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Abstract: We perform dielectric and impedance spectrums on the compressively-strained ceramics
of multiferroic bismuth ferrite. The subsurface-nanolayer quasipolarons manifest the step-like
characteristic of pressure-dependent transient frequency and, furthermore, pressure-dependency fails
in the transformation between complex permittivity and electrical impedance, which is well-known
in classic dielectric physics, as well as the bulk dipole chain at the end of the dissipation peak.
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1. Introduction

Bismuth ferrite (BiFeO3, BFO) exhibits a diversity of physical phenomena, along with
the potential for a number of device concepts, including beyond-CMOS logic gates, tunnel-
ing magneto-resistant spintronic valves, THz radiation emitters, ultrafast acoustic mod-
ulators, and linear electrooptical component. As a single-phase multiferroic compound,
BFO exhibits coupled antiferromagnetic and ferroelectric properties at room tempera-
ture. The spontaneous polarization, Ps, along the ⟨111⟩pc pseudo-cubic direction interacts
significantly with the internal strain. The formation of 180◦ domain walls to minimize
depolarization energy results in reduced strain due to the release of non-180◦ (71◦ or 109◦)
domain walls, thereby stabilizing the crystalline solid at its lowest energy state. Therefore,
the strain naturally exists in various forms, including bulk and low-dimensional structures,
like ceramics, crystals, thin films, and nanodots. In ceramics, large compressive strain
may drive more ferroelectric twinning to shape the irregular stripe patterns at nanometer
scale within the elastic twin domains [1,2]. This may increase the quantity ratio of unusual
71◦ ± 1◦ grain boundaries and deformed 71◦ domain walls (~89◦ twin boundaries) [3].
It may curve the typical bridge-like 180◦ domain, and even pin the complexly-striped
domain [4]. In crystals, it may, in a hydrostatic way, drive the multiple spin excitations of
the noncollinear cycloidal state, to collapse into two excitations of a homogeneous antifer-
romagnetic state, which shows jump discontinuities at some of the ensuing crystal phase
transitions [5]. Consequently, the Ps is eliminated by the induced antipolar orthorhombic
phase. While the compressive strain decreases the polarization, the tensile strain enhances
the polarization in cross correlation with the increased activity of the electromagnon. This
significantly suppresses the low energy magnon modes and, thus, induces the spin inter-
state transition [6]. In the low-dimensional form, it may make an evolving progression
of domain, transitioning from strip patterns in films to flux-closure vortex or antivortex
topology in nanodots [7,8]. Within the compressively-strained films, the significant strain
gradient at the morphotropic boundaries between two structural domains can extrude
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the needle-shaped rhombohedral-like domain (R-domain) [9]. Simultaneously, it pins
the tetragonal-like monoclinic domain, which is confined between two other tiled same-
structure domains (T’-domain). The R-domain resembles an open circuit, enhancing the
flexo-photovoltaic effect, whereas the T’-domain mimics a short circuit, leading to negative
photo-conductivity. In short, the strain may alter crystalline, electron, and spin states,
associated with excited phonons, magnons, and electromagnons, in a range from tens of
nanometers to a few micrometers.

The domain represents a morphotropic phase characterized by finite-length dipole
chains, particularly within the distorted perovskite structure (R3c space group) [10]. These
dipole chains, in (001)-oriented crystals, terminate at a depth of 30–50 nm beneath the
surface. Due to its significant period size of

√
3 × 6 × 6 µm, the dipole chain undergoes

folding, curling, and winding to form various patterned nanodomains. It adopts the ⟨111⟩pc-
oriented structure of “--O–Bi–O–Fe–O--”, where Bi and Fe ions are covalently bonded
through O-p states. The large dipole of “O–Bi”, about 8.78 Debye units (D), alternates with
the small dipole of Fe–O, about 3.16 D. Consequently, the dipole chains are correlated with
the distorted structure. The lone pair of Bi-6s orbital in the main band position hybridizes
with the lone pair of O-2p orbital above the <111> crystal plane, leading to a shift of
Bi cation from its centrally symmetric position at about 0.61 Å. The hybridization also
contributes to a long-range coupling of dipole chains for the ferroelectric polarization. The
small displacement of Fe cation at about 0.22 Å distorts the FeO6 octahedron approximately
in the same rotational direction as the polarization. The Dzyaloshinskii–Moriya and
super-exchange interactions, induce a deviation in the magnetic moment of the Fe cation
near the octahedron, resulting in a weaker G-type antiferromagnetic order. This strong
correlation enables the multiferroic material to withstand thermal degradation up to a
Curie temperature, TC, of 1100K, and a Néel temperature, TN, of about 640K.

