samples demonstrate a
sharp decrease in the resonance frequency, which is
due to the appearance of internal microstresses and
microdeformations. The anisotropy change was
explained by the attenuation of the intensity of the
intersublattice superexchange interactions. It is shown
that the external magnetic field energy almost linearly
shifts the resonance frequency to higher frequencies,
which is explained by an additional contribution to the
MCA increase.

The results of the studies of the microwave charac-
teristics in the frequency range 20–65 GHz are of great
interest from the practical point of view due to a pos-
sibility of controlling the electrodynamic characteris-
tics by a change in the chemical composition of the
hexagonal ferrite and also by applying an external
magnetic field.
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