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BaFe»_,GayO19 (x < 1.2) hexaferrites were synthesized via the usual ceramic technology. It has been

established that with an increase in x, the unit cell and magnetic parameters monotonically decrease. The

frequency of natural ferromagnetic resonance firstly decreases from 49.6 GHz down to 49.1 GHz when

x = 0.6, and then it increases up to 50.5 GHz. The line width monotonically increases from 3.5 GHz up to

5 GHz. The peak amplitude of the resonant curve changes slightly with the exception of when x = 0.9,

when it reaches —16 dB. The 1.3 GHz kOe™ frequency shift in the bias field is more intensive for small

values, when x = 0.3. The decreasing values of the magnetic parameters are a result of the dilution of
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1. Introduction

M-type hexagonal ferrites continue to attract the attention of
researchers." The problems caused by electromagnetic inter-
ference for high-frequency electronic devices working in the
gigahertz range have lately received increasing attention.
Among various microwave absorbing materials, barium and
strontium ferrites with M-type hexagonal structures have been
proved to be the most functional materials, due to the simul-
taneous presence of dielectric and magnetic losses.> These
compounds are characterized by the coexistence of strong
intrasublattice Heisenberg exchange interactions and weak
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Fe3* -0 —Fe®* superexchange interactions. The behavior of the amplitude-frequency characteristics is
largely determined through the reduction of uniaxial exchange anisotropy. The prospects of Ga-substi-
tuted hexaferrites acting as a material that effectively absorbs the high-frequency electromagnetic radi-

competing intersublattice exchange interactions. The intrasu-
blattice interactions appear to dominate and help form a ferri-
magnetic structure with large magnetic parameters. Strong
competing intersublattice exchange interactions can lead to
non-collinear magnetic structures with small magnetic para-
meters, such as the saturation magnetic moment and
coercitivity.”

Interest in the M-type BaFe;,0,9 barium ferrite with a hexa-
gonal structure and its solid solutions substituted with
different diamagnetic cations (AI**, In**, Ga®", S¢**, etc.)*® is
explained also by their good functional properties.” Their
excellent chemical stability and corrosion resistance® make
them ecologically safe and suitable for applications, practically
without time restrictions. The combination of high coercive
force (H, ~ 160-55 kA m™") with rather high residual induction
allows them to be used as permanent magnets with satisfac-
tory specific magnetic energy.® Their low conductivity (p ~
10°® Q cm) allows the application of hexaferrite magnets in the
presence of high-frequency magnetic fields. For the first time,
barium hexaferrite, isomorphic to PbO-6Fe,O; magnetoplum-
bite, was used by the Philips firm,'® still in the 1950s. The
main magnetic, electric and structural properties of hexa-
ferrites are discussed in the review in ref. 11.

Until now barium hexaferrite was widely used only in per-
manent magnets,"> high-frequency absorbers’®'* and high
density magnetic storage with perpendicular magnetization.'®

This journal is © The Royal Society of Chemistry 2017
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Recently, the significant growth in publications on M-type
barium hexaferrites caused by the coexistence of ferrimagnetic
and ferroelectric ordering at room temperature'®>' is also
noted. M-type barium hexaferrites have prospective use for the
absorption of electromagnetic radiation (EMR) in the micro-
wave range, considering their magnetic properties and the
possibilities of their modification through various substi-
tutions, including with nanoparticles. There are works on the
effective absorption of EMR using this material in the deci-
meter and centimeter spectral range** that show the electro-
magnetic compatibility of microelectronics and radio equip-
ment devices.

The high values of the magnetocrystalline anisotropy and
the ferrimagnetic-paramagnetic phase transition temperature
are the main advantages of M-type barium hexaferrites.
Collinear ferrimagnetic ordering with a Curie temperature of
~740 K is formed in M-type barium hexaferrite. The change in
the magnetic bond number of Fe®" cations in the multi-
component oxidic system caused by the introduction into the
crystal structure of diamagnetic cations> or by the creation of
a deviation from stoichiometry on oxygen®* allows the oper-
ation of its functional properties.

An analysis of M-type barium hexaferrite properties in the
microwave range shows that the working range - the range of
effective EMR absorption - lies in the centimeter spectral
range.>® The application of substituted M-type barium hexa-
ferrites with a large constant of magnetocrystalline anisotropy
as fillers in composite materials allows for the frequency selec-
tive absorption of EMR, using the controlled resonances of
domain boundaries and the rotation of magnetization (natural
ferromagnetic resonance, NFR). It is known that the absorp-
tion peak of BaFe;,0;9 M-type barium hexaferrite lies in the
range of ~47-50 GHz,*® whereas the substitution of the iron
cations with Mn**, Co®>" and Ti*" cations reduces the absorp-
tion maximum down to 13.4 GHz.” It is considered that losses
at high frequencies are generally caused by NFR. It is possible
to displace the absorption peak and to expand the absorption
strip in the microwave range through control at the dia-
magnetic substitution level.

