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ABSTRACT The purpose of this study is to obtain high-entropy oxides with the magnetoplumbite structure,
in which the Pb cation is used as a divalent metal cation. The synthesis conditions were optimized, and a
technique was developed to avoid the evaporation of lead oxide. For the first time, single-phase samples of
high-entropy oxides with the magnetoplumbite structure were obtained, its chemical composition is reflected by
the formula PbFe2.4X2.4Y2.4Ga2.4In2.4O19. The particle size of the high-entropy phase is about 100 nm, which
makes it promising for a number of applications. The effect of preliminary grinding of the initial components
on the results of synthesis was studied. A synthesis mechanism is proposed. The results pave the way to
synthesis and study of the properties of a new large subgroup of high-entropy oxides with the magnetoplumbite
structure, which expands the possibilities of controlling the properties of ceramic magnetic materials.
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1. Introduction

Ferrites with the magnetoplumbite structure (with the space group P63/mmc) have been successfully used for a long
time in the manufacturing of high-frequency transformers, fabricating of microwave electronic devices, and manufacturing
of magnetic memory devices. They are also used in the manufacturing of functional sensors, as well as for the production
of plastoferrites, magnetic fluids, permanent magnets, and multiferroics [1–14]. All these are possible due to the unique
structural and magnetic properties of ferrites with the magnetoplumbite structure, as well as their mechanical, chemical
and thermal resistance.

The level of development of modern technology imposes ever more stringent requirements on the materials used for
manufacturing of devices. Such requirements for the performance of materials with the magnetoplumbite structure led
to the idea of replacing some of the iron atoms in their structure with atoms of other elements. It was found that such a
substitution leads to a change not only in the characteristics of the crystal lattice, but also in the properties of the resulting
material, including changes in the magnitude of the coercive force, the Curie temperature, and the degree of uniaxial
magnetic anisotropy. Thus, atomic substitution allows one to regulate the properties of materials in the required directions
owing to the controlled changes in the qualitative and quantitative composition of dopants.

To date, a large number of works have been devoted to the study of the effect of Fe3+ ions substitution in the parent
ferrites having a magnetoplumbite structure with the cations of other (most often, trivalent) metals. The elements acting
as dopants include gallium [15], aluminum [16, 17], chromium [18], tin [4], indium [19], titanium [20], etc. Quite often,
cobalt acts as a doping element [21].

However, the solubility of individual dopant elements in the ferrite structure and the ability of their atoms to occupy
iron positions is, as a rule, limited. There are applications that require ceramics with a magnetoplumbite structure and a
high (more than 50 at.%) degree of replacement of iron atoms by atoms of other elements. Obtaining such structures with
one iron-replacing element is not feasible for all possible dopants. However, the formation of stable crystal structures with
a high level of dopants can be facilitated by the high configurational entropy of mixing of the sublattice components, which
is formed by iron atoms in magnetoplumbite and similar substances. High values of this quantity increase the entropy of
the oxide phase as a whole, resulting in a decrease in its Gibbs free energy, and consequently, make the formation and
existence of such a single-phase oxide more thermodynamically probable than the emergence of other substances from
the same elements.
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The concept of high-entropy phases arose in early 21st century, primarily in relation to metallic materials (such work
is still relevant today, for example [22]), but since 2015 this concept has been actively and effectively developed for
obtaining new nonmetallic phases (for example [23]) including ceramic phases. To date, high-entropy oxides (HEO) with
various structures (such as spinel structure [24], perovskite structure [25], garnet structure [26], etc.) have been obtained.
In our work, for the first time, stable high-entropy oxides with the magnetoplumbite structure were obtained [27–31], in
which the iron ions were replaced mainly by ions of trivalent elements or pairs of bi- and tetravalent elements (to maintain
electronic balance). An assessment is made of how the change in the entropy of mixing correlates with the changes in
electrical and magnetic properties of a number of representatives of this new group of materials.

Previous studies [14] indicated that properties of oxide materials with the magnetoplumbite structure are determined
not only by the qualitative and quantitative composition of the sublattice occupied by iron atoms and dopants, but also by
the atom constituting a doubly charged cation outside this sublattice [14, 32]. To date, structures with Ba or Sr as such
adoubly charged cation have been studied. Expanding the range of possible structures by increasing the number of such
elements will increase the possibilities for expanding the range of variation in the magnetic and microwave properties of
materials with the magnetoplumbite structure. An obvious candidate for such an element is Pb.

