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Abstract: Increasing demand for functional materials crucial for advancing new technologies has
motivated significant scientific and industrial research efforts. High-entropy materials (HEMs), with
tunable properties, are gaining attention for their use in high-frequency transformers, microwave
devices, multiferroics, and high-density magnetic memory components. The initial exploration
of HEMs started with high-entropy alloys (HASs), such as CrMnFeCoNi, CuCoNiCrAlxFe, and
AlCoCrTiZn and paved the way for a multitude of HEM variations, including oxides, oxyfluorides,
borides, carbides, nitrides, sulfides, and phosphides. In this study, we fabricated the high-entropy
oxide (HEO) compound Bip5Lag 1Ing 1Y 1Ndg 1Gdg 1 FeO3 through the solid-state synthesis method.
Magnetic measurements at 300 K show ferromagnetic behavior with significant coercivity. At the same
time, this novel composition exhibits excellent dielectric properties and shows potential for electronic
applications demonstrating that a high-entropy approach can expand the compositional range of rare
earth multiferroics and improve the multifunctional properties in multiferroic applications.
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1. Introduction

Doping has long been recognized as a powerful tool for tailoring the structure and
properties of functional materials, including ceramics, offering a pathway to enhance
their performance in various applications [1,2]. The effectiveness of doped materials is
influenced by factors such as the type, concentration, and number of dopants, with the latter
being particularly crucial for exploring a broad compositional space to achieve desired
properties [1]. Historically, the incorporation of dopants into a single compound was
limited by a perceived barrier, typically involving two or three dopants within a lattice
structure [3,4]. However, in 2015, Rost et al. introduced a groundbreaking concept known
as high-entropy ceramics (HECs), which incorporate five or more cations in at least one
sublattice and rely on entropy rather than enthalpy to stabilize the material in a single
phase [3], thereby expanding the compositional landscape beyond traditional doping
paradigms. The phenomenon involves the mixing of various oxides rather than doping
because all of the cations have to be in equimolecular ratio according to the notion. Since
then, the emergence of high-entropy ceramics sparked significant interest in the pursuit
of novel functional materials, leading to intensive research efforts over the past five years.
Studies in this area have demonstrated the efficacy of compositional disorder, or cationic
disorder, in tailoring the functional properties of materials [3,5,6]. Recent developments by
Wright et al. expanded the concept of high-entropy ceramics to encompass compositionally
complex ceramics (CCCs), opening up new avenues for exploring non-equimolecular
compositions [7]. By incorporating five or more cations in a single lattice site, CCCs offer
the potential for structural stabilization and enhanced functionalities even at low- and
medium-entropy regions.
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BiFeO3(BFO) multiferroic is a highly promising material due to its multifunctional
properties, including electric and antiferromagnetic behavior, making it suitable for various
technological applications [8]. Despite its potentials, BFO suffers from drawbacks such as
high leakage current and difficulty in synthesis, limiting its practical utility [8,9]. Doping
studies have shown promise in addressing these challenges, with substitutions at both A-
and B-sites leading to improvements in magnetic and electrical properties [10-12]. Aungkan
Sen et al. broaden the application of the CCCs concept to perovskite ABOs-type oxides,
by exploring the effects of multi-principal cation doping on BiFeOs, with a particular
focus on the incorporation of five different cations (Mo6+, Ti*t, Ce**, Ni*T, and Zr4+)
at B-sites (Fe-sites). In their study, they observe the structural and functional changes
induced by compositional disorder by systematically varying the dopant composition [13].
Our research builds upon these findings by exploring the effects of multi-doping on BFO,
with a particular focus on the incorporation of five different cations from (La®*, In®*, Y37,
Nd*", Gd®") at A-sites (Bi-sites). By interpreting the relationship between compositional
complexity and material properties through characterization techniques, such as X-ray
diffraction, along with electric and magnetic measurements, we aim to explore the potential
of multi-doping in perovskite oxides and its implications for the design of advanced
functional materials.