Ferrimagnetic resonance measurements were made at room
temperature on polished spheres of about 0.3 mm size for Al,
Ga and Sc substituted BaFe;,0,9 hexaferrites at frequencies
between 3 GHz and 90 GHz.>” From these measurements, the
values of the anisotropy field from nearly zero up to 29 kOe
were found for Sc-substitution levels x < 1.65 and for Al levels x
< 2, respectively. The observed FMR linewidth AH can be
described from a frequency independent two-magnon scattering
contribution ranging between 5 Oe and 10 Oe, being, for the
substitutions studied, proportional to the reciprocal of the
Curie temperature. A relation predicting the dependence of AH
on frequency and substitution level is proposed.

In this paper, the absorption parameters for weakly substi-
tuted barium hexaferrites are investigated. The results of this
work can find application in ensuring intrasystem and
intersystem electromagnetic compatibility and also in
ensuring the operational reliability of devices and equipment

This journal is © The Royal Society of Chemistry 2017
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under conditions of increased levels of microwave influence,
due to the selective absorption of EMR over the set range of
frequencies.

2. Experimental technique

BaFe;, ,Ga,O59 (0 <x < 1.2) polycrystalline samples were
obtained from Fe,O; and Ga,0O; oxides and BaCO; carbonate,
taken in corresponding proportions.”® The initial compo-
sitions were exposed to firing in air at 1200 °C (6 h), and were
then sintered at 1300 °C (6 h). After sintering, the samples
were slowly cooled (~100 °C h™").

The crystal structures of the obtained samples were investi-
gated using X-ray diffraction, which was carried out on a
powder D8 Advance diffractometer (Bruker) with the following
parameters: 40 kV, 40 mA, Cu-K, radiation (A = 1.5406 A). For
the XRD measurements, the A20 step size is 0.03° and the inte-
gration time is ~10 s. The refinement of the X-ray diffraction
data was carried out using Rietveld full profile analysis,> by
means of the FullProf*° program.

In the present paper, the oxygen content and temperature
stability of the oxygen sublattice were investigated using
thermogravimetric analysis (TGA).>" There is a lack of infor-
mation about the oxygen content of ferrites, especially hexa-
ferrites. It is generally accepted that for any interpretation of
the properties of magnetic oxides, knowledge of the oxygen
stoichiometry is critical.*> TGA studies have shown that the
relative error in the oxygen content of the investigated hexa-
ferrites is less than 0.6% mol. Their oxygen content may be
written as “Ojg9.04” for all substitution concentrations.>® The
oxygen content remains stable up to 1000 °C. It has been shown
in many papers that the magnetic behavior in oxygen deficient
oxides changes dramatically with anionic deficiency.**

The DC-susceptibility and specific magnetization were
investigated using a universal cryogenic high-field measuring
system (Liquid Helium Free High Field Measuring System,
Cryogenic Ltd, London, UK) at a temperature of 300 K in exter-
nal magnetic fields up to 2 T (field curves) and in a low field
of 0.01 T over the temperature range of 4-750 K (temperature
curves).>® The magnetic measurements were made using poly-
crystalline samples with average sizes of 2 x 3 x 5 mm®. The
spontaneous magnetization was determined from the field
magnetization curve via linear extrapolation to a zero field.
The ferrimagnetic-paramagnetic phase transition tempera-
ture - the Curie temperature — was defined as the inflection
point on the temperature curve. This point is equivalent to the
point of a minimum derivative of temperature (min{dy/d7}). At
the point of the derivative minimum, the behavior of the temp-
erature curve changes from “curved up” to “curved down”,
which corresponds to a transition from a fast decrease to a
slow one.*®

Measurements of the absorbing properties were performed
over the range of 36-56 GHz. The sample was located in a metal
wave guide with a cross-section of 5.2 x 2.6 mm”. The measure-
ments were taken using a P2-68 scalar analyzer. The bias field
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was parallel to the electric field in the wave guide. The k. trans-
mission and k¢ reflection coefficients are defined as:

ky = 10 lg(Ptr ); Kret = 10 1g<P“"f); (1)

inc inc

where P, is the incident EMR power, Py, is the transmission
EMR power and P, is the reflection EMR power. The k. trans-
mission and k. reflection coefficients are negative, which
indicates a reduction in the transmitted and reflected EMR
power in relation to the incident EMR power, and they are
measured in dB.

3. Results and discussion

X-ray diffraction patterns for BaFe;, ,Ga,O;9 solid solutions
with x = 0.1 and 1.2 at room temperature are presented in
Fig. 1. The X-ray diffraction data correspond to single-phase
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Fig.1 Powder X-ray diffraction patterns at T = 300 K for

BaFe119Gag 1019 (a) and BaFejggGa; .09 (b) solid solutions. Crosses
denote experimental data. Solid lines are theoretical models. The low
solid lines are the difference curves between experimental and theore-
tical data. The vertical bars are the permissible positions of Bragg
reflection.
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samples with a hexagonal unit cell crystal structure and P63/
mmc space group, agreeing well with previous results obtained
earlier for solid solutions with substitution by AI** and In**
cations.””*° The low values of the fitting parameters, such as
Ry, (3.21-5.42), the weighted profile R-value, Rey, (2.41-5.36),
the expected R-value, Ry (5.42-8.65), the Bragg R-factor and y*
(1.52-2.03), the goodness-of-fit quality factor, suggest that the
studied sample is of good quality and that the refinements of
the X-ray data have been effective.

