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The possible low temperature biferroic feature of Eu,Bi,Fe40,, complex perovskites was recently reported.
The aim of this work is to present a theoretical study of the structural, magnetic, electronic and ferroelectric
properties of this material. Several energy minimization processes were performed for three types of ca-
tionic distributions, different angles of rotation, octahedral inclination, and some kinds of magnetic or-
dering. The results reveal that the most stable crystallographic arrangement corresponds to an intercalated
distribution of the Eu* and Bi*>* cations between the FeOg octahedra. Similarly, energy is minimized for
rotations and octahedral inclinations corresponding to angles 0, = 12.86° and ¢, = 13.32°, respectively. With
respect to the distribution of magnetic moments, the results reveal that a G-type antiferromagnetic con-
figuration is the most energetically favorable. The electronic structure is studied from ab initio calculations
following the formalism of density functional theory and the pseudopotential plane wave method. In this
formalism, the exchange and correlation mechanisms are described by means of the generalized gradient
approach (GGA + U), considering spin polarization. The ferroelectric characteristic is analysed by de-
termining ferroelectric polarization based on the calculation of the Berry phase. The theoretical results
obtained are consistent with the experimental reports, which is why the Eu,Bi Fe401, material is expected
to exhibit biferroic behavior at low temperatures, because the Berry phase introduces hybridizations be-
tween the 3d-Fe and 2p-O states that favor the occurrence of Dzyaloshinskii-Moriya interactions, which
facilitate the occurrence of ferroelectricity coexisting with weak ferromagnetism. An extensive study of the
thermodynamic properties in the presence and absence of the Berry phase is undertaken by means of
the Debye quasi harmonic model. The specific heat difference with and without the Berry phase reveals the
occurrence of a ferroelectric transition at T = 113 K without the application of external pressure. When
the applied pressure is incremented, a systematic increase in the transition temperature is observed due to
the reduction of overlap between the 3d-Fe orbitals and the 2p-O orbitals in the compressed octahedra of
perovskite.
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1. Introduction the structure of perovskite ceramics are well known, as well as the
versatile possibility of crystallographic modification that allows

In recent decades, considerable efforts have been undertaken in the variability of their physical properties [4|. Among all the simple

