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4  Chapter 1 

1. Introduction 

 The key physical concepts discussed throughout this thesis, surrounding ferroelectrics 
and multiferroics, are discussed in Chapter 1. 

 The main experimental techniques used to obtain the results presented in this thesis, 
namely the Fourier transform infrared, THz time-domain and Raman spectroscopies, as well 
as static polarization measurements, are discussed in Chapter 2. 

 In Chapter 3, we report on the quadruple-perovskite BiMn3Cr4O12, where the 
ferroelectric phase transition induces an antiferromagnetic phase. The ferroelectric transition 
is determined to be displacive with a crossover to an order-disorder mechanism, due to the 
presence of a polar soft phonon in the terahertz (THz) range and a central mode. Dielectric and 
pyroelectric studies demonstrate that the ferroelectric critical temperature corresponds to the 
previously reported Néel temperature of the Cr3+ spins. Moreover, an increase in ferroelectric 
polarization is observed at lower temperatures, coinciding with the Néel temperature of the 
Mn3+ spins. This increase is attributed to an enhanced static magnetoelectric coupling, as no 
further changes in the crystal symmetry are detected from infrared and Raman spectra.  

 In Chapter 4, we present the results of the study of the microwave, THz, infrared, and 
Raman spectroscopic properties of multiferroic BiMn7O12 ceramics, shedding light on the 
nature of two structural phase transitions and their relation to ferroelectricity in this compound. 
The softening of a polar phonon in the THz range is observed on cooling towards 460 K and 
300 K, which correspond to subsequent structural phase transitions. This soft phonon induces 
dielectric anomalies, characteristic of displacive ferroelectric phase transitions. Dielectric 
anomalies at the magnetic phase transitions provide evidence for the static magnetoelectric 
coupling below 60 K, although the relatively high conductivity in the kHz and Hz spectral 
range hinders direct measurement of permittivity and ferroelectric polarization above 100 K. 
Furthermore, selected Raman modes show sensitivity to magnetic phase transitions, indicating 
the relevance of spin-phonon coupling in this compound.  

 Finally, in Chapter 5 we report on the effect of low-level substitution of Mn3+ by Fe3+ 
in the notable multiferroic TbMnO3, where we conduct a comprehensive study on 
TbMn1−xFexO3 (x = 0, 0.02, and 0.04) compounds. The cationic substitution significantly 
influences the balance between competitive magnetic interactions, thus affecting the 
stabilization of magnetic structures and the ferroelectric phase at low temperatures. These 
compounds exhibit low-lying electromagnon excitations activated by the dynamic 
magnetoelectric coupling in the cycloidal modulated antiferromagnetic and ferroelectric phase 
in TbMnO3, whereas it is observed up to the Néel temperature (TN) in the Fe-substituted 
compounds, indicating different mechanisms for static and dynamic magnetoelectric coupling. 
Both electromagnon and crystal-field excitations are found to be coupled to polar phonons with 
frequencies up to 250 cm−1. The temperature below which the spin-phonon coupling occurs 
increases with Fe3+ concentration, reaching 100 K in TbMn0.96Fe0.04O3. Furthermore, we 
investigate the correlation between static magnetoelectric coupling and magnetic structure in 
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TbMn0.98Fe0.02O3 under magnetic fields up to 8 T and down to 2 K. A comparison of the polar, 
magnetic structural, and magnetoelectric properties of pure TbMnO3 and TbMn0.98Fe0.02O3 is 
presented, highlighting the significant impact of a small 2% substitution of Mn3+ by Fe3+ on 
the magnetic structure. The substitution promotes the destabilization of the incommensurably 
modulated magnetic cycloidal structure of TbMnO3 in a magnetic field above 5 T. These results 
highlight the tunability of magnetoelectric properties through suitable substitutional elements 
and local lattice distortions. 

 This thesis is written in a way that each chapter corresponds to a collection of main 
results described in a research paper written and published by the author. For clarity, Table 1 
contains the paper title, corresponding chapter in the thesis, journal reference and arXiv ID. 
Moreover, each paper is an attachment to the thesis, also indicated in the table. 

Table 1. Mapping of the papers that are part of the thesis, to the relevant chapter, journal where it has been published, and also 
the arXiv ID. 