The a and c¢ unit cell parameters are almost linear and they
slightly decrease. In Fig. 2, results of calculations of the con-
centration dependencies of the unit cell parameters and
volumes of all the BaFe;, ,Ga,O,9 solid solutions are pre-
sented. The insignificant decreases in the unit cell parameters
and, as a result, the unit cell volumes are caused by insignifi-
cant divergences of the values of the ionic radii of Ga®*
(0.62 A) and Fe®" (0.64 A) cations.*® This behavior of the unit
cell parameters is a consequence of the statistical distribution
of Ga®* cations in different nonequivalent crystallographic

5,892
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a(A)

5,884

23,19

c(A)

23,18

697
2 696

695

Fig. 2 Concentration dependencies of the a(x) (a) and c(x) (b) unit cell
parameters and V(x) (c) unit cell volume at T = 300 K for the
BaFe;» ,Ga,O19 (x = 0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions. The solid
lines are linear interpolations of the data. The dashed lines are linear
interpolations of the two limit points.
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positions. For the ¢ parameter, a slight deviation from
Vegard’s rule (Fig. 2a) is observed, which is due to the likely
removal of the initial strain of the unit cell upon substitution.
The initial strain occurs as a consequence of the rapid cooling
of the ceramic after synthesis. The initial strain can be
removed via substitution, as the ionic radius of the Ga*' cation
is slightly smaller than the ionic radius of the Fe** cation.

The model of the magnetic structure of barium hexaferrite
proposed by Gorter’' assumes that the Fe®* magnetoactive
cations are located in nonequivalent crystallographic posi-
tions, which have octahedral (Fel - 2a, Fe4 — 4fy; and Fe5 —
12k), tetrahedral (Fe3 - 4fy,) and bipiramidal (Fe2 - 2b) oxygen
surroundings. The Ba** cations occupy 2d sites with 12-fold
oxygen coordination. The substitution of Fe*" cations by dia-
magnetic Ga®>* cations, depending on the preference of the
positions taken up by them, can lead to some reduction in the
values of the magnetic moments in the corresponding none-
quivalent crystallographic positions. Furthermore, the mag-
netic moments of these positions initially have the little differ-
ence in value because of the various oxygen coordinations.*?
The substituted Ga®* cations are distributed almost evenly
among all five nonequivalent crystallographic positions.

The values of the main bond lengths and bond angles for
the BaFe;, ,Ga,O;9 solid solutions at room temperature are
given in Table 1. As is shown, as the substitution level
increases, the 4 bond lengths Fe2-0O3, Fe3-02, Fe4-O5 and
Fe5-01 decrease, while the remaining 5 bond lengths, Fe1-04,
Fe2-01, Fe3-04, Fe4-0O3 and Fe5-02, increase. The 3 bond
angles Fe2-O3-Fe4, Fe5-O2-Fe5 and Fe5-O4-Fe5 decrease,
while the other 3 bond angles, Fe3-O4-Fe5, Fe4-0O3-Fe4 and
Fe5-0O1-Fe5, increase.

The samples had densities of >98%, with an average size of
~850 nm for the crystallites. The individual crystallites had the
shape of regular planar hexagons (Fig. 3). The crystallites
combine and form the entire ceramic. The crystallite sizes had
certain differences. The grain size variation interval was
between 0.223 and 1.279 pm for BaFe;; ¢Gay10,9. For this
sample, 52.4% of the crystallites had a size variation from

Table 1 Values of the main bond lengths and bond angles for
BaFei»_,Ga,O19 (x = 0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions at 300 K

Bond length/angle x=0.1 x=03 x=0.6 x=0.9 x=1.2
Fe1-04, A 1.982 1.992 2.014 2.028 2.047
Fe2-01, A 2.313 2.177 2.281 2.352 2.444
Fe2-03, A 1.806 1.818 1.844 1.861 1.834
Fe3-02, A 1.974 1.947 1.886 1.844 1.789
Fe3-04, A 1.914 1.916 1.919 1.921 1.924
Fe4-03, A 2.133 2.152 2.191 2.217 2.252
Fe4-05, A 1.983 1.977 1.965 1.956 1.944
Fe5-01, A 1.974 1.968 1.957 1.948 1.937
Fe5-02, A 2.062 2.076 2.106 2.125 2.152
Fe2-03-Fe4, © 138.66 138.09 136.91 136.12 135.04
Fe3-0O4-Fe5, ° 120.66 121.14 122.18 122.81 123.75
Fe4-0O3-Fe4, ° 82.86 83.94 86.24 87.89 90.05
Fe5-O1-Fe5, © 98.65 98.84 99.23 99.48 99.84
Fe5-02-Fe5, © 89.74 89.38 88.59 88.05 87.33
Fe5-0O4-Fe5, ° 88.73 83.47 72.81 65.80 56.29
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Fig. 3 Typical surface topography obtained with the help of a scanning
electron microscope at 300 K for the BaFe;; 9Gag 1019 solid solution.

0.740 pm to 0.860 um. Crystallites with a size smaller than
0.170 pm or larger than 1.400 pm were not detected. The
precise value of the average crystallite size for this sample,
from quantitative stereologic analysis, was (D) ~ 0.873 pM.
With the substitution level increasing up to x = 1.2, the average
crystallite size increased up to ~950 nm.