the search for new physical properties, as well as in the optimization
of those already discovered in perovskite-type materials, with a view
to applications in various technological and industrial fields as so-
phisticated as spintronics [1-3]. In fact, the ideal formula ABOs; and
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perovskites reported, bismuth ferrite BiFeOs; has received special
attention due to its properties first reported in 1957 with un-
certainty regarding the type of magnetic arrangement [5]. This
material crystallizes in a polar rhombohedral structure belonging to
the R3¢ space group (# 67) [6], with evidence of ferroelectric hys-
teresis and ferroelastic monodomains [7]. The axis of electrical po-
larization was determined to be the rhombohedral c-axis [8].
Approximately fifty years after its first report, it was established that
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the material presents G-type antiferromagnetic ordering with a
modulated cycloidal spin structure below a Néel temperature of
643 K [9]. Meanwhile, the cycloid spin structure seems to inhibit the
macroscopic magnetic response, making direct observation of the
linear magnetoelectric effect difficult [10], but still at room tem-
perature, it is possible to determine the occurrence of weak ferro-
magnetism, whose Curie temperature has been determined to be
1043 K [11]. On the other hand, RFeOs rare earth orthoferrites are
simple perovskites that crystallize in orthorhombic structure, Pbnm
space group (# 62), with the Fe>* cation in octahedral coordination
centered around the 6 closest neighbouring oxygen and minimum
tilting of the octahedral axes relative to the c crystallographic axis
[12]. The crystalline structure turns out to be the same for rare
earths (lanthanides), so that the R** cation forms the common vertex
of two adjacent octahedra, mediating the super exchange interaction
between two Fe* cations [13]. On the other hand, the magnetic
ordering that takes place in the material has been classified as a
G-type antiferromagnetic [14], with a weak ferromagnetic con-
tribution [15], and the particularity that the Néel temperature value
shows a direct dependence on the ionic radii of the rare earth, evi-
dencing a minimum of 625K for Lu and a maximum of 743 K for La
[16]. In the specific case of R =Eu, changes in hyperfine interaction
parameters have been reported when samples of EuFeOs are sub-
jected to hydrostatic pressures between 45 and 52 GPa, which have
been attributed to strong distortions in Fe-Og octahedra as a result of
the small ionic radius of the Eu>* cation [17]. In addition, due to its
centrosymmetric structure at room temperature, this material ex-
hibits ferromagnetism and antiferromagnetic ordering-induced fer-
roelectricity caused by non-equivalent spins [18]. In the
experimental search for a complex perovskite from the two simple
perovskites BiFeOs; and EuFeOs, the synthesis and study of the
structural, electrical, and magnetic properties of the EuBiFe,0g
material were investigated. [19]. The corresponding structure of this
material belongs to the family known as complex perovskites such
as AA'B,0¢ [20], with A and A’ representing rare earths or alkaline
earths and B transition metals and even rare earths. [21]. It can be
inferred that the characteristic properties of the material depend
strongly on the ionic radius and the electronic configuration of the A,
A’ and B cations that constitute the material, as well as the chemical
bonds, the exchange mechanisms and the effects of coupling be-
tween these, which give rise to structural spatial groups and specific
octahedral distortions [22,23]. The AA'B,0¢ formula for this double
perovskite is usually written as A,A’;B40,, because of the atomic
occupation in the structure, for which the material has been re-
ported as Eu,BiFes0q, [19]. It was observed that the material be-
haves like a weak ferromagnetic semiconductor at room
temperature, with evidence of a possible ferroelectric state at tem-
peratures below 112.8 K, where magnetoelectric behavior would
take place [19]. To theoretically establish the possibility of the oc-
currence of ferroelectricity at temperatures close to T=0K, in this
original work, we determined the configuration of magnetic or-
dering of lower energy, subsequently calculating the electronic
structure and the charge density of the system through density
functional theory (DFT), as well as the Berry phase for the estab-
lishment of electrical polarization effects for the Eu,Bi;FesOq;
complex perovskite. The Berry phase can be understood as the po-
larization difference (AP) between two structural configurations
given in the cell of the same crystal: one without distortion and the
other containing a structural distortion that leads to the formation of
a dipole moment in the cell. In other words, AP can be obtained
using a model whose starting point is the electronic wave functions
of the ground state of the crystal in the two states, without distor-
tion and with distortion [24]. The calculation of AP is carried out
through the introduction of a dimensionless parameter A, which
constitutes a measure of the amplitude of the ferroelectric distortion
between the center-symmetric ideal structure (A=0) and the
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ferroelectric polar structure (A=1), assuming the occurrence of a
continuous adiabatic transformation where the internal strain is
scaled with the parameter A in the interval 0 < A < 1 [25]. In recent
years, predictions of thermophysical behavior have been made in
perovskite-like materials that allow studying the dependence of
energy requirements on temperature [26,27|. The formalism that
facilitates this study of equilibrium properties is based on the so-
called quasi-harmonic Debye model [28], which allows the calcula-
tion both under consideration and in the absence of the Berry phase,
from which it is expected to obtain information conducive to the
eventual corroboration of the occurrence of magnetoelectric cou-
pling at low temperatures in the Eu,Bi,Fe,01, material.