In the nanolayer with a thickness of 30–50 nm positioned above the dipole chain bulk,
a collective of quasipolarons at pseudo ground states are located for the depolarization field,
with their pseudo-excited states, to capture various carriers for the charge compensation.
Phenomenally, the dipole chains are for the bulk property, while the quasipolarons play
a key role in the surface property [10], such as the three antiferromagnetic subdomains
nested within one surface polarization domain of the quasipolarons in the subsurface
quasi-polaron nanolayer of the (001)-oriented crystal, which is revealed by scanning-NV
magnetometry [11]. The quasi-polaron carries a spin, because it is the quasiparticle of
the unpaired 3d5 electron in the Fe ion, which may show magnetic phenomena. In the
∼50-nm-thick (001) BFO films, different levels of strain modulated by (001) SrTiO3 and
LaAlO3 substrate induce a rhombohedral-like and tetragonal-like crystal structure, respec-
tively [12]. Only in the rhombohedral-like unit cell, the strain changes the tilting, rotation
axis and magnitude of the FeO6 octahedra. By spin-lattice coupling, it makes the in-plane
component of the antiferromagnetic order parallel with the applied magnetic field H. Under
the H of 7 Tesla, the surface shows weak ferromagnetism, although the antiferromagnetic
vector is confined to the (001) plane. As an alternative but simple physical modeling, the
strain changes the lattice distortion of these quasipolarons, weakens the super-exchange
interaction among the spins, and assists the field to more easily make the antiferromagnetic
moment project onto the surface in order to be parallel to the H direction. The subsur-
face quasi-polaron nanolayer may be a structural base of the flexoelectric effect [13]. A
mechanical strain gradient may increase or decrease the surface quasi-polaron polarization
in antiferromagnetically dielectric [14] and ferroelectric [10] materials. In antiferromagnetic
materials, Anderson initially models [15] a single d-electron in the presence of the diamag-
netic lattice as the polaron-like quasiparticle (Figure 1) and, furthermore, in multiferroic
BiFeO3 single crystals and ceramics, we name this electron the quasi-polaron [10]. Either
in located states or in running states, it carries both the spin and the electric polarization
of local lattice distortion. The many electron wave function of the single quasi-particle of
momentum k and spin δ is [15]:

Ψ(k, δ) = s∗kδΨ0 (1)
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Figure 1. Electron configuration (a), crystal field splitting of d orbitals (b), spins of Fe3+−3d electrons
(c) and the schematic illustration of the quasi-polaron in BiFeO3 (d).

The s’s are a set of properly anticommuting fermion operators and details are shown
in Ref. [15].

As one of the phases, polarons or quasipolarons often condense into small, twinned
domains, and high-resolution transmission electron microscopy (HR-TEM) may reveal the
local structure. For example, in Pr0.5 Ca0.5 MnO3, atomically resolved scanning transmission
electron microscopy shows ordering, selected-area diffraction resolves the superstructure,
together with column-resolved energy electron loss spectroscopy (which yields similar
information to X-ray absorption spectroscopy); these measurements elucidate the ordering
of Zener polarons [16]. However, the fingerprint of the quasipolarons is not traced by the
TEM on ~380 nm and highly-strained BFO film [17] and the scanning TEM on one-unit
cell-thick BFO films [18]. Scanning tunneling microscopy (STM) can spatially resolve the
local structure at the atomic scale and reveals small polarons near oxygen vacancies in a
strongly reduced rutile TiO2 (110) surface [19]. The STM often requires material with high
conductivity and, therefore, scanning probe microcopy, including atomic force microscopy
(AFM) and conductive AFM, has been performed on multiferroic insulator BFO films,
which does not reveal the quasi-polaron [20]. Because of polarons’ and quasipolarons’ local
and fine structures at subatomic scale, HR-TEM and other structural techniques [21] will be
attempted in the next work as a challenge.