2. Materials and Methods
2.1. Materials and Synthesis

The BigsLag 1Ing 1Y0.1Nd1Gdg 1FeO3 (BXFO), (X = La, In, Y, Nd, Gd), high-entropy
oxides and single-component oxide (BFO) were fabricated by the conventional solid-
state method with high-purity Bi;O3, LayO3, In;O3, Y203, NdyO3, Gd;03, and Fe,Os
as starting powders. BXFO was prepared using the molar ratio of the precursors (Bi;Os:
Y203:Inp03:LayO3:Nd203:GdpO3:Fe; O3 = 0.5:0.1:0.1:0.1:0.1:0.1:1). For each sample, pow-
ders were weighed according to the stoichiometric formula of each element. After weighing
the reagent powders with a precision balance, they are transferred to the grinder’s agate
mortar (SFM-8 Agate Mortar Grinder), adding isopropanol to improve the mixing process
and thus the homogeneity of the compound, which at this stage is mixed for 6 h at rate
of 80-90 rpm. At the end of the mixing process, the powders were air-dried and then
poured into an alumina crucible for the heat treatment (calcination). A cylindrical alumina
furnace, model GSL—1700X was used, and the samples were heated at different temper-
atures to study the effect of temperature on the structure and crystallinity. Calcination
temperature ranged from 830 to 1200 °C for 3h at 5 °C min~!. The synthesized powders
were then pressed into a 16 mm diameter pellet under a uniaxial pressure of 10 kN for
10 min, followed by sintering at 700 °C for 2 h at 5 °C-min~!; a Veeco Dektak 6M Stylus
Profilometer was used to measure the thickness. A schematic representation of the various
steps involved during the synthesis process is shown in Figure 1.

2.2. Characterization

The crystal structures of the BXFO and BFO were investigated by an X-ray diffractome-
ter (X'PERT PRO PANalytical diffractometer) equipped with Cu K« radiation from 20" to
70" at a scan rate of 8" min~!. X-ray diffraction (XRD) patterns were fitted by the Rietveld
method using the software FullProf. suite (5.10) version: January-2023. For dielectric
measurements, pellets were polished with sandpaper into smooth, parallel surfaces with
a thickness of approximately 400 microns. After polishing, a silver adhesive was used to
make electric contacts on the top and bottom surfaces, followed by repolishing to avoid the
effects of any contamination on the measurements. The relationship between the dielectric
properties and the frequency of each sample was measured by an LCR precision meter
model E4980A (Agilent Technologies Inc., Santa Clara, CA, USA), which allows one to
measure the capacitance (C) and the dissipation factor (Tgd or D), by applying a sinusoidal
signal with a variable frequency (Vac). Measurements were conducted by applying a Vac
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of 500 mV in a frequency range of 100 Hz to 1 MHz. The dielectric constant was calculated

by using the following equation:
€€,5

d

where the S is the area of the capacitor’s plate, d is the thickness of the capacitor, and ¢, is
the electric constant (8.85 x 10712 C2/Nm?).
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Figure 1. Schematic of the synthesis method adopted for the preparation of investigated samples.

A vibrating sample magnetometer (VSM, Cryogenic Ltd., London, UK) was used to
measure the magnetic hysteresis loops at room temperature in an applied field of 0.5 T.

3. Results and Discussion
3.1. Structural Characterization

Figure 2 illustrates the structural characterization of the pristine BFO, and the multi-
doped sample calcined at two different temperatures (830 °C and 1200 °C). The recorded
spectra were analyzed using MATCH! software version 3.16 Build 288, performing a
comparative analysis of BXFO and BFO samples. The objective was to identify any changes
in the crystallographic phase of the multi-doped sample such as if there is any alteration in
peak positions, intensities, and/or patterns, which could provide valuable insights into
the structural modifications induced by the doping process and subsequent calcination at
different temperatures. This is crucial for understanding how the incorporation of dopants
influences the overall crystal structure and phase purity of the material, thus guiding
further optimization strategies.