2. Computational details

Ab initio spin-polarized calculations have been performed in the
framework of the DFT [29], where the Kohn-Sham self-consistent
equations were solved using the plane-wave and pseudopotential
method implemented in the Quantum Espresso code [30]. The ex-
change-correlation contribution was described in the context of the
Perdew-Burke-Ernzerhof parametrization into the General Gradient
Approximation (GGA-PBE) [31]. Furthermore, for a better description
of the electronic band structure and magnetic properties, we con-
sidered the addition of the Hubbard U term (DFT+U) in the self-
interaction correction scheme, with a value U for the 3d-Fe
(U=8.0eV) and orbitals being determined through the linear re-
sponse approach [32,33]. To describe the ionic cores of the atoms, we
used Projected Augmented Wave (PAW) pseudopotentials from the
Standard Solid State Pseudopotential library (SSSP) [34]. After the
convergence study, the kinetic energy cut off for the wave function
and charge density were set to 80 Ry and 800 Ry, respectively. The
reciprocal k-space was described by a dense mesh grid of 9 x 9 x 9 k-
points in the irreducible Brillouin zone, according to the Monkhorst-
Pack scheme [35]. Calculation of the spontaneous polarization was
performed using Berry phase calculation based on the modern
theory of polarization [36,37]. Considering that AP represents the
macroscopic polarization between two different states of the same
solid, calculations of the density of states (DOS) for undistorted and
distorted structures were carried out separately [38]. The calculation
of the thermodynamic properties for both the deformed structure
and the undeformed lattice, i.e., considering and without con-
sidering the Berry phase, is carried out following the quasi-harmonic
Debye model [39]. In the model, under the application of external
changes in pressure and temperature, the macroscopically evident
thermodynamic properties are directly associated with the micro-
scopic dynamics of the atoms within the material. Because the col-
lective vibrations of the crystalline cells of solid materials take place
in the form of discrete energy quasiparticles, called phonons, it is
possible to study the fundamental excitations associated with these
thermophysical properties. Phonons play a particularly important
role in insulating and semiconducting materials, making direct
contributions to properties such as specific heat and thermal ex-
pansion as a function of temperature. Thus, crystalline vibrations are
expected to exhibit a harmonic character for temperature values
below the Debye temperature of the solid. In this work, the quasi-
harmonic Debye model is applied as part of the study of atomic
dynamics at relatively high temperatures.

3. Results and discussion

Based on the experimental result previously reported [19], cal-
culations were made considering the Pnma space group (# 62). Since
the electronic properties of the material strongly depend on the
distribution of ions in its crystalline structure, it is necessary to es-
tablish the type of arrangement of the Eu** and Bi3* cations in the
unit cell corresponding to the stoichiometry Eu,Bi,Fe40;. For this
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Fig. 1. Cationic arrangements considered in the calculation of energy minimization
(a) superstructure with alternating arrangement of the Eu* and Bi** cations always
alternating in the three crystallographic directions, (b) Alternating inverse along the
crystallographic a-axis with respect to figures (a), and (c) alternate planes along the
c-axis.

purpose, the four types of cationic ordering shown in Fig. 1 are
considered in an energy minimization process. The most stable
configuration corresponds to the case of a superstructure type ar-
rangement, in which all the cations of Eu>* and Bi** are sited in an
always alternating arrangement along the three crystallographic
axes. This result is consistent with experimental reports, where the
simultaneous occurrence of diffractor planes (111), (222), (131),
(151), (331), (011), (101), (110), (022), (202) and (220) are a kind of
fingerprint that characterizes this type of arrangement [40].

In the previous process, Fe>* cations remained rigid and octa-
hedrally coordinated with three pairs of oxygen, but it is relevant to
consider the distortion of the octahedra associated with the Pnma
spatial group, in which they present tilting a*b’b” (in phase with
respect to sub axis a of the sub cell in which the octahedra are cir-
cumscribed and out of phase in the other axes) [41]. For this purpose,
a slight structural deformation of rotation around the vertical
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octahedral axis is performed, as shown in Fig. 2, calculating the total
energy of the compound, and repeating the calculation for several
small rotation angles 0. Fig. 2(a) exemplifies the dependence of total
energy on the variation in the rotation angle, reaching the minimum
energy value for theta g, = 12.86°. Subsequently, an inclination of the
plane formed by the four basal atoms of oxygen and iron is applied
through an angle ¢, as shown in Fig. 2(b), where the calculation of
energy is presented as a function of the angle ¢. As seen in the
picture, the minimum energy value is set for ¢. =13.32°. This
structural configuration is in good agreement with the analysis of
experimental data obtained by XRD measurements [19].