Upon substitution, microstrains in the crystal lattice and
associated changes in the strain energy arise because of differ-
ences between the ionic radii of iron and gallium. Information
regarding the microstrain was obtained from the diffraction
line broadening. The dependencies of the W* reflection-half-
width square versus the d” interplanar spacing square for the
different substitution levels were examined at room tempera-
ture. This dependence is the approximating function. The line
broadening increased as the substitution level increased. The
full width at half maximum of the diffraction line was
described as in ref. 39. The true physical contribution to the
line broadening was determined using the FullProf program
and was calculated as the difference in widths between the
experimental samples and an Al,O; standard. In the ferri-
magnetic crystals, separate sublattices make different contri-
butions to the general strain. Besides, the local environment
symmetry of the magnetic cations in ferrimagnetic crystals
differs from the macroscopic symmetry. This leads to an
increase in the microscopic parameter numbers in comparison
with the macroscopic ones. The slope of the approximating
function increases as the substitution level increases. This
behavior indicates that the microstrain increases in the
crystallites.

The dependence of the microstrain value on the substi-
tution level for the studied samples is shown in Fig. 4. The cal-
culation of the microstrain was performed using an isotropic
approximation, with size effects absent. The minimum micro-
strain is observed for the BaFe;; ¢Ga, 10,9 sample. The growth
of microstrain with substitution level increase is associated

Dalton Trans., 2017, 46, 9010-9021 | 9013
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Fig. 4 The concentration dependence of the microstrain for the
BaFei>_,In,O49 solid solutions.

with an increase in system disorder, as a result of the statisti-
cal distribution of the gallium cations in the magnetic sub-
lattices. This can make different contributions to the total
deformation. For the BaFe;,gGa; 0,9 sample, a maximum
~0.2% microstrain is observed.

For the BaFe;, ,Ga,O;9 samples, the ferrimagnetic-para-
magnetic phase transition is usually a second order phase
transition according to the temperature dependence of the
susceptibility. With an increase in Ga*' concentration, the
temperature of the phase transition smoothly decreases from
646 K for x = 0.1 to 577 K for x = 1.2 (Fig. 5a), which is much
lower than for the unsubstituted BaFe;,0;9 compound (7¢ =
740 K). This confirms that the substitution of Fe** cations by
diamagnetic Ga®" cations leads to a reduction in the number
of magnetic neighbors of the iron cations, and, as a result, to
earlier temperature destruction of the long-range magnetic
order upon heating. Upon diamagnetic substitution, the frus-
tration of the magnetic subsystem occurs. This is due to
changes in bond lengths between the magnetoactive Fe*
cations and O anions, with the partial distortion of the
valency bond angles, which reduces the exchange interaction
energy. Detailed information about the bond lengths and
bond angles of the different nonequivalent crystallographic
positions of the Fe*" cations and 0>~ anions will be provided
later in the next paper.

The reciprocal susceptibility is given in Fig. 5b. For all the
samples, only positive values of the @, paramagnetic Curie
temperature are observed. This fact indicates the dominant
character of the intrasublattice ferromagnetic exchange inter-
actions. The O, paramagnetic Curie temperature is an
exchange parameter which determines the intensity of
exchange interactions. For isotropic compounds with low uni-
axial anisotropy, the T Curie temperature is almost equal to
the ©, paramagnetic Curie temperature, Tc ~ @p. The high
temperature susceptibility for all the samples obeys the modi-
fied Curie-Weiss law, y = C/(T — 0,)".

9014 | Dalton Trans., 2017, 46, 9010-9021
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Fig. 5 The temperature dependence of the dy/dT(T) temperature sus-
ceptibility derivative (a) and the » (T) reciprocal susceptibility value
(b) for BaFe;>_4GayOi9 solid solutions with x = 0.1 (filled rectangle);
0.3 (open rectangle); 0.6 (filled circle); 0.9 (open circle); and 1.2 (filled
triangle).

For ferrimagnetic hexaferrite at temperatures slightly above
Tc (T > Tc), the 1/4(T) reciprocal value of the magnetic suscep-
tibility has hyperbolic form, and only at temperatures much
higher than T¢ (T > T¢) does it obey the Curie-Weiss law, ie.,
it degenerates into a straight line. The hyperbolic temperature
behavior of the reciprocal susceptibility at T'> T for the hexa-
ferrite is a result of the effects of uniaxial exchange anisotropy.
At temperatures slightly above T¢ in the hexaferrite, magnetic
sublattices still exist. At the same time one of the sublattices is
strong. Its magnetization is directed along the external B mag-
netic field. Other sublattices are weak. The magnetization of
these sublattices is directed opposite to the external B mag-
netic field. As a result, in addition to the ferromagnetic para-
process in the strong sublattice, antiferromagnetic para-
processes in the weak sublattices occur. These antiferro-
magnetic paraprocesses in the weak sublattices lead to an
underestimation of the value of the 1/y(T) reciprocal suscepti-
bility for the hexaferrite in the 7'> T region.