Hitherto, many electrical effect aspects of the subsurface-nanolayer quasi-polaron have
remained unclear. Previous electrical characterizations are commonly reliant on equivalent
circuit models within the frame of classic dielectric physics. Within the framework of
quantum dielectric physics, the modeling of time-dependent density-functional theory
has been applied to the optical properties of semiconducting and insulating systems, and
ignores the lattice dynamics or any effects related to the coupling of electronic and lattice
excitations, such as the polaron [22]. When the weak interaction or the van der Waals
interaction is included, the modeling of local response approximation is used to calculate
the distributed multipole polarizabilities of atoms in a molecule [23]. The modeling of the
semiclassical Feibelman approach is obtained from many-body calculations performed in
the long-wavelength approximation and neglects the nonlocality of the optical response in
the direction parallel to the metal–dielectric interface [24]. However, these models often do
not fully explain the Nyquist curve or provide a comprehensive microscopic view of such
strong coupling at low frequencies. This motivates us to perform dielectric and impedance
spectrums on compressively-strained ceramics to deepen the electric polarization under-
standing of subsurface quasipolarons, bulk dipole chains and intrinsic coupling. Our
research addresses the fact that, because of the subsurface-nanolayer quasi-polaron, the
electrical polarization is a macroscopic quantum effect [25] even in the ceramic bulk.
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2. Materials and Methods

Ceramic disks have been reported on in our previous work [10]. After more than
a decade of research, precise optimization of manufacturing parameters has enabled us
to control the changes in the properties of multiferroic bismuth ferrite ceramics to an
undetectable level. They are polished to the same thickness of 0.5 mm. Ag circular
electrodes with diameters of 6. 0 mm are sputtered on one surface of the disks as top
electrodes. The same material as that of the top electrode is sputtered to almost cover
the other face as the bottom electrode. The home-made, modified and panoramic anvil
(Figure 2a) was designed in accordance with the design chart (Figure 2b) and the material
was mainly aluminum alloy. Pressure was applied by bolt torque, and the value is measured
by hydraulic gauge. The disk is put between two parallel plate fixtures, which are connected
to the room-temperature fixture in the impedance by copper wire leadings. Electrical
spectrums use the Hewlett-Packard impedance/gain-phase analyzer (model 4294A, Agilent
Co., Santa Clara, CA, USA) at room temperature. The a.c. voltage of sine waveform is
applied with the amplitude ~ 0.5 V, in a frequency range from 102 Hz to 107 Hz.
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When the disk is compressed in the sample cavity, two copper wire leadings from the
parallel plate fixtures are connected to two probe heads of the room-temperature fixture
in the impedance, respectively. The connection reliability is confirmed by measurement
repeatability. The anvil is used to apply the compress up to 5.56 Mpa. The delicate pressure
instruments and careful measurements make us apply and control strain in a precise manner
to ensure uniform strain application and measure its effects accurately. Repeatability and
consistency of measurement results are guaranteed by the high precision of the instruments,
such as the frequency resolution of the analyzer with 1 MHz and the pressure resolution of
the gauge with 0.02 MPa.