However, attempts to obtain and study high-entropy oxides with the magnetoplumbite structure, in which only lead
would act as a divalent element, have so far been unsuccessful. Our attempts to obtain (Ba,Sr,Pb)M12O19 structures by
solid-phase synthesis route at 1300 – 1400 ◦C ran into the fact that after calcination at these temperatures for 5 hours
(the usual method for obtaining HEO with the magnetoplumbite structure with the participation of divalent metal Ba and
Sr) magnetoplumbite structure was absent in the obtained Pb samples. At the same time, our results demonstrate that it
is impossible to obtain single-phase HEOs with the magnetoplumbite structure with the participation of Ba or Sr during
5 hours at lower temperatures.

Therefore, the purpose of this study is to obtain HEO with the magnetoplumbite structure, in which Pb is used as a
divalent metal cation. Considering the unsuccessful attempts to obtain magnetoplumbite phases at temperatures of 1300 –
1400 ◦C, it can be assumed that successful synthesis can be carried out at significantly lower temperatures and in a shorter
time (to avoid evaporation of lead oxide). In this case, the success of the synthesis can be facilitated by more thorough
grinding of the starting components.

A decrease in the synthesis temperature of HEO with the magnetoplumbite structure can facilitate the formation of
the target phase in the form of smaller particles than that obtaining in the conventional process. Reducing the particle size
down to nanosize, in turn, opens up the possibility of expanding the scope of possible applications of these substances not
only as magnetic materials, but also as catalysts for oxidation/reduction processes.

Considering the phase diagram of PbO–Fe2O3 system [33] (Fig. 1), it can be assumed that during the synthesis, one
should focus on the temperatures ranging from 886 – 1315 ◦C. The first temperature is the melting point of PbO and, at
the same time, the minimum temperature at which the melt is in equilibrium with PbFe12O19. The second temperature is
the temperature of the incongruent decomposition of PbFe12O19. Of course, it should be considered that, for high-entropy
oxides, the temperatures of the last two processes can differ significantly from the temperatures in the PbO–Fe2O3 binary
system, and that, in order to avoid losses of PbO, one should not increase the temperature above the minimum required
for synthesis. Based on these considerations, the temperature regime used in the course of the experimental study was
selected.

2. Methodology of experimental research

Oxides of iron Fe2O3, aluminum Al2O3, chromium Cr2O3, cobalt CoO, copper CuO, titanium TiO2, tin SnO2,
gallium Ga2O3, indium In2O3, and lead PbO were used as starting components. All components were chemically pure.
Table1 shows the chemical formulas of the target compounds and the mass content of the starting components. The
compositions are chosen in such a way to ensure the maximum configurational entropy of mixing at the magnetoplumbite
sublattice occupied by iron atoms (∆Smix(B)). According to the formula:

∆Smix(B) = −RΣ(x(B) lnx(B)), (1)

where x(B) is the atomic ratio of various cations filling sublattice B in AB12O19 unit cell, for a sublattice with five
components presented in equimolar concentrations, this value is 1.6094R J/(mol·K).

The expected chemical reactions can be represented as the following equations:

PbO + 6Fe2O3 −→ PbFe12O19, (2)
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FIG. 1. Phase diagram of the PbO–Fe2O3 system [33]. 1 – DTA [34], 2 – DTA [35], 3 and 4 –
liquidus temperature data [34], 5 – XRD (Pb2Fe2O5) [34], 6 – XRD (PbFe4O7) [34], 7 – XRD
(Pb2Fe2O5+PbFe4O7) [34], 8 – XRD (PbO+PbFe12O19) [34], 9 and 10 – two solid phases [36], 11 –
one solid phase [36], 12 – melt and solid phase [36], 13 – SEM, two solid phases [37], 14 – SEM, melt
and solid phase [37], 15 – DTA, [33], 16 – average results DTA, obtained in the work [37]