The effective magnetic moment® of the Fe*" cation has
been experimentally detected. It has been determined accord-
ing to the relation p.g = (3ksC/n)"'?, where ky, is the Boltzmann

This journal is © The Royal Society of Chemistry 2017
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constant, n is the concentration of Fe*" cations, and C is the
Curie constant, determined as C = 1/tgy, where y is the
slope angle of 1/y. For BaFe;;oGa, 1049, the experimental
value of the effective magnetic moment is ~4.11ug. For
BaFe;(5Ga; ,049 the experimental value of the effective mag-
netic moment is ~4.35u. However, the theoretical effective
moment is determined as pieg = g{S(S + 1)}"*up, where g is the
gyromagnetic ratio, ~2, S is the total spin of the Fe** cation,
5/2, and ug is the Bohr magneton. The theoretical effective
moment is ~5.92up per Fe*" cation for the parent unsubsti-
tuted BaFe;,09.

The C Curie constant changes non-monotonically with sub-
stitution level. Firstly it increases up to x = 0.6 and then it
drops. The yes ~ C*'? effective magnetic moment in the para-
magnetic region (>740 K) behaves similarly to the Curie con-
stant. It increases up to x = 0.6 and then it drops. This fact
indicates that the decrease in the average magnetic moment
per one Fe*" magnetic cation upon substitution is the trend.
The positive (ferromagnetic) Fe** O~ Fe®* superexchange
interactions in a particular magnetic sublattice are broken by
the introduction of diamagnetic Ga®* cations. The small
increase in the effective magnetic moment is explained partly
by the location of Ga®* cations in different competing mag-
netic sublattices, which is confirmed by the Rietveld fitting.

The behavior of the specific magnetization for the
BaFe;, ,Ga, O samples from the field dependence indicates a
decrease in the maximum magnetic energy as the substitution
level increases. From Fig. 6 we can see that the largest initial
susceptibility is observed for the sample with x = 0.3. The
smallest initial susceptibility is observed for x = 0.1. The
maximum value of the differential susceptibility decreases
monotonically as the substitution level increases. Substitution
by Ga®" cations leads to a weakening of the stiffness of the
intrasublattice Fe*>"~0®"-Fe®" superexchange interactions. This

200 L¥70-3% : o
F 200
300K
x=0.9q
150 | x=0.6
5 x=1.2
o 100 F
2
5 L
L x=0.1 - 03 -
50_- ser)
: , BaFe,,,Ga O, 300K
o[ initial susceptibility s .
IS R RS S RS ST |

0.0 05 1,0 15 2,0
B(T)

Fig. 6 The field dependence of the yin(B) initial susceptibility at T =
300 K for BaFej,_xGa,O19 solid solutions with x = 0.1 (filled rectangle);
0.3 (open rectangle); 0.6 (filled circle); 0.9 (open circle) and 1.2 (filled tri-
angle). The inset demonstrates the behavior of the y4;+(B) differential sus-
ceptibility in low fields.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

in turn leads to an increase in the initial magnetic suscepti-
bility. However, the removal of the initial strain of the crystal
structure with substitution increase prevents weakening of the
stiffness of the superexchange interactions. Therefore the
growth of the initial susceptibility is nonmonotonic. The Hyax
induction value of the external magnetic field, at which the
Jmax = ¥(Hmax) maximum value of the differential susceptibility
is observed, decreases almost monotonically, excluding the x =
0.6 sample.

We have summarized the main magnetic characteristics in
Fig. 7. As the substitution level increases, all the magnetic
parameters decrease, showing a trend. Almost all of these mag-
netic parameters monotonically decrease. The T Curie temp-
erature and @, paramagnetic Curie temperature are close. The
latter is somewhat larger than the former (Fig. 7a and b). This
indicates that strong positive Fe’’-0*"-Fe** superexchange
interactions still exist in the different magnetic sublattices
with the growth in substitution. The y permeability is deter-
mined from the y susceptibility as 4 = 1 + 4my.

The Bp.x induction value of the external magnetic field at
which the y permeability reaches the p,,, maximum value,
Hmax = #(Bmax), decreases from ~0.3 T down to ~0.05 T
(Fig. 7c¢). One should pay attention to the change in the By,
maximum magnetic induction. This value decreases non-
monotonically with the substitution level increase. So, for the
x = 0.3 sample this value decreases down to ~0.08 T, and for
the x = 0.6 sample it increases up to ~0.2 T. It appears to oscil-
late with the substitution level increase. However, it decreases
as a trend. Such behavior of B,,x can be caused by the quality
of the ceramic, i.e., from the significant increase in the density
of the ceramics and the value of microstrain for the x = 0.3
sample.

The largest g maximum permeability equal to ~2850 in
a field of ~0.3 T is observed for the x = 0.1 sample (Fig. 7d).
The smallest y,,.x maximum permeability equal to ~1500 in a
field of ~0.05 T is observed for the x = 1.2 sample. It is noted
that there is a monotonic decrease in remnant magnetization
and coercivity (Fig. 7e and f). The Mg spontaneous magnetiza-
tion monotonically decreases from ~56 emu g~ when x = 0.1
down to ~30 emu g ' for when x = 1.2. The H¢ coercivity
decreases from ~2.2 kOe for x = 0.1 down to ~0.5 kOe for x =
1.2 The lack of abrupt anomalies, ie. deviations from the
linear dependence of the magnetic energy decrease as the sub-
stitution level increases, on the temperature and field depen-
dencies of the specific magnetization can be in favor of indi-
cating the statistical distribution of Ga®" cations between
different nonequivalent crystallographic positions in the struc-
ture of the M-type barium hexaferrite.