From the spectra, it is observed that the BXFO sample calcinated at 830 °C lacks an
anticipated crystallographic order typical of perovskite-type BiFeOj3. Instead, it exhibits
a presence of several impure phases and unreacted element peaks, indicating incomplete
reaction at this temperature. The formation of impurities and unreacted components



Magnetochemistry 2024, 10, 60

40f9

suggests and highlights the critical need for control over calcination conditions to achieve
desired structure. BXFO calcinated at 1200 °C represents a clear crystallographic order,
indicating a more complete reaction and phase formation process. However, despite this
improvement, minor peaks of spurious phase, compatible with a sillenite type, are present.
The percentage of pure as well as impure BFO phase composition (in volume %) along with
unreacted elements are elaborated in Table 1. The presence of these secondary phases, while
common in BFO, highlights the complexity of the doping and calcination processes, as
well as the challenges in achieving high phase purity in multi-doped materials. Moreover,
we also observed subtle shifts in reflection patterns in the XRD spectra highlighted in
Figure 2b. These shifts indicate a slight variation in the unit cell structure of BiFeOs3,
potentially stemming from lattice distortions or modifications induced by the doping and
calcination processes [14,15].

Table 1. Phase composition of pure BFO phase as well as other impure phases present and values of
dialectic and conductivity responses at min. and max. frequencies.

Phase Composition of BiFeO3; and Other Impure
Phases Present (%)

Electric Responses at Room Temperature

3 - & & Tgs o (S:em™1)
Samples S o o o o ©
2 ] E3 o o o] N N N N N N N N
= = 2 o) = & o s Jam = s T = as
B ey o Q = S = S = S = S p
A M - Al Al Al L] Ll Al Al
BFO 88.7 11.3 - - - - 460 100 112 30 0.3 0.21 6.5 x 1077 9.9 x 107*
BXFO-830 °C 12 49.8 l6.1 11.1 11 210 85 73 30 0.3 0.4 43 x 1077 0.002
BXFO-1200°C 72.5 12.9 14.6 - - - 3.8k 634 6k 30 1.7 0.04 33 x10°° 0.002

The concept of entropy stabilization is rooted in the enhancement of configurational
entropy (ASqn¢) for stabilizing a single-phase crystal structure. This is achieved by in-
troducing a greater number of elements randomly distributed across lattice sites. This
entropy stabilization can appear when the entropy-dependent term (TASyix) in the Gibbs—
Helmholtz equation (Equation (1)) compensates for the mixing enthalpy (AHp;x), which
arises when different elements are mixed.

AGmix = AI_Imix - TASmix (1)

Since in this case
AGmix = _TASmix (2)

it can be considered that the entropy acts as the driving force for single-phase stabilization, and

i i i
AScont = ASmix = _R[< 2 XalnXa ) A —site + ( Z XpInxp ) B —site + 3( 2 XolnXO)Ofsite] 3)
a=1 b=1 o=1

where ASyx is the mixing entropy, also called configurational entropy (AScon¢); R is the
gas constant; X,, X, and x, are the mole fractions of each component present in each site
(A-site, B-site, and O-site) of the sublattice in the solid solution, respectively, and In is the
natural logarithm. The X,, x},, and x, values can be calculated based on the stoichiometry of
the material.

In HEOs, the incorporation of additional elements results in an increase in AS.qy¢,
with the maximum value attained when all elements are present in equiatomic proportions.
When a material’s configurational entropy AS.,,¢ > 1.5 R, it can be classified as a high-
entropy material, indicating a substantial rise in entropy owing to the addition of multiple
elements. However, it is essential to note that achieving a single phase solely based on
AScons > 1.5 Ris not guaranteed, as other factors such as AH,jx must also be considered [16].
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In our case, the mole fractions of Bi, La, In, Y, Nd, Gd, and Fe in the overall composition
are defined as follows:

XBi = 0.5, XLa = XIn = XY = XNd = XGd = 0.1, and Xpe =1

This compositional complexity contributes to an increase in configurational entropy
(AScont), which quantifies the disorder or randomness in the arrangement of atoms within
the crystal lattice. By substituting these values into the formula to calculate the mix-
ing/ configurational entropy, ASiy/ AScons for BXFO equals 1.5R (0.012471 k] mol~! K1)
due to the incorporated elements into the A-site. Empirical classification designates ma-
terials with AS.,¢ greater than or equal to 1.5R as “high entropy” [17]. This classification
underscores the significant disorder present in the atomic arrangement of high-entropy
materials, indicating a departure from traditional crystalline structures characterized by a
single dominant element.