TABLE 1. Compositions of initial mixtures

# Chemical formula
Composition, wt. %

PbO Al2O3/CoO/CuO Cr2O3/TiO2/SnO2 Ga2O3 In2O3 Fe2O3

1 PbFe12O19 18.894 — — — — 81.106

2 PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19 17.736 9.722 14.493 17.874 24.948 15.227

3 PbFe2.4Co2.4Ti2.4Ga2.4In2.4O19 16.842 13.570 14.466 16.973 23.690 14.460

4 PbFe2.4Cu2.4Sn2.4Ga2.4In2.4O19 14.817 12.674 24.012 14.933 20.843 12.722

The initial components were weighed according to the stoichiometric ratio and processed in a planetary ball mill
at 900 rpm for 5 hours and 10 hours using zirconiajarand balls. The mixtures of oxides obtained after grinding were
pressed into tablets 8 mm in diameter and 2 mm high on a hydraulic laboratory press in a metal mold with a force of
5 t/cm2. The weight of the tablets averaged about 1 gram. The obtained samples were placed on a platinum substrate and
sintered in a laboratory muffle furnace with ferrochromium heaters. Heating was carried out according to the following
scheme: (i) heating to 150 ◦C and holding at this temperature for 30 minutes, (ii) heating up to 500 ◦C and holding at
this temperature for 30 minutes, (iii) heating up to 800 ◦C and holding at this temperature for 30 minutes, (iv) heating up
to 900 ◦C and holding at this temperature for 60 minutes, (v) heating up to 1000 ◦C and holding at this temperature for
120 minutes, (vi) heating up to 1150 ◦C, holding for 15 minutes and cooling the samples in air. Such a stepwise regime
provides gradual access to the temperature range at which PbO melts, other oxides dissolve in the resulting microdroplets,
and double oxides form. It was assumed that one-hour exposure at 900 ◦C allows all or most of the molten PbO to
react with the formation of stable binary oxides and this will serve as an obstacle to the evaporation of PbO at higher
temperatures. Despite the measures taken, the evaporation of the components of the reaction mixture could become a key
problem in the synthesis, therefore, the samples were weighed with an accuracy of 1 mg before and after heat treatment
in order to control the results of the synthesis.
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The synthesized samples, as a result of the chemical reaction, were studied by X-ray diffraction (XRD), scanning
electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). X-ray patterns were recorded on a
Rigaku Ultima IV powder diffractometer using Cu-Kα radiation filtered by a Ni filter. The parameters of the elementary
crystal lattice were also calculated from the data of powder X-ray diffraction patterns for samples 2. The calculation was
made using the PDXL software package using a full profile analysis according to the Rietfeld method. The chemical
composition and microstructure were studied on JEOL JSM-7001F and JSM-6460LV scanning electron microscopes
equipped with Oxford Instruments energy dispersive analyzers.

3. Results and discussion

The main results of studying the compositions (chemical composition obtained by EDS, and phase analysis deter-
mined by XRD) of the obtained samples are presented in Table 2. It also presents the values that characterize the process
of obtaining samples: the processing time for the mixture of starting materials in a planetary mill and the weight loss of
the samples during the firing process. Comparison of the data presented in Tables 1, 2, as well as X-ray diffraction pat-
terns and SEM images of the obtained material, allows us to come to the following conclusions. In all cases, the obtained
samples contain large amount of oxide phases with the magnetoplumbite structure. A correlation is observed between the
mass loss of the sample during its calcination and the phase purity of the obtained samples. For compositions “1” and “4”,
where the synthesis process was accompanied by maximum losses, PbO was clearly not enough to transform the entire
substance into an oxide phase with the magnetoplumbite structure. This situation could be developed for three reasons
(possibly different for samples “1” and “4”):

1. An oxide with magnetoplumbite structure could not be formed from composition “4”.
2. Oxides with a given structure of magnetoplumbite did not have time to form during the heat treatment, which

facilitated the process of evaporation of unbound PbO.
3. The obtained phases turned out to be insufficiently resistant to the temperatures used and partly dissociated with

the evaporation of PbO. In this case, the synthesis process would probably be more successful with a reduction
in heat treatment time.

The effect of milling time on the synthesis of the samples is not obvious. Judging by the results of powder diffractom-
etry (Figs. 2 and 3 show the results for compositions “2” and “3”, a similar picture is observed for other compositions),
an increase in the milling time from 5 to 10 hours has practically no effect on the synthesis results. The same can be said
by comparing the weight loss of the samples. There is no clear relationship between grinding time and weight loss.

TABLE 2. Chemical and phase compositions of the obtained samples

#
Mill
time,

h

Mass loss
during

synthesis,
%

Composition of detectable phases
according to EDS

Phase composition
according to XRD
(closest structures)

1
5 9.5

PbFe12O19+Fe2O3 PbFe12O19+Fe2O3

10 11

2
5 1 PbFe2.4Al2.6Cr2.5Ga2.3In2.2O19

PbFe12 O19

10 3 PbFe2.4Al2.6Cr2.5Ga2.2In2.3O19

3
5 4.5 PbFe2.3Co2.6Ti2.5Ga2.3In2.3O19

PbFe12O19 + ?
10 3 PbFe2.4Co2.5Ti2.5Ga2.2In2.4O19

4
5 7.5 PbFe2.4−3.2Cu2.0−3.5Sn1.2−1.9Ga2.1−3.3In1.5−3.0O19+

+SnO2

PbFe12O19+GaInO3+
+SnO2+Cu0.75Fe2.25O410 6.5

Judging by the X-ray diffraction data of PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19 (Fig. 2), single-phase samples of high-
entropy phases with the magnetoplumbite structure were obtained. For these samples, the unit cell parameters were
calculated, it is presented in Table 3. These parameters can be compared with the literature data on the parameters for Pb,
Ba, and Sr hexaferrites. It can be seen that the obtained data lie within the range of these values.