Title of the Paper Thesis 
Chapter 

Thesis 
Attachment 

Journal 
Ref. arXiv ID 

Can the ferroelectric soft mode trigger 
an antiferromagnetic phase transition? 3 A.1 Ref.A1 arXiv:2211.00386 

Two displacive ferroelectric phase 
transitions in multiferroic quadruple 
perovskite BiMn7O12. 

4 A.2 Ref.A2 arXiv:2401.02808 

Modifying the magnetoelectric 
coupling in TbMnO3 by low-level Fe3+ 
substitution. 

5.1 A.3 Ref.A3 arXiv:2303.07029 

Strong impact of low-level substitution 
of Mn by Fe on the magnetoelectric 
coupling in TbMnO3. 

5.2 A.4 Ref.A4 arXiv:2401.02802 
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1.1. Ferroelectrics and their classification 
 Ferroelectrics are insulating materials characterized by the presence of multiple stable 
or metastable states of nonzero electric polarization, known as spontaneous polarization, even 
without an external electric field5–8. This polarization forms domains that can switch orientation 
when an electric field is applied. Ferroelectrics belong to ten polar point groups, a subset of the 
twenty non-centrosymmetric piezoelectric point groups 5. 

 Ferroelectricity was first discovered by Valašek in 19209,10. Early studies on 
ferroelectrics primarily focused on hydrogen-bonded materials like Rochelle salt and KH2PO4. 
The discovery of ferroelectric properties in BaTiO3 during the 1940s greatly advanced the 
understanding of ferroelectric materials. Like ferromagnets, ferroelectrics lose their 
spontaneous polarization above a critical temperature, Tc, transitioning from a ferroelectric to 
a paraelectric phase. 

 Ferroelectrics exhibit a hysteretic polarization behaviour in response to an electric field, 
which is illustrated in Figure 111,12. As the electric field increases, polarization reaches 
saturation, PS. When the field is removed, a significant portion of the polarization remains, 
resulting in remanent polarization, PR, at zero field. A point where the hysteresis loop intersects 
with the voltage axis corresponds to a coercive voltage. This behaviour occurs under both 
positive and negative biases, with the area enclosed by the hysteresis loop representing the 
energy required to switch the polarization 11. 

 
Figure 1. Schematic representation of a ferroelectric hysteresis loop. The two axes represent the applied voltage V and the 
resulting polarization value, P. PS and PR correspond to the saturation and remnant polarization, respectively, whereas V+ and 
V- to the forward and reverse coercive voltage, respectively11. 

 In this work, only ferroelectrics with a perovskite structure will be considered. 
Perovskites have an ABO3 chemical formula, where the A cation resides at the corners of the 
unit cell, the B cation occupies the centre, and oxygen atoms are located at the midpoint of 
each face. This arrangement forms a network of oxygen octahedra, each with a B cation at its 
centre (Figure 2). These materials exhibit ferroelectric phase transitions often only of one (or a 
mix of) the following two categories: displacive and order-disorder. 

 A cubic perovskite structure, in the paraelectric phase, has a centrosymmetric structure 
and exhibits zero net polarization. Below the critical temperature, Tc, the vertical displacement 
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of the central B cation breaks the symmetry of the cubic structure, inducing polarization by 
altering the charge distribution within the unit cell, as shown in Figure 213. The double-well 
potential depicted at the bottom of Figure 2 represents the two stable states of spontaneous 
polarization, which in the paraelectric state reduces to a single-well. The displacive 
ferroelectric phase transition is driven by a soft mode, associated with the instability of low-
frequency phonons whose frequencies approach very low values (𝜔 → 0) near the phase 
transition 14. The frequency of the soft mode follows the Cochran law, which will be discussed 
in the next section. 

 
Figure 2. The two main types of ferroelectrics: displacive and order-disorder, shown for the perovskite structure. The respective 
soft and central mode contributions to the permittivity are shown, together with the double-well potential. Taken from Ref.15. 

 In order-disorder ferroelectrics, the B site cation moves between two or more equivalent 
positions, maintaining the double-well potential in both the ferroelectric and paraelectric 
phases. In this case, the phase transition is not driven by a soft phonon but rather by a relaxation 
mode with a frequency lower than the lowest polar vibrational mode. 