To evaluate the most likely type of magnetic arrangement, a
configuration of ferromagnetic (FM) couplings and three different
configurations of antiferromagnetic (AF) types A, C, and G were
studied, as shown in Fig. 3. From the energy minimization proce-
dures, it is obtained that the lowest energy takes place for the G-type
AF configuration, for which zero energy value is established, with
energies 1233.0 meV (FM), 728.3 meV (A-type AF), and 300.6 meV
(C-type AF). The absolute value of the effective magnetic moment
calculated for the Fe atom in the electronic density is 4.0 pg. This
result differs substantially from that expected from the Hund rules,
since the latter is a very ideal model that does not consider hy-
bridizations between orbitals so that electrons are not shared but
remain restricted within their orbitals [42]. Meanwhile, the result is
consistent with the experimental report that for this material sug-
gests a weakly FM behavior at room temperature with a magnetic
reorientation below T=112.8 K, probably performed with an AF re-
sponse at very low temperatures, accompanied by magnetoelectric
coupling that manifests itself in a drastic change in the thermo-
stimulated depolarization current [19].
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Fig. 2. Octahedral distortion of the Eu,Bi,Fe40,, complex perovskite as a rotation in 6 around the vertical axis (a) and tilting of the ¢ angle (b). The corresponding structures are

shown to the right of figures (a) and (b).
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(c) AF C-type: AE=300.6 meV (d) AF G-type: AE=0.0 meV

Fig. 3. Minimized energies of the Eu,Bi,Fe,0;, double perovskite for the magnetic configurations: (a) FM, (b) A-type AF, (c) C-type AF, and (d) G-type AF.
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Fig. 4. Ferroelectric feature of the polarization curve calculated for Eu,Bi,Fe40,; from
the application of Berry’s phase.

The macroscopic polarization of the material is calculated as a
Berry phase of Bloch's electronic wave functions at zero temperature
and in the absence of an applied electric field, that is, as a sponta-
neous polarization in a ferroelectric material [24,25]. Because there
is no external electric field, the polarization process must be caused
by lattice dynamics and based on a structural and magnetic ground
state configuration. The previous experimental work for the
Eu,BiFe 01, complex perovskite foresees the occurrence of an
abrupt change in the thermostimulated depolarization current at
T=112.8K [19], so it would be expected that this change would be

associated with microscopic displacements of Fe cations from their
symmetry sites in FeOg octahedra. The distortion should determine
the preferred polarity of the axis, giving rise to spontaneous
polarization. Thus, for the determination of the polarization of the
compound, the structural and magnetic configuration of the funda-
mental state described above has been used, making several self-
tests for different infinitesimal displacements of the parameter A of
the Fe atom, defined along the main axis of the octahedron, and for
two opposite directions, as shown in Fig. 4. For each displacement,
the ionic and electronic contributions of the polarization were cal-
culated, obtaining the variation of the total polarization (AP) as a
function of the A displacement, as seen in Fig. 4. The resulting
polarization curve exhibits a characteristic hysteretic behavior of
ferroelectric materials with a polarization saturation value of
0.05 pC/cm?.