For the system, its composition is reflected by PbFe2.4Co2.4Ti2.4Ga2.4In2.4O19, samples with a predominance high-
entropy magnetoplumbite phase were obtained, but a small amount of impurities is also present. Comparison of the
data in Fig. 3 with the available XRD patterns of compounds that can be formed from the constituent elements of
PbFe2.4Co2.4Ti2.4Ga2.4In2.4O19 suggests that the impurity is Pb2O3. However, this contradicts to the detected mass
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FIG. 2. Powder diffraction patterns for
samples “2” at 300 K after 5 h (1) and
10 h (2) milling time. Red columns are
reference data for PbFe12O19 [38]

FIG. 3. Powder diffraction patterns for
samples “3” at 300 K after 5 h (1) and
10 h (2) milling time. Red bars are refer-
ence data for PbFe12O19 [38], blue bars
are for Pb2O3 [40]

TABLE 3. Unit cell parameters of samples of compositions “2”

Sample a, Å c, Å V, Å3

PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19, 5 hours 5.858 23.227 690.4

PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19, 10 hours 5.863 23.272 692.8

PbFe12O19 [38] 5.780 23.090 668.052

BaFe12O19 [39] 5.893 23.194 697.50

SrFe12O19 [39] 5.780 22.980 664.80

loss (Table 2), which indicates the samples lose PbO during heat treatment, as well as the data of electron microscopy did
not allow detection of segregated Pb2O3 particles.

The available data (both those obtained in the course of the study and literature data on the properties of the substances
involved in the ongoing processes) suggest that the synthesis mechanism includes the melting of PbO microparticles in
the initial mixture and the dissolution of other oxides in the liquid phase with the formation of oxide particles (including
multicomponent) with the structure of magnetoplumbite.

Figure 4 shows SEM images of the obtained samples at magnification ×25000 (for samples “2”) and ×10000 (for
samples “3”). The samples have a porous typical structure of ceramics. In the presented images, particles with natu-
ral faceting are clearly visible. The particles have a hexagonal faceting typical of materials with the magnetoplumbite
structure. The results of the electron microscopy study of samples “2” did not allow us to detect particles that differ
significantly in composition and morphology from the main matrix phase. This testifies in favor of the conclusion that
single-phase samples were obtained in this case. In samples “3”, there is a small number of small particles with a nearly
cubic shape, but their size does not allow us to determine their composition using EDS.

The data presented in Fig. 4, among other things, demonstrate that relatively low temperatures made it possible to
obtain crystallites whose dimensions for composition “2” are of the order of 100 nm or less (considering the thickness of
hexagonal plates). In samples “1” and “4”, the size of crystallites of oxide phases with the magnetoplumbite structure are
much larger. This can be judged by the images presented in Fig. 5.
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(a) (b)

(c) (d)

FIG. 4. SEM images of sample microstructures: (a) PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19 (5 hours),
(b) PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19 (10 hours), (c) PbFe2.4Co2.4Ti2.4Ga2.4In2.4O19 (5 hours),
(d) PbFe2.4Co2.4Ti2.4Ga2.4In2.4O19 (10 hours)

4. Conclusions

1. For the first time, single-phase samples of high-entropy phases with the magnetoplumbite structure were ob-
tained, the composition of which is reflected by the formula PbFe2.4Al2.4Cr2.4Ga2.4In2.4O19. The particle size
of the high-entropy phase is about 100 nm, which makes them promising for a number of applications. For the
composition, which is reflected by the formula PbFe2.4Co2.4Ti2.4Ga2.4In2.4O19, samples were obtained in which
the high-entropy phase with the magnetoplumbite structure predominates.

2. The conditions for the synthesis of the resulting phases have been established. The effect of preliminary ball
milling of the initial components has been studied. A synthesis mechanism is proposed.

3. The results of the study pave the way to synthesis and study of the properties of a new large subgroup of high-
entropy oxides with the magnetoplumbite structure, which expands the possibilities of controlling the properties
of ceramic functional materials.



360 O.V. Zaitseva, E.A. Trofimov, V.E. Zhivulin, A. Ostovari Mogaddam, O.V. Samoilova, K.S., et al.

(a) (b)

(c) (d)

FIG. 5. SEM images showing the microstructures of (a) PbFe12O19 (5 hours), (b) PbFe12O19

(10 hours), (c) PbFe2.4Cu2.4Sn2.4Ga2.4In2.4O19 (5 hours), (d) PbFe2.4Cu2.4Sn2.4Ga2.4In2.4O19

(10 hours)
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