In ref. 44 the expression determining the energy value of
the electromagnetic radiation absorbed in a material is
obtained. The E,,s absorbed energy is proportional to the sum
of the imaginary parts of the &” permittivity and u" per-
meability as well as the frequency of the electromagnetic oscil-
lations, i.e., it is determined by dielectric and magnetic losses.
It is well known that the p{e} total complex permeability is
determined as u{e} = p'{e’} + "{e"}. This implies that upon the
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magnetic field induction (c) at which pnax = H(Bmax). the tmax(x) maximum value of permeability (d), the Ms(x) spontaneous specific magnetization
(e) and the Hc(x) coercive force (f) at T = 300 K for BaFej» ,GayO19 (x = 0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions. Dashed lines indicate the fitting of

experimental values using a second order polynomial.

interaction of real materials with an electromagnetic field
there are losses due to both " magnetic losses and &” dielec-
tric losses. The last category includes conduction currents and
dielectric hysteresis phenomena that are taken into account by
the permittivity. In the same work,** it is shown that the
absorption of electromagnetic energy in ferromagnetic
materials is generally defined by the " magnetic losses, as a
result of natural ferromagnetic resonance (NFR)* and the
resonance of domain borders.

In Fig. 8, EMR transmission spectra through samples with
different concentrations of Ga®* cations, including in different
bias fields, are presented. In the 46-50 GHz frequency range
the most intensive absorption of electromagnetic waves caused
by the NFR phenomenon is observed. The abscissa value of
the global minimum of the EMR transmission spectrum deter-
mines f.s, the resonant frequency of transmission. The ordi-
nate value of the global minimum of the EMR transmission
spectrum determines, A, the resonant amplitude of trans-
mission. The global minimum width value measured at A,c/2,
half of the resonant amplitude, determines the width of the
Wes absorption band - the bandwidth. From Fig. 8 it is shown
that all these three quantities are sensitive to the substitution
level. The power of the transmission radiation decreases
almost by 100 times.

The bias field also changes the amplitude-frequency charac-
teristics of the NFR. The samples with a low substitution level
are more sensitive to the bias field. At small values of bias

9016 | Dalton Trans., 2017, 46, 9010-9021

field, a resonant frequency shift towards major frequencies is
observed as a consequence of the increase of the internal
effective anisotropy field. Upon this, the amplitude of the
EMR transmission curve changes slightly. However,
upon biasing the BaFe;( 3Ga; ,0;9 sample with the maximum
substitution level, the amplitude of the EMR transmission
curve also increases together with a NFR frequency increase
(see Fig. 8c). The increase in the A, resonant amplitude
occurs up to a bias field of 1.5 kOe, and then the amplitude
begins to decrease, corresponding to the behavior of the ima-
ginary part of the permeability for the hexaferrite at the ferro-
magnetic resonance.

From Fig. 9 it is shown that as the substitution level
increases, the value of the NFR frequency firstly decreases up
to x = 0.6, and then its value increases. At x = 1.2, its value
reaches a maximum f.s value of 50.5 GHz (Fig. 9a). The A
resonant amplitude changes non-monotonically. At x = 0.6, the
minimum value of the resonant amplitude 4,.; of —18.5 dB
(Fig. 9b) is observed. The W, absorption band increases
monotonically as the substitution level increases, and at x =
1.2 it reaches a maximum W, value of 5 GHz (Fig. 9c).

The substitution of Fe** cations by Ga®" cations up to x =
0.6 leads to a weakening of the stiffness of the intrasublattice
Fe’"-0?"-Fe®" superexchange interactions. This decreases the
fres resonant frequency and the A, resonant amplitude.
However, removing the initial strain of the crystal structure as
the substitution level increases up to x = 1.2 prevents the weaken-

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The frequency dependence of the ki (f) transmission coefficient
at T = 300 K in a zero H = 0 kOe external magnetic bias field for
BaFe;;_,Ga,O19 (x = 0.1; 0.9 and 1.2) solid solutions (a), in H = 0.7 kOe,
2 kOe and 2.5 kOe external magnetic bias fields for a BaFe;,_,GaO1o (x =
0.1) solid solution (b), and in H = 0.7 kOe, 1.5 kOe and 3.5 kOe external
magnetic bias fields for a BaFe,_,Ga,O19 (x = 1.2) solid solution (c).

ing of the stiffness of the superexchange interactions. And the
fres resonant frequency and A, resonant amplitude decrease.

The sharp increase in the A, resonant amplitude for the
x = 0.9 sample may be associated with a non-uniform distri-
bution of Ga®" cations over nonequivalent crystallographic
positions. And as a result of this non-uniform distribution of
Ga®" cations, a sharp decrease in the uniaxial exchange an-
isotropy is observed. Therefore, the substitution level increase
leads to the non-monotonic behavior of the amplitude-
frequency characteristics of the natural ferromagnetic reson-
ance. The decrease in uniaxial exchange anisotropy has no
appreciable effect on the W, absorption band and then it
monotonically increases.