3. Results and Discussion

Figure 3a shows that the permittivity, ε′, is increased by the large pressure in all of the
investigated frequencies, f. The strain compresses subsurface and bulk unit cells and, thus,
increases the electrical polarization density of both subsurface-nanolayer quasipolarons and
bulk dipole chains in the averaged volume. At the microscale, the strain is inhomogeneous
due to the random grain orientations in the ceramics. The basin-shaped strain in the
anisotropic subsurface lattices of certain grains forms local potential wells [26], trapping
more quasipolarons to enhance the surface density of electrical polarization. Meanwhile,
the downward-curved material–electrode interface drives the bending band of the electrode
to penetrate across the surface and subsurface lattices, and deeper into the bulk lattice,
accompanied with the punctiform potential well, to drag more branches of the dipole
chains in order to be parallel to the applied a. c. electrical field. Notably, the density of
the dipole chains at lower frequencies is larger than that of the quasipolarons at higher
frequencies, leading to a greater increment in permittivity for bulk dipole chains below
106 Hz than that of subsurface-nanolayer quasipolarons above 106 Hz. In the vicinity of
the coupling zone around ~106 Hz (dashed line in Figure 3b) [10], a dissipation peak of
loss tangent (tgδ) occurs at a frequency of approximately ~5.95 × 104 Hz, which shows
that a group of correlated dipole chains is at an energy level of about ~0.24 neV at room
temperature to absorb and dissipate the energy of the applied electrical field. Then, they
locate in a potential well far deeper than 25.4 meV, which is also the thermal energy at
room temperature. With the increased strain, the peak height decreases, revealing that the
dissipation becomes weaker. The unchanged peak position suggests that the compressive
strain does not influence the Curie temperature (Tc) of the ceramics, although it changes
the Tc in the Pb(Zr1−xTix)O3 (0.2 ≤ x ≤ 0.35) thin films [27], BaTiO3 nano-cubes [28] and
SrTiO3 films [29]. Then, the decreased volume not only enhances the correlation strength
of dipole–dipole within a dipole chain, but also intensifies those correlations among the
dipole chains. The dipole chains are more united in concert with the increased strains, and
behave like one body to make almost the same response to the electrical field. However, the
value of the frequency dissipation peak is not linearly dependent on the strain and, thus,
these correlations are not the linear function of spacing among the dipoles. The correlations
may, to some extent, show the characteristic of Coulomb interaction, which is proportional
to the square of the distance between two charges.

A clear observation of the binary dielectric species is manifested in the complex per-
mittivity plot of ε′ and ε′′, where ε′′ is the imaginary part of complex permittivity, as shown
in Figure 4a. The dot line of transient frequency, f T, separates the zone of the subsurface-
nanolayer quasi-polaron from that of the bulk dipole chains. Without the pressure, f T is
about 106.27 Hz, which reveals that the coupling energy between these two dielectric species
is ~7.6 neV. With increased pressure, P, the f T gradually moves into the larger value zone
of ε′, which is consistent with the above analysis that the decreased volume simultane-
ously increases both the coupling strength and the electric polarization density. Figure 4b
shows the pressure dependence of log(f T). With the increased pressure, it decreases from
~6.27 to ~6.23, then keeps constant in the pressure range from ~1 Mpa to ~3 Mpa, and
finally shows the same step descent in the range from ~3.5 Mpa to ~5.5 Mpa. Such a
decrease shows that the coupling energy is on separate energy levels, with 5.0 neV, 5.6 neV,
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6.4 neV, 7.0 neV, and 7.6 neV. The discontinuous energy signs the quantum fingerprint.
The states of subsurface-nanolayer quasipolarons and bulk dipole chains may be, to a
large extent, quantum, for “birds of a feather flock together”. The decrease also shows
that the shortened lattice increases the screening effect of the dipole chains, weakening the
attraction aspect of the binary dielectric coupling. To our best knowledge, this decrease
has not been reported before, which reveals that the electric polarization is a macroscopic
quantum effect. Even in the superconducting phenomenon, which is also regarded as
the macroscopic quantum effect, transport measurement under the similar condition does
not show such a quantum characteristic [30]. When the in-plane electrical impedance is
tentatively applied to the parent compound of pnictide superconductors, we do not find
any quantum sign of interaction, which is believed to be the origin of high-temperature
superconductivity [31].
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The increased dipole density enhances the switching potential [32], strengthening
the screening field and expanding the field range, thereby obstructing the path of the
charge carriers. As shown in Figure 5a, the resistance, R, is increased below f T~103.84 Hz,
and the relative change, ∆R = R(P) − R(0), is larger than 10%. f T reveals that, in the
switching dynamic process, the charge carrier in the polarization current of the bulk dipole
chains is different from the quasi-polaron in the leakage current of the subsurface-nanolayer
quasipolarons. The bulk dipole chains contribute to the ferroelectricity, while the subsurface-
nanolayer quasipolarons does to the reverse ferroelectricity [10]. And f T shows that the
coupling between two types of charge carriers at excited states is far smaller than that of
those at ground states. However, its pressure-independence shows that the strain cannot
break down the coupling, which is due to their dynamic electrical resistance. However, the
∆R shows negative values above f T. This suggests that the pseudo-excited-state waves of
top and bottom subsurface-nanolayer quasipolarons overlap each other more and more
with the increased pressure, providing a wider leakage pathway for charge carriers, or
the pressure increases the density of the quasipolarons, but decreases the ranges of their
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screening field. Thus, the transporting pathway of charge carriers becomes “wider” and
“clearer”. The different effects of the same pressure on these two screening fields may
be due to the positive charge ion and the negative charge electron in the dipole chains,
with only a negative charge electron in these quasipolarons, and their different lattice
polarizations. The pathway seems solenoid-shaped. When the compress increases the
number of solenoid tubes per radial length unit, the relative change of reactance, X, i.e.,
∆X = X(P)− X(0), shows the larger positive value at all investigated temperatures, as
shown in Figure 5b. Both ∆R and ∆X reveal the macroscopic aspect of electric polarization
in the switching dynamic. They are not linearly dependent on the increased pressure,
which also confirms that the related systems are coupled.
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dissipate energy during the switching dynamic process of electric polarization in a way
different from their behavior in the charge transporting process. In classical physics
dielectrics, the single body is believed to put every effort into behaving as the charge carrier
for the electric polarization switching. Therefore, there is a well-known transformation
relation between the complex permittivity and the electrical impedance [33]. Based on this
relation, the theoretical value of complex permittivity is transformed from the experimental
value of the electrical impedance, which is relabeled as in the following:

ε′theoretical = −
[
ωC0

(
R2

experimental + X2
experimental

)]−1
Xexperimental, (2)

ε′′theoretical =
[
ωC0

(
R2

experimental + X2
experimental

)]−1
Rexperimental, (3)
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In different pressure ranges of the quasipolarons in the subsurface nanolayer and the
dipole chains in the bulk at certain frequencies, we introduce the relative change of complex
permittivity to examine the transformation, as in the following:

∆ε′ =
(

ε′experimental − ε′theoretical

)
/ε′theoretical × 100%, (4)

∆ε′′ =
(

ε′′experimental − ε′′theoretical

)
/ε′′theoretical × 100%, (5)

where ω = 2π f is the angular frequency, and C0 is the vacuum capacitance. The subscript
“experimental” denotes the measured value of corresponding physical quantities. For
the quasipolarons in the subsurface nanolayer, the value of ∆ε′′ is, under the pressure of
~5 Mpa, as large as 400% at the frequency (Figure 6a), and the inherent coupling among
these polarons fails the transformation relation. More polarons locate for the electrical
polarization, but other, fewer polarons transport the charges. At the dissipation peak
finish frequency of dipole chains in the bulk (Figure 6b), the different pressure incites the
nature of dipoles at different pseudo-excited states and many-body couplings, leading to
an unusual occurrence of energy dissipation. Therefore, the transformation also fails. At
the frequencies of the dissipation peak and its onset (Figure 6c,d), the dipole chains are
united in concert for the one-body response, and the transformation works. For the ∆ε′, it
works for these two dielectric species, revealing a coupling strong enough for one-body
electric polarization. Thus, the complex permittivity characterizes the localized states for
electric polarization, while the electric impedance provides running states for transporting
charges. ∆ε′ and ∆ε′′ are used to differentiate between these behaviors. Although Anderson
proposed an initial model based on quantum mechanics [15], the lack of experimental data
on the quasipolarons in BiFeO3 prevents us from making a detailed model to elucidate
the quasipolarons and their interactions with dipole chains. We hope to collaborate with
theoretical physicists to model quasi-polarons, based on sufficient experimental results.
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4. Conclusions

In summary, we discover the strain-induced change of dielectric and impedance
spectrums in multiferroic bismuth ferrite ceramics. The quasipolarons in the subsurface
nanolayer show that the transient frequency is step-like dependent on the pressure, and
reveals that the coupling energy is quantum. The many-body characteristic of quasipo-
larons presents a difference in means of energy dissipation between the localized states
for electric polarization and the running states for transporting charges. The quantum
nature of coupled quasipolarons and dipole chains deepens our understanding of electrical
phenomena in the multiferroic insulator. The subsurface quasi-polaron nanolayer with
coupled electric polarization and anti-ferromagnetism may show potential for sensors,
microwave devices, energy harvesting, photo-voltaic technologies, solid-state refrigeration,
data storage recording technologies, and random access multi-state memories [34].