The results of the state density calculations for the complex
perovskite Eu,Bi,Fe, O, are presented in Fig. 5, in which the re-
ference energy E =0eV corresponds to the Fermi energy (Eg) of the
electron system. The left picture corresponds to total and partial DOS
without distortion and the right to total and partial DOS including
distortion. The positive regimes of DOS represent the spin-up po-
larization, and the negative regimes represent the spin-down con-
figuration. In the total DOS represented in Fig. 5(a), it is possible to
observe the occurrence of a band gap around the Fermi level, which
has a value Eg = 1.65 eV, allowing the classification of the material as
a semiconductor type. This value is lower than that reported from
experimental measurements at room temperature (Eg;=2.65¢€V)
[19]. The difference between the theoretical and experimental values
takes place because the calculations are made for T=0 K and because
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Fig. 5. Total DOS for the Eu,BiFe 01, undistorted structure is presented in (a) and
(b), (c), (d) and (e) are the partial DOS of Eu, Bi, Fe and O, respectively. Total DOS for
the distorted structure is exemplified in (f) and partial DOS for Eu, Bi, Fe and O are
shown in (g), (h), (i), and (j), respectively.

the approximations that are considered there can lead to a slight
underestimation of the gap. This is notable in Fig. 5(b) that the
electronic orbitals of Eu make important contributions to the DOS in
the valence band for spin-up polarization but do not have relevance
in the conduction band close to the Fermi level. This contribution is
mainly due to the 4f-Eu orbitals. Likewise, a small participation of
the 6s-Bi orbitals is observed in Fig. 5(c) in the vicinity of Eg in the
valence band and of the 5f-Bi states in the conduction band, above
E=2.01eV, for both up and down spin configurations. From Fig. 5(d),
the insignificance of the 4s-Fe and 3p-Fe orbitals close to the Fermi
level in the valence band can be established, where asymmetric
states between -5.43 and -7.23 eV are clearly observed for the spin
down orientation and between -8.33 and -9.33 eV for the spin up
direction. In the conduction band, the prominent role depends on
the 3d-Fe orbitals in the conduction band for the spin down or-
ientation starting at E = 1.65 eV, while for the spin up configuration,
these orbitals contain available states above E=2.50eV.

The small participation of the 2p-0 orbitals in the valence band is
observed in Fig. 5(e) for the two spin configurations, with strong
hybridizations due to Eu-O cuboctahedral coordination and weak
cuboctahedral Bi-O and octahedral Fe-O hybridizations. In the con-
duction band, just above the band gap, between 1.65 and 2.53 eV, the
hybridizations between the 2p-0 and 3d-Fe states in the Fe-Og oc-
tahedra have marked relevance for the spin down channel, which
are primarily responsible for the band gap of the system.

Fig. 5(f) shows the total DOS for the distorted system. The first
notable result is the expansion of the band gap, which reaches an
Eg=2.75 eV value. As seen in Fig. 5(g) and (h), for both up and down
spin channels, all Eu and Bi states remain unchanged with respect to

Journal of Alloys and Compounds 884 (2021) 161114

the undistorted structure. Meanwhile, it is clearly observed in
Fig. 5(i) and (j) that in the valence band, the 4s-Fe and 3p-Fe orbitals
in the spin down channel undergo a shift away from the Fermi level,
locating now between -8.09 and -8.58 eV, while in the conduction
band the 3d-Fe states in the spin down channel are responsible for
an increase of 1.10 eV in the band gap value, presenting a significant
shift towards the higher energy regime. Although slight variations in
the 3d-Fe and 2p-O states are observed for the spin configuration,
there are no significant changes in the energy location of these or-
bitals. Similarly, strong hybridizations between their orbitals remain
for the two turning orientations.