The dashed lines in Fig. 9 indicate the fitting of the experi-
mental values by a second order polynomial of the y(x) = A*x”
+ B*x + C type. The dotted line in Fig. 9b indicates the fitting
of the experimental values by a third order polynomial of the
¥(x) = D*x* + E*x*> + F*x + G type. The interesting case is the
case relating to the A, resonant amplitude for the x = 0.9
sample. This sample had a large —16 dB value for the A

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The concentration dependence of the amplitude-frequency
characteristics of the EMR transmission process: the f.s(x) NFR fre-
quency (a), the Aies(x) = k®(x) NFR amplitude (b), and the W,es(x) NFR
bandwidth (c) at T = 300 K in a zero H = 0 kOe external magnetic bias
field for BaFe;»_,Ga,O19 (x = 0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions.
Dashed lines indicate the fitting of experimental values using a second
order polynomial. The dotted line indicates the fitting of experimental
values using a third order polynomial.

resonant amplitude. So an attempt has been made to describe
the concentration dependence of the A,.; resonant amplitude
using polynomials of two kinds, both second and third order.
The second order polynomial was given by an equation of the
form Ae(x) = —18.47 + 2.63x — 1.66x”. The third-order poly-
nomial was given by an equation of the form A,.4(x) = —16.30 +
16.88x + 35.57x” — 18.97x. The smallest error between the
experimental and theoretical values is observed in the case of
the third-order polynomial.

In Fig. 10 the frequency dependence of the reflection loss is
presented in decibels for the BaFe;, gGa; ;019 sample, includ-
ing in different bias fields measured using the matched load
mode. This dependence has difficult behavior to explain. It is
possible to note that as the bias field increases, the losses
increase, and in a field of 5 kOe the minimum value for k. of
—33 dB is reached. The reflected EMR energy decreases by
more than 3 orders. A further increase in the bias field leads
to a decrease in the resonant curve intensity. Upon this, the

Dalton Trans., 2017, 46, 9010-9021 | 9017
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Fig. 11 The external magnetic bias field dependence of the f.s(H) NFR
frequency at T = 300 K for BaFe;»_,Ga,O19 (x = 0; 0.1; 0.3; 0.6; 0.9; and
1.2) solid solutions.

frequency of the resonant curve of reflection loss almost
doesn’t change.

In Fig. 11, the dependence of the NFR frequency for the
studied samples on the bias field is presented. An increase in
the resonant frequency as the bias field increases is observed
since the internal anisotropy field increases. This dependency
has almost linear behavior for all the samples. The resonant
frequency is most sensitive to the bias field for samples with a
small Ga*" cation concentration. While for almost all the
samples the resonant frequency increases approximately to
1.5 GHz as the bias field increases to 1 kOe, for the sample
with x = 0.1 the resonant frequency increases to 2.2 GHz.

In the search for materials which are effectively working in
the microwave range, the region involving NFR is of the great-
est interest. Ferromagnetic resonance leads to energy losses in
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the electromagnetic field, which are a result of a number of
processes such as cation spin precession for ferro- or ferri-
magnets, connected with additional fluctuations of the crystal
lattice sites.’® The spin precession from NFR occurs under the
influence of internal local magnetic fields as a result of their
own magnetic anisotropy.’” The M magnetization vector pre-
cesses around the easy direction so as if it is affected by a mag-
netic field - the anisotropy field. The physical principles
responsible for the NFR losses are the same as for the induced
ferromagnetic resonance. These are the additional fluctuations
of the crystal lattice sites of the hexaferrite under the influence
of spin waves. The interaction of spin waves with a crystal
lattice leads to the fact that a part of the external alternating
field energy excites thermal spin precession, and hence the
spin waves, turning into thermal fluctuations of the lattice.
Upon this, the NFR frequency is defined as the rotational
stiffness of the magnetization vector in the plane of the easy
direction and the rotational stiffness out of this plane.*®

Obtaining samples with the certain physical properties
required for effective absorption is usually reached by the sub-
stitution of Fe*" cations by diamagnetic and (or) paramagnetic
ions. As the substitution level of the hexaferrite by Sc**, Ti**
and Co**, and Ti*" and Zn®" cations increases,*® it has been
established that there is a decrease in the saturation magneti-
zation, Curie temperature and magnetocrystalline anisotropy
that is connected with a reduction in the number of magnetic
cations. The decrease in the resonant frequency is a conse-
quence of the anisotropy field decrease. However, substitution
by AI’* cations, along with a decrease in the saturation magne-
tization and Curie temperature, leads to an increase in the
resonant frequency that is connected with an increase in the
magnetocrystalline anisotropy field.”® An increase in the resonant
frequency is also noted upon an increase in the substitution level
by Cr*" cations for barium and strontium hexaferrites.>!

An analysis®® of the amplitude-frequency characteristics of
absorption losses in substituted hexaferrites shows the
opportunity to control the NFR frequency and frequency shifts
through changes in the x substitution level. It is proposed®® to
approximate resonant frequency changes versus the Ti*" and
Co’" cation concentration for x = 0-3.5 using a polynomial of
second order in the following form:

Sres(X) = fres(0) + A*x* + B*x, (2)

where x is the substitution level, fi.s(x) and f,.s(0) are the
resonant frequencies for samples with x and 0 substitution
levels,A=—1.9 and B = —4.2.