Author Contributions: Conceptualization, K.C.; methodology, Y.Z. and Y.H.; validation, R.L., S.F. and
H.Y.; formal analysis, Y.Z.; investigation, J.C. and X.S.; resources, L.L.; data curation, Y.Z.; writing—original
draft, Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NJUST (No. TSXK2022D001) and the Science and Technology
Plan of Guangxi (ZY22096019).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: We thank the experimental support from Tao Yuan.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shvartsman, V.V.; Kleemann, W.; Haumont, R.; Kreisel, J. Large bulk polarization and regular domain structure in ceramic BiFeO3.

Appl. Phys. Lett. 2007, 90, 172115. [CrossRef]
2. Wang, C.; Yang, L.; Li, Z.; Zeng, M.; Zhang, A.; Qin, M.; Lu, X.; Gao, X.; Gao, J.; Lam, K.H. Giant room temperature multiferroicity

and domain structures in hot-press sintered Bi0.85Sm0.15Fe0.97Sc0.03O3 ceramics. Ceram. Int. 2017, 43, 12764–12769. [CrossRef]
3. Zhang, L.; Ke, H.; Zhang, H.; Luo, H.; Li, F.; Cao, L.; Wang, W.; Jia, D.; Zhou, Y. Ferroelectric domain structures in strained BiFeO3

ceramics synthesized by spark plasma sintering. Mater. Charact. 2020, 159, 110044. [CrossRef]
4. Rojac, T.; Kosec, M.; Budic, B.; Setter, N.; Damjanovic, D. Strong ferroelectric domain-wall pinning in BiFeO3 ceramics. J. Appl.

Phys. 2010, 108, 074107. [CrossRef]
5. Buhot, J.; Toulouse, C.; Gallais, Y.; Sacuto, A.; de Sousa, R.; Wang, D.; Bellaiche, L.; Bibes, M.; Barthélémy, A.; Forget, A.; et al.

Driving Spin Excitations by Hydrostatic Pressure in BiFeO3. Phys. Rev. Lett. 2015, 115, 267204. [CrossRef]
6. Hemme, P.; Philippe, J.-C.; Medeiros, A.; Alekhin, A.; Houver, S.; Gallais, Y.; Sacuto, A.; Forget, A.; Colson, D.; Mantri, S.; et al.

Tuning the Multiferroic Properties of BiFeO3 under Uniaxial Strain. Phys. Rev. Lett. 2023, 131, 116801. [CrossRef]
7. Tian, G.; Chen, D.; Fan, H.; Li, P.; Fan, Z.; Qin, M.; Zeng, M.; Dai, J.; Gao, X.; Liu, J.-M. Observation of exotic domain structures in

ferroelectric nanodot arrays fabricated via a universal nanopatterning approach. ACS Appl. Mater. Interfaces 2017, 9, 37219–37226.
[CrossRef]

8. Chen, D.; Gao, X.; Liu, J.-M. Domain structures and magnetoelectric effects in multiferroic nanostructures. MRS Commun. 2016, 6,
330–340. [CrossRef]

9. Yang, M.-M.; Iqbal, A.N.; Peters, J.J.P.; Sanchez, A.M.; Alexe, M. Strain-gradient mediated local conduction in strained bismuth
ferrite films. Nat. Commun. 2019, 10, 2791. [CrossRef]

10. Zhang, J.; Cui, Y.; Liu, N.; Qi, Q.; Huang, R.; Chen, K.; Liu, L.; Han, Z.; Yuan, G. Quasipolaron Surface Polarization in Bismuth
Ferrite. Phys. Rev. Appl. 2022, 18, L051002. [CrossRef]

11. Finco, A.; Haykal, A.; Fusil, S.; Kumar, P.; Dufour, P.; Forget, A.; Colson, D.; Chauleau, J.-Y.; Viret, M.; Jaouen, N.; et al. Imaging
Topological Defects in a Noncollinear Antiferromagnet. Phys. Rev. Lett. 2022, 128, 187201. [CrossRef] [PubMed]

12. Sando, D.; Chen, S.; Paull, O.; Xu, B.; van Rijn, J.J.L.; Xu, C.; Xu, S.; Appert, F.; Juraszek, J.; Bellaiche, L.; et al. Strain-dependent
spin Hall magnetoresistance in the multiferroic antiferromagnet BiFeO3. Phys. Rev. Mater. 2024, 8, L071401. [CrossRef]