In the context of XRD spectra analysis, the presence of impurities and unreacted
components, especially at lower calcination temperatures, poses challenges in achiev-
ing high-entropy materials with sufficient configurational entropy to stabilize a single-
phase crystal structure. This emphasizes the importance of precise control over synthe-
sis conditions for acquiring the desired material properties, particularly with respect to
high-entropy systems.
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— BFO
=
e \!\
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Figure 2. (a) A comparison between the XRD spectra of the BXFO sample calcinated at (830 °C and
1200 °C) with the spectrum of the pristine BFO and (b) indication of peak shift of BXFO-1200 °C with
respect to pristine BFO.

3.2. Dielectric Properties

Figure 3 compares the frequency-dependent (100 Hz-1 MHz) dielectric responses and
conductivities of the samples analyzed at room temperature (RT). The value of the dielectric
constant varies with the frequency of an electric field. In the lower frequency region, the
response is high, while it declines with the increase in frequency for all the samples. At
100 Hz, the permittivity value of BXFO-830 °C ceramic is 185, with a tangent loss of 0.38,
while for BXFO-1200 °C, the permittivity rises to 3760 with a tangent loss of approximately
1.7. Pristine BFO ceramic shows a permittivity of 485 with a tangent loss of 0.2. Detailed
parameter values at 100 Hz and 1 MHz are presented in Table 1.

Figure 3a,b show the comparison of dielectric constant and dielectric loss values as a
function of frequency. In dielectric materials, especially ceramics, the observed behavior
at lower frequencies is often attributed to both relaxation and space charge polarization,
where charges accumulate at interfaces or within the material’s structure, altering its di-
electric properties. As frequency increases, influence of relaxation polarization’s decreases,
leaving displacement polarization to stabilize the dielectric constant, and the dielectric
constant settles into a steady state, reflecting the Maxwell-Wagner and Koop models. These
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models explain how conductive particles separated by insulating boundaries affect po-
larization dynamics: at low frequencies, high resistance at grain boundaries causes space
charge polarization, while higher frequencies lead to reduced polarization due to electron
mobility changes [18-21].
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Figure 3. A comparison of the electrical properties of the samples BXFO-830 °C and BXFO-1200 °C
with pristine BFO: (a) the real part of electrical permittivity as a function of frequency and (b) the
imaginary part of electrical permittivity (dielectric losses). (c) A graph of the trend of the dissipation
factor with respect to the frequency for all the analyzed samples (d) and conductivity values as a
function of frequency.

The increase in tangent loss observed in BXFO-1200 °C ceramics (Figure 3c) compared
to pristine BFO may result from various factors, including grain boundary effects, dopant
incorporation, or defect-related relaxation processes [22-24]. The trade-off between dielec-
tric constant and losses, influenced by processing parameters and dopant selection, may
contribute to these elevated losses. For example, the presence of low-valence ions can in-
duce oxygen vacancies in the lattice, leading to heightened space charge in the ceramics and
higher dielectric losses in the low-frequency range due to space charge polarization [18-20].

The higher conductivity of BXFO-1200 °C, as depicted in Figure 3d, can be attributed
to multiple factors, particularly in complex systems like this with multi-dopants. Elevated
conductivity suggests an abundance of charge carriers within the material, likely due to
dopants, defects, or impurities, which facilitate electric current conduction. However, this
increased concentration of charge carriers leads to more frequent collisions with lattice
imperfections, dissipating energy as heat and resulting in higher dielectric losses. Moreover,
conductivity may exacerbate dielectric relaxation processes within the material, involving
the realignment of electric dipoles in response to an external electric field, accompanied by
energy dissipation. As charge carriers influence dielectric relaxation dynamics, materials
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with high conductivity tend to exhibit higher dielectric losses due to an increased interaction
between charge carriers and the lattice structure [25].