In our case, the concentration dependence of the resonant
frequency is non-monotonic and it also characterized by a
minimum at x = 0.6. This dependence can be well approximated
using a polynomial of second order in the following form:

Sfres(x) = 50.04 + 3.37x* — 3.73x, (3)

This means that the resonant frequency firstly decreases
with a substitution level increase up to x ~ 0.55, and then it
increases. Such concentration behavior is observed for the

This journal is © The Royal Society of Chemistry 2017
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monotonic decrease of magnetic parameters such as the Curie
temperature, spontaneous magnetization and coercive force
with the growth of Ga®* cation concentration.”*

As the substitution level increases, the spontaneous magne-
tization decreases, while the magnetocrystalline anisotropy
field increases. At low (x < 0.3) substitution values, the magne-
tization decrease leads to an increase in the initial suscepti-
bility and permeability. The magnetization decrease dominates
the increase in the magnetocrystalline anisotropy. Thus the
increase in the fi.s resonant frequency at x > 0.6 is caused by
an increase in the magnetocrystalline anisotropy. Substitution
up to x = 0.6 leads to a weakening of the stiffness of the intra-
sublattice Fe>*~0* -Fe®*" superexchange interactions. The fics
resonant frequency and the 4,.; resonant amplitude decrease
as a result of weakening stiffness in the exchange interactions.
The main role in the W, line broadening is played by static
inhomogeneities such as impurity cations. As the substitution
increases, the W, line widths monotonically increase. As the
samples have been obtained at the same time and using iden-
tical technology, they have identical morphologies in their
crystallites. Therefore it is possible to assume that the contri-
bution to the EMR absorption by domain border resonance is
not of important value. It poorly depends on the substitution
concentration.

The k,,s EMR absorption coefficient can be calculated from
the experimentally obtained &, transmission and k¢ reflection
coefficients, taking into account the energy conservation law
using the formula:

Kabs = 10 lg(1 — 10% e — 100kt (4)

All the coefficients are negative, which indicates the
reduction of the EMR energy after interaction with the sub-
stance. Moreover in practice it is necessary to obtain greatly
negative values of the &, transmission and k,.r reflection coeffi-
cients, to achieve significant weakening of the transmitted and
reflected EMR energies.>® For this, the k,,s EMR absorption
coefficient will be slightly negative. In our case, the absorption
coefficient in a zero bias field is k%, = —0.09. In a bias field of
5 kOe, the absorption coefficient increases up to k3. = —0.05.
This indicates that almost all the incident EMR energy is
absorbed, and in a field of 5 kOe the absorption maximum is
observed. Such substances with large negative values of k.
transmission and k¢ reflection coefficients, and small nega-
tive values of k,,s absorption coefficient have good prospects
for the creation of a protective antiradar covering of air force
objects according to “Stealth” technology.””>°

4. Conclusions

Investigations into the crystal structures of BaFe;, ,Ga,Oqg (X =
0.1; 0.3; 0.6; 0.9; and 1.2) solid solutions of ceramic samples
are conducted using the X-ray diffraction method with Cu-K,
radiation. All the studied compositions correspond to single-
phase samples with a hexagonal crystal structure and P63/mmc
space group of symmetry. The isotropic and almost linear
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reduction of the unit cell parameters is caused by the statisti-
cal distribution of diamagnetic substitution cations through-
out all the ionic positions, such as octahedral, tetrahedral and
bipyramidal anion surroundings, because of the proximities of
the ionic radii of Fe*" (0.64 A) and Ga®" (0.62 A). The ferri-
magnetic-paramagnetic phase transition in the BaFe;, ,Ga,O;o
samples is a second order one. The temperature of this phase
transition, upon an increase in Ga®* cation concentration,
smoothly decreases from 646 K (for x = 0.1) to 577 K (for x =
1.2), which is caused by a decrease in the bond number of the
magnetoactive iron cations with the oxygen anions. The mag-
netization behavior of the samples indicates a decrease in the
energy of the Fe>’-~0®"-Fe®* exchange interactions upon an
increase in Ga®* cation concentration. The lack of anomalies
in the temperature and field dependencies of specific magneti-
zation favorably suggests the statistical distribution of Ga®*
cations throughout all the sublattices in the structure. The
conducted research into the absorbing properties has shown
the noticeable influence of diamagnetic substitution on the
microwave characteristics of the studied samples. As the sub-
stitution level increases, the NFR frequency firstly decreases
from 49.6 GHz down to 49.2 GHz at x = 0.6 and then the NFR
frequency increases up to 50.6 GHz at x = 1.2. Upon this, the
intensity of the resonant curves changes slightly. The appli-
cation of a bias field considerably shifts the resonant fre-
quency of the samples at small Ga®" cation concentrations
towards major frequencies. The substitution of the Fe*
cations by Ga®* cations increases the frequency range over
which the intensive absorption of electromagnetic energy is
observed, as is required for protective antiradar shielding from
microwave radiation.
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