13. Jiang, X.; Huang, W.; Zhang, S. Flexoelectric nano-generator: Materials, structures and devices. Nano Energy 2013, 2, 1079–1092.
[CrossRef]

14. Yu, Y.; Wang, C.; Dai, B.; Chen, J.; Chen, K. Quasipolaron surface states in antiferromagnetic dielectrics. J. Appl. Phys. 2024,
135, 054103. [CrossRef]

15. Anderson, P.W. New Approach to the Theory of Superexchange Interactions. Phys. Rev. 1959, 115, 2. [CrossRef]

https://doi.org/10.1063/1.2731312
https://doi.org/10.1016/j.ceramint.2017.06.163
https://doi.org/10.1016/j.matchar.2019.110044
https://doi.org/10.1063/1.3490249
https://doi.org/10.1103/PhysRevLett.115.267204
https://doi.org/10.1103/PhysRevLett.131.116801
https://doi.org/10.1021/acsami.7b12605
https://doi.org/10.1557/mrc.2016.39
https://doi.org/10.1038/s41467-019-10664-5
https://doi.org/10.1103/PhysRevApplied.18.L051002
https://doi.org/10.1103/PhysRevLett.128.187201
https://www.ncbi.nlm.nih.gov/pubmed/35594103
https://doi.org/10.1103/PhysRevMaterials.8.L071401
https://doi.org/10.1016/j.nanoen.2013.09.001
https://doi.org/10.1063/5.0188073
https://doi.org/10.1103/PhysRev.115.2


Nanomaterials 2024, 14, 1540 11 of 11

16. Wu, L.; Klie, R.F.; Zhu, Y.; Jooss, C. Experimental confirmation of Zener-polaron-type charge and orbital ordering in
Pr1−xCaxMnO3. Phys. Rev. B 2007, 76, 174210. [CrossRef]

17. Bae, I.-T.; Kovács, A.; Zhao, H.J.; Íñiguez, J.; Yasui, S.; Ichinose, T.; Naganuma, H. Elucidation of crystal and electronic structures
within highly strained BiFeO3 by transmission electron microscopy and first-principles simulation. Sci. Rep. 2017, 7, srep46498.
[CrossRef]

18. Wang, H.; Liu, Z.R.; Yoong, H.Y.; Paudel, T.R.; Xiao, J.X.; Guo, R.; Lin, W.N.; Yang, P.; Wang, J.; Chow, G.M.; et al. Direct
observation of room-temperature out-of-plane ferroelectricity and tunneling electroresistance at the two-dimensional limit. Nat.
Commun. 2018, 9, 3319. [CrossRef]

19. Yim, C.M.; Watkins, M.B.; Wolf, M.J.; Pang, C.L.; Hermansson, K.; Thornton, G. Engineering Polarons at a Metal Oxide Surface.
Phys. Rev. Lett. 2016, 117, 116402. [CrossRef]

20. Vasudevan, R.K.; Cao, Y.; Laanait, N.; Ievlev, A.; Li, L.; Yang, J.-C.; Chu, Y.-H.; Chen, L.-Q.; Kalinin, S.V.; Maksymovych, P. Field
enhancement of electronic conductance at ferroelectric domain walls. Nat. Commun. 2017, 8, 1318. [CrossRef]

21. Franchini, C.; Reticcioli, M.; Setvin, M.; Diebold, U. Polarons in materials. Nat. Rev. Mater. 2021, 6, 560–586. [CrossRef]
22. Ullrich, C.A.; Yang, Z.-H. Excitons in Time-Dependent Density-Functional Theory. In Density-Functional Methods for Excited

States. Topics in Current Chemistry; Ferré, N., Filatov, M., Huix-Rotllant, M., Eds.; Springer: Cham, Switzerland, 2014; Volume 368.
[CrossRef]

23. Sato, T.; Nakai, H. Density functional method including weak interactions: Dispersion coefficients based on the local response
approximation. J. Chem. Phys. 2009, 131, 224104. [CrossRef] [PubMed]