Comparative results between the density of states without and
with Berry phase reveal no significant changes in the contributions
of the Bismuth electronic states for the two spin orientations, both in
the valence band and in the conduction band. On the other hand,
when applying the Berry phase, an increase of the DOS by about 25%
is observed for 4s-Fe and 3p-Fe states with the 2p-O in the valence
band, far from the Fermi level, with the appearance of hybridizations
between these states and the 2p-O in the -8.58 eV < E < -8.09 eV
energy regime. Similarly, in the valence band, Berry distortion pro-
duces uniformity in the hybridization of 3d-Fe states with 2p-O
states available in the conduction band near the Fermi level for the
two spin polarisations. It is circumstantially relevant to mention that
Berry's phase causes a decrease of about 30% in the total DOS for the
spin-up orientation, in the valence band very close to the Fermi
level, due to changes in the 3d-Fe orbitals. Similarly, it is noticeable
that the bandgap values increase, becoming approximately equal for
the two spin polarisations, since before the distortion the bandgap
was significantly lower for the spin-down polarisation. This bandgap
shift towards the higher energy regime in the conduction band is
mostly due to the 3d-Fe states, which is directly related to the
structural distortion in the Fe-Og octahedra.

To establish the eventual occurrence of a phase transition leading
to a state of effective electrical polarization at low temperatures,
calculations of thermophysical properties were carried out under the
application of hydrostatic pressures up to 18 GPa in the absence and
presence of the Berry phase. Fig. 6(a) and (b) show isobaric curves of
the entropy difference (AS) and specific heat (AC,) difference as a
function of temperature, respectively. The differences mentioned
refer to the inclusion or absence of the Berry phase. In Fig. 6(a), a
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Fig. 6. AS (a) and specific heat AC, (b) obtained by calculating the differences in
entropy and specific heat with and without the Berry phase as a function of tem-
perature under the application of several hydrostatic pressures.
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pronounced change in AS(T) is evident at low temperatures, with a
strong decrease in its absolute value with increasing applied pres-
sure. In Fig. 6(a), a pronounced change in AS(T) at low temperatures
is evident, with a strong tendency to adopt linear behavior at high
temperatures.

With increasing applied pressure, the slope of AS(T) at high
temperatures decreases, and a dramatic drop in its absolute value is
observed, although the change at low temperatures remains abrupt.
Apparently, the increase in the applied pressure favors the transit of
the system towards a state with some type of greater ordering, as
will be discussed later. According to the characteristics of the AC,
curves in Fig. 6(b), a phase transition takes place at low tempera-
tures, approximately T=113K, in the absence of hydrostatic pres-
sure. As interpreted from the experimental results [19], this would
be a transition between paraelectric states (at T > 113 K) and ferro-
electric states (at T < 113K), caused by a structural transition be-
tween the centrosymmetric space group Pnma and the polar group
(no centrosymmetric) 14/mcm, which is characteristic of some per-
ovskite materials that polarize in this space group at low tempera-
tures [43].

As shown in Fig. 7, the increase in the applied pressure shifts the
Curie temperature (FE-T¢) of the formation of electric dipoles to-
wards the higher temperature regimes. This improvement in fer-
roelectricity as a consequence of pressure would be because the
pressure would reduce the overlap between the Fe-3d(eg) and O-2p
orbitals in the Fe-Og octahedra of the material, as expected for any
insulating perovskite, similar to other structures that involve a
transition metal surrounded by oxygen [44,45]. This decrease can be
observed in the densities of partial states calculated for Fe and O
presented in Fig. 5(d) and (e), without the Berry phase, in contrast to
figures f(i) and 5(j) with the Berry phase.

Meanwhile, it should not be forgotten that the material exhibits
magnetic ordering at high temperatures, which probably occurs for a
temperature value of approximately 400 K, which is where ACp, in
Fig. 6(b), exhibits a strong curvature. As was initially established, the
most favorable energetic ordering corresponds to the type-G anti-
ferromagnetism, so that this transition temperature would corre-
spond to the Néel temperature (AF-Ty), which is also affected by the
increase in the applied pressure. This behavior is expected in mul-
tiferroic materials, where pressure can induce changes in the fer-
roelectric response [46] and can even give rise to magnetoelectrical
coupling effects [47]. It is not ruled out that eventual magneto-
electric coupling takes place at T =113 K, which can be induced by
Dzyaloshinskii-Moriya interactions [48] associated with character-
istic canted magnetic moments in perovskite-type antiferromagnetic
materials. As discussed above (Fig. 2), the tilt introduced by the ¢,
angle produces an Fe-O-Fe bond angle of less than 180°. In the
material under study, the antiferromagnetic character can be idea-
lised as the occurrence of antiparallel spins in the Fe cations of the
FeOg octahedra, in which the canting in the magnetic moments,
introduced by the octahedral distortions, gives rise to a weak

