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Abstract. In the studied BaO-SrO-CaO-La;0s—Fe;03—TiO2—Al,03-Mnz03-Co0O-In,03—
Ga,03-Cr,03 system there were synthesized three new high-entropy magnetoplumbite phases
by solid-state sintering in air at 1300, 1350, and 1400 °C.

The average composition of the high-entropy phases obtained at 1350 °C can be described by
the formulas:

Bao.48Sr0.30Ca0.0sLa0 15F€1.62Ti1.78Al1.55MN1.45C01.111N1.20Ga1.52Cr1.71019;
Bao.39Sr0.37Ca0.05La0.18F€2.88 Ti1.60Al1.66MN1.00C00.021N1.20Ga1.27Cr1.38010;
Bao.37Sr0.20Ca0.05L80.28F€s5.85 Ti1.15Al0.97MnN0.74C00.561N0.85Ga0.94Cr0.97010.

The data obtained indicate that a significant portion of calcium was not incorporated into the
high-entropy phase. This must be taken into account in the course of subsequent experimental
work on the creation of homogeneous phases necessary for the study of their electrical and
magnetic properties.

1. Introduction

In recent years, significant work has been carried out in obtaining novel non-metallic high-entropy
systems [1-10]. The aim of our recent works is to study the possibility of obtaining multicomponent
oxide phases with a magnetoplumbite structure, characterized by a high value of the configurational
entropy of mixing [11-15]. Powder X-ray diffraction analysis of the samples allows us to confirm the
phase purity of the created materials. Based on the obtained diffraction patterns, the parameters of the
crystal lattice of the phases were calculated and a conclusion was made that these crystal structures
belong to the magnetoplumbite structure (space group P63/mmc).

Such materials have potential applications in various areas of science and technology: in
manufacturing permanent magnets, in magneto-optics, acoustoelectronics, microwave devices, and
information storage devices. Studies carried out in recent decades have revealed that control of the
properties of hexaferrites is possible by replacing some of the iron atoms with atoms of other elements
[16-17]. Obtaining a high-entropy material with the magnetoplumbite structure opens up wide
possibilities for smooth regulation of the entire complex of its electromagnetic characteristics, according
to the demand of electronics manufacturers.

This work report the results of the synthesis of multicomponent phases with the magnetoplumbite
structure in the BaO—SrO—-Ca0O-La203—Fe>03-Ti0,—Al,03—Mn,03—Co0O-In,03—-Ga>03—Cr, 03 system,
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characterized by a high configuration entropy of mixing. It is assumed that a high entropy of mixing can
stabilize multicomponent solid solutions with the magnetoplumbite structure.

2. Experiment

The synthesis was carried out in a system having the formula
(Ba,Sr,Ca,La)Fex(Ti,Al,Mn,Co,In,Ga,Cr)12xO19, Where x = 1.5, 3 and 6. It is obvious that the maximum
configurational entropy in the sublattice formed by the elements Fe, Ti, Al, Mn, Co, In, Ga, and Cr is
achieved when the concentrations of all these elements are equal to x = 1.5. However, in this work, we
also investigated compositions having a larger iron fraction than the fraction of the other elements of B
type (in a general formula AB1,019). An increase of the iron content will lead to a slight decrease in the
configurational entropy of mixing (AScont); however, compositions with larger iron content are of higher
interest from the point of view of potential applications of the materials obtained. The batch
compositions for solid-state sintering were calculated in accordance with the above formula (table 1).

Table 1. Batch compositions of
(Ba,Sr,Ca,La)Fey(Ti,Al,Mn,Co,In,Ga,Cr)12xO19
samples.

Sample number
1 2 3
x Fe 15 3 6
BaCOs, wt. % 4.247 4.274 4.329
SrCOs, wt. % 3.177 3.197 3.239
CaCQOg, wt. % 2.154 2.168 2.196

La,0s, wt. % 3.506 3.528 3.574
Fe203, wt. % 10.310  20.752  42.040
TiO2, wt. % 10.313 8.896 6.007
Al03, wt. % 6.583 5.679 3.835
Mn2Os, wt. % 10.193 8.792 5.937
CoO, wt. % 9.676 8.346 5.636
In203, wt. % 17.925 15463 10.442
Gaz0s, wt. % 12,102  10.439  7.049
Cr20s, wt. % 9.813 8.465 5.716

The following reagents were used for the experiments: BaCOs, SrCQOs, CaCOs, La20s3, Fe,03, TiO,,
Mn;03, CoO, In,03, Cr03, Ga,0s, Al,Os of analytical grade purity.