24. Babaze, A.; Ogando, E.; Stamatopoulou, P.E.; Tserkezis, C.; Mortensen, N.A.; Aizpurua, J.; Borisov, A.G.; Esteban, R. Quantum
surface effects in the electromagnetic coupling between a quantum emitter and a plasmonic nanoantenna: Time-dependent
density functional theory vs. semiclassical Feibelman approach. Opt. Express 2022, 30, 21159–21183. [CrossRef] [PubMed]

25. Resta, R. Macroscopic polarization in crystalline dielectrics: The geometric phase approach. Rev. Mod. Phys. 1994, 66, 899–915.
[CrossRef]

26. Davies, J.H. Quantum dots induced by strain from buried and surface stressors. Appl. Phys. Lett. 1999, 75, 4142–4144. [CrossRef]
27. Johnson-Wilke, R.L.; Tinberg, D.S.; Yeager, C.; Qu, W.; Fong, D.D.; Fister, T.T.; Streiffer, S.K.; Han, Y.; Reaney, I.M.; Trolier-

McKinstry, S. Coherently strained epitaxial Pb(Zr1−xTix)O3 thin films. J. Appl. Phys. 2013, 114, 164104. [CrossRef]
28. Yasui, K.; Mimura, K.I.; Izu, N.; Kato, K. High dielectric constant associated with the strain-induced phase transition of an ordered

assembly of BaTiO3 nanocubes under three-dimensional clamping. Jpn. J. Appl. Phys. 2017, 56, 021501. [CrossRef]
29. Wördenweber, R.; Hollmann, E.; Kutzner, R.; Schubert, J. Induced ferroelectricity in strained epitaxial SrTiO3 films on various

substrates. J. Appl. Phys. 2007, 102, 044119. [CrossRef]
30. Torikachvili, M.S.; Bud’kO, S.L.; Ni, N.; Canfield, P.C. Effect of pressure on the structural phase transition and superconductivity

in (Ba1−xKx)Fe2As2 (x = 0 and 0.45) and SrFe2As2 single crystals. Phys. Rev. B 2008, 78, 104527. [CrossRef]
31. Wu, F.; Li, Y.; Gong, D.; Zhang, W.; Xie, T.; Yuan, J.; Yang, Q.; Chen, K.; Luo, H.; Liu, J.; et al. In-plane electrical impedance as

a probe for the electron nematicity of BaFe2As2. AIP Adv. 2019, 9, 035140. [CrossRef]
32. Shi, Q.; Parsonnet, E.; Cheng, X.; Fedorova, N.; Peng, R.-C.; Fernandez, A.; Qualls, A.; Huang, X.; Chang, X.; Zhang, H.; et al.

The role of lattice dynamics in ferroelectric switching. Nat. Commun. 2022, 13, 1110. [CrossRef] [PubMed]
33. Li, Y.; Du, X.; Gong, D.; Yang, Q.; Zhang, W.; Xie, T.; Feng, B.; Chen, K.; Luo, H.; Liu, J.; et al. The c-axis complex permittivity

and electrical impedance in BaFe2As2: Experimental examination on transformation validity*. Chin. Phys. B 2019, 28, 057702.
[CrossRef]

34. Vopson, M.M. Fundamentals of Multiferroic Materials and Their Possible Applications. Crit. Rev. Solid State Mater. Sci. 2015, 40,
223–250. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1103/PhysRevB.76.174210
https://doi.org/10.1038/srep46498
https://doi.org/10.1038/s41467-018-05662-y
https://doi.org/10.1103/PhysRevLett.117.116402
https://doi.org/10.1038/s41467-017-01334-5
https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1007/128_2014_610
https://doi.org/10.1063/1.3269802
https://www.ncbi.nlm.nih.gov/pubmed/20001021
https://doi.org/10.1364/OE.456338
https://www.ncbi.nlm.nih.gov/pubmed/36224842
https://doi.org/10.1103/RevModPhys.66.899
https://doi.org/10.1063/1.125563
https://doi.org/10.1063/1.4825215
https://doi.org/10.7567/JJAP.56.021501
https://doi.org/10.1063/1.2773680
https://doi.org/10.1103/PhysRevB.78.104527
https://doi.org/10.1063/1.5082656
https://doi.org/10.1038/s41467-022-28622-z
https://www.ncbi.nlm.nih.gov/pubmed/35236832
https://doi.org/10.1088/1674-1056/28/5/057702
https://doi.org/10.1080/10408436.2014.992584

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