25F T — T ]

(J/kg.K)

FE-T,.

p

AC

, T=113 K
0 50 100 150 200
TEMPERATURE (K)

Fig. 7. Observation of the increase in ferroelectric Curie temperature with the in-
crease in applied pressure.
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ferromagnetic component, as expected in the Dzyaloshinskii-Moriya
interaction [49]. These mechanisms would be supported by hy-
bridizations between the 3d-Fe and 2p-O orbitals, as discussed
above from the results of DOS calculations. This coupling would be
favored by antisymmetric spin coupling contributions due to the
combined effects of exchange and spin-orbit interactions. Thus, an-
tiferromagnetism and ferroelectric response would coexist as a re-
sult of competition between exchange and Dzyaloshinskii-Moriya
interactions, strongly influenced by frustration [50]. However, weak
ferromagnetism, such as that observed experimentally in
Eu,BiFe 01> [19], may appear as a consequence of changes in the
Dzyaloshinskii-Moriya interaction [10].

4. Conclusions

The structural and electronic properties of the Eu,BiFe 0io
perovskite material have been theoretically studied. Calculations
were performed considering the structural Pnma space group re-
ported from the experimental results. The energy minimization
procedures suggest that the most stable ionic arrangement corre-
sponds to an alternate distribution of Eu®* and Bi>* cations along the
three crystallographic axes, forming a superstructure with cationic
ordering. Likewise, the octahedral distortion that characterizes this
family of ceramics affects the properties of the material. The results
of the calculations reveal that the rotation and inclination angles of
the FeOg octahedra that energetically stabilize the structure are
0.=12.86° and ¢e=13.32° respectively. Calculations of different
types of magnetic ordering for the Fe** ions throughout the structure
reveal that the most likely distribution is that of a G-type anti-
ferromagnetic material, in which the spins of the respective nearest
neighbouring octahedra are always opposite. The results of density
of states calculations reveal the occurrence of semiconductor-type
behavior with a 2.4 eV bandgap, which is due to the majority con-
tribution of 2p-0 orbitals in the valence band and to the hybridiza-
tion with 4f-Eu and 6p-Bi orbitals. Meanwhile, the displacements of
the Fe cation applied through the study of the Berry phase should
promote a structural modification between the centrosymmetric
space group and a type of polar cell (not centrosymmetric) to pro-
mote the spontaneous formation of dipole moments. The octahedral
distortions introduced by the Berry phase give rise to DM interac-
tions that allow the coexistence of spontaneous ferroelectric electric
polarisation and ferromagnetic response due to canting effects in the
antiferromagnetically ordered spins. Thus, a marked increase in the
value of the forbidden band is obtained when the density of states is
determined considering the Berry phase. The macroscopic polar-
ization of the material was calculated through Berry's phase with a
result that is consistent with the experimental results, since the
behavior has a ferroelectric feature. The difference in entropy and
specific heat between the states with the Berry phase and without
the Berry phase (in the absence of external pressure) suggests the
occurrence of a transition at T=113K, in agreement with the re-
ported experimental observations. With increased hydrostatic
pressure, a consequent increment in the value of this transition
temperature is seen, improving the ferroelectric properties of the
material. The results show that the inclusion of the Berry phase in
the calculation of the density of states and in the thermodynamic
properties constitutes an excellent complement to the theory in the
study of the physical properties of new materials.
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