Weighed portions of reagents were thoroughly mixed, pressed into tablets, and heated in air in a SiC
furnace at 1300, 1350, or 1400 °C for 5 hours. After heat treatment, the sintered samples were crashed,
and the fracture surfaces were examined using a Jeol JSM7001F scanning electron microscope equipped
with an Oxford INCA X-max 80 X-ray spectrometer for elemental analysis. In order to confirm the
structure, the obtained samples were investigated by X-ray phase analysis using a Rigaku Ultima IV X-
ray powder diffractometer.

3. Results and discussions

Typical microcrystals found in the samples are presented in figure 1. The averaged results of X-ray
spectral analysis of hexagonal microcrystals are listed in table 2. The compositions are presented as the
average number of metal atoms per 13 metal atoms in the formula unit. In addition to the elemental
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analysis data, the table shows the target compositions (when the batch components would be completely
incorporated into the magnetoplumbite phase).

From the data presented, it can be seen that the ratio between the number of atoms of type B and the
number of atoms of type A in hexagonal crystals of all samples is quite close to 12. This ratio, as well
as the data of X-ray phase analysis, indicate that solid-state synthesis enables obtaining high-entropy
phases with the magnetoplumbite structure.

Figure 1. Morphology of crystals found in the samples: (a) composition 1, 1350 °C; (b) composition
2, 1400 °C; (c) composition 3, 1300 °C.

High-entropy magnetoplumbite phases were formed at all three temperatures used for synthesis. The
obtained micrographs (figure 1) show that at higher temperatures, the average size of the formed
hexagonal crystals increases. At the same time, an increase in temperature leads to the appearance of a
larger number of molten areas, as well as particles of irregular shape.

The average composition of high-entropy phases in samples obtained at 1350 °C can be described
by the formulas:

Bao.48Sr0.30Ca0.05La0.15F€1.62 Ti1.78Al1.55MN1.45C01.111N1.20Ga1.52Cr1.71019;

Bao.39Sr0.37Ca0.0sL80.18F€2.88 Ti1.60Al1.60MnN1.09C00.921N1.20Ga1.27Cr1.33019;

Bao.37Sr0.20Ca0.0sL80.28F€s5.85 T11.15Al0.97MnN0.74C00.561N0.85G@0.94Cr0.97019.

The data obtained indicate that under the experimental conditions a large amount of calcium was not
incorporated into the high-entropy phase. This fact must be taken into account considering subsequent
syntheses of homogeneous phases necessary for the study of their electrical and magnetic characteristics.
Probably, the optimal composition of the batch for the synthesis should be chosen from the compositions
of the formed phases (table 2).

Table 2. Averaged results of hexagonal crystals elemental analysis (the atomic fractions are presented
as its number normalized by 13 atoms).

Sample [A] (for AB12019) [B] (except [Fe] for AB12019)
number _ [Mn [Fe]
[Ba] [Sr] [Ca] [La] [AIl [Ti] [Cr] 1 [Co] [Ga] [In]
1 (batch) 0.25 0.25 0.25 0.25 15 15 15 15 15 15 15 15
1(experiment 0.47 030 0.05 0.5 1.54 1.78 171 111 151 1.28 1.61
) 6 0 1 2 5 4 3 1.445 0 8 7 9
2 (batch) 0.25 0.25 0.25 0.25 1.28 1.28 128 1286 1.28 1.28 1.28 3
6 6 6 6 6 6

2(experiment 0.38 036 0.05 0.17 1.68 1.59 1.37 0.92 1.26 1.19 2.87
) 9 7 0 6 8 7 5 1.093 2 7 9 9
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3 (batch) 025 025 025 025 08 08 08 0857 085 085 085 6

7 7 7 7 7 7
3(experiment 037 029 005 027 09 114 0.96 056 093 084 584
) 1 1 3 8 9 6 5 073 1 6 7 8

4. Conclusions
During the study of the BaO—SrO—Ca0O—-La,03—Fe>03-Ti0>—Al,03-Mn>03—Co0-In,03—Ga,03—Cr2 03
system, the new high-entropy phases with the magnetoplumbite structure were obtained by solid-state
sintering. The average composition of these phases obtained at a temperature of 1350 °C can be
described by the formulas:

Bao 4sSr0.30Cao.0sLao.1sFer.62Ti1.78Al1 ssMnj 45Co1.11In1.20Ga1 52Cr1.71019;

Bao 39Sr0.37Ca0.0sLao.1sFe2.58Ti1.60Al1.60Mni1.09C00.92In1 20Ga1 27Cr1 380195

Bay 37Sr0.20Ca0.0sLao 2sFes ssTi1.15Al0.97Mno 74C00.56In0.85Ga0.94Cro.97019.

Conclusions are drawn about the possible directions for obtaining homogeneous samples.
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