3.3. Magnetic Properties

The room temperature magnetic analysis conducted through VSM measurements
provided an insight into the magnetic behavior of the samples; this is shown in Figure 4.
Hysteresis loops (M-H loops) of magnetization versus applied magnetic field were recorded
up to 0.5 T (5k Oe), and parameters such as magnetization and coercivity were extracted
from these curves. The recorded hysteresis loops revealed distinct characteristics for each
sample, indicating variations in magnetization and coercivity parameters and the values
obtained for each sample as given in Table 2. The spin structure of BFO in its pure form is
G-type AFM. The spin structure is also modulated by Dzyaloshinskii-Moriya interactions
(DMI) which establish both spin-canting and a long-period spin cycloid of length ~64 nm.
A small residual magnetic moment is observed in BFO due to canted Fe>" (as also observed
in our case; see Figure 4); however, the FM phase is suppressed. The magnetization can be
improved if the grain size is decreased below 62 nm. There is also a possibility of observing
FM behavior due to the presence of magnetic impurities such as Fe,O5;. However, we can
rule out both of these possibilities for BXFO-830 °C and BXFO-1200 °C, as the grain size is
in the um range and the XRD does not indicate the presence of a Fe,O3 impurity phase.
The magnetic behavior observed is hence the intrinsic nature of the grown samples [8].
In BXFO-830 °C, as the presence of a high amount of impurities and defects are more
prevalent; it influences the magnetization as well. The higher coercivity is a consequence
of higher impurity phase. It is more apparent as when BXFO is calcinated at 1200 °C; the
coercivity decreases significantly as the percentage of impurity phases decreases.

7.5 et 0.10 : .
6.0 ] BF° —-BFO , o
S |- BxFo-8300C S |—ceoone s
S5 4.51._ BxFo-1200 oC 13 0.05 s
£ ] ] el
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N5 { 8 ‘
- =
© 3] ] %o
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Field (T) Field (T)

Figure 4. (a) M-H hysteresis loops of BXFO-830 °C and BXFO-1200 °C in comparison with pristine
BFO ceramics; (b) magnified hysteresis of (a).

Table 2. Values of saturation magnetization, remanent magnetization, and coercivity.

Magnetization Values

Samples
Ms (43%) Mr (4) Hc (T)
BFO 0.05 0.003 0.015
BXFO-830 °C 0.176 0.04 0.02
BXFO-1200 °C 5.9 41 0.002

BXFO calcinated at 1200 °C shows higher saturation magnetization (Ms = 5.9 emu/g)
value as well, due to the distribution of substituent cations [6]. The enhancement in
magnetic behavior due doping at the Bi-site leads is primarily due to the modification
in the Fe-O-Fe bond angle and bond length [26]. La-doping may contribute in coercivity
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due to magneto-crystalline anisotropy. Additionally, Nd and Gd doping will enhance
magnetization. It is important to understand the individual contribution of these types
of doping on BFO structurally, magnetically, and electrically. In order to understand the
indirect super-exchange interactions between the substituted ions and oxygen (X-O-X), it
is important to know exactly how these ions are distributed within the crystal structure.
Since XRD alone is insufficient, further studies, including Mossbauer spectroscopy and
neutron diffraction, could contribute to a better understanding of these interactions. Addi-
tionally, the high-entropy nature of the material, characterized by a complex arrangement
of elements in equiatomic proportions, can introduce magnetic disorder and complexity,
further impacting its magnetic behavior.

4. Conclusions and Prospects

BXFO samples, doped at the A-site and calcined at 1200 °C, were synthesized via the
solid-state method. X-ray diffraction patterns confirmed the formation of a perovskite-
type bismuth ferrite phase with an R3C crystal structure. The structural, electrical, and
magnetization outcomes of the analyzed samples, with respect to pristine BFO, highlight
how multi-doping and high-entropy characteristics influence these properties. Looking
ahead, further investigation into the role of specific dopants and their concentrations
on the magnetic properties of high-entropy oxides like BXFO could provide valuable
insights to fine-tune such materials while minimizing losses, which would be beneficial for
applications. Furthermore, studying the impact of different doping concentrations could
offer a deeper understanding of the fundamental mechanisms and help optimize material
performance for targeted applications.
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