 The ferroelectric phase transitions where the order parameter is polarization, and the 
phase transition is induced by a soft phonon or relaxation mode originating from the Brillouin-
zone centre, occur in the so-called proper ferroelectrics. However, there are also pseudo-proper 
and improper ferroelectrics, where the order parameter may be strain, the antiferromagnetic 
order parameter, charge, or orbital ordering, the eigenvector of a soft phonon with a wavevector 
in or off the Brillouin Zone centre16. 

 

1.1.2. Ferroelectric soft modes 
 In proper ferroelectrics, the low-frequency permittivity above the second order phase 
transition temperature, Tc, follows the Curie-Weiss law17: 
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𝜀 =
𝐶

𝑇 − 𝑇  (1.1) 

where C is the Curie-Weiss constant. The complex permittivity, 𝜀∗ = 𝜀 + 𝑖𝜀 , is determined 
the sum of the contributions from the high-frequency electronic polarization, 𝜀 , polar 
phonons, 𝜀 , and eventually also dielectric relaxations, 𝜀 , i.e., 𝜀∗(𝜔) = 𝜀 + 𝜀 + 𝜀 . 
Under certain conditions, the latter can be expressed as a sum of damped harmonic oscillators 
and Debye relaxations17: 

𝜀∗(𝜔) = 𝜀 +
Δ𝜀 𝜔

𝜔 − 𝜔 − 𝑖𝜔𝛾
+

Δ𝜀 𝜔
𝜔 + 𝑖𝜔 (1.2) 

where 𝜔 , 𝛾  and Δ𝜀  denote the transverse frequency, damping and dielectric contribution 
to the static permittivity of the j-th polar phonon, respectively, and Δ𝜀  and 𝜔  mark the 
dielectric strength and relaxation frequency of the j-th relaxation, respectively.  

 For a purely displacive phase transition, the relaxation contribution, 𝜀 , is zero in the 
paraelectric phase, and the increase in permittivity near Tc (see Eq. 1.1) is caused by the 
softening, i.e., frequency decrease, of one of the polar phonons. If the phonons are not 
significantly coupled, the oscillator strength, 𝑓 = Δ𝜀 𝜔 , of all polar modes are 
approximately temperature independent, meaning that, e.g., if the soft mode frequency, 𝜔 , 
is reduced to half, then Δ𝜀  increases four-fold. The temperature dependence of 𝜔  can be 
obtained from the Curie-Weiss law (Eq.1.1) and the Lyddane-Sachs-Teller relation18, which 
relates the static permittivity, 𝜀 , and high frequency permittivity, 𝜀 , with the longitudinal, 
𝜔 , and transverse, 𝜔 , phonon frequencies. For materials with two atoms per unit cell, it 
has the form18: 

𝜀
𝜀 =

𝜔
𝜔

 (1.3) 

where 𝜀  and 𝜔  are typically weakly dependent on temperature. Since 𝜀  diverges at Tc (see 
Eq. 1.1), the transverse phonon frequency 𝜔  should decrease to zero at Tc. By assuming 𝜀  
and 𝜔  temperature independent and taking 𝜔 = 𝜔 , the Cochran law for the temperature 
dependence of the soft mode frequency is obtained14: 

𝜔 = 𝐴(𝑇 − 𝑇 ) (1.4) 

where A is the Cochran constant. For materials with multiple atoms per unit cell, the 
generalized Lydanne-Sachs-Teller relation takes the form17: 

𝜀
𝜀 =

𝜔
𝜔

 (1.5) 

The Cochran law in Eq. 1.4 is still obtained in the case that the phonons can be considered to 
not be coupled and that only one transverse phonon frequency is temperature dependent. 
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 On the other hand, if the high temperature paraelectric structure exhibits disorder (i.e., 
if some cations can hop between two or more equivalent positions with probability less than 
one), the atoms usually order below Tc only in some of the equivalent positions. If such ordering 
leads to the appearance of a spontaneous polarization, the material is said to undergo an order-
disorder phase transition instead of a displacive one. In this case, the phonons may exhibit only 
small temperature anomalies, and the dynamical origin of the phase transition is the critical 
slowing-down of a relaxation, originating from the hopping motion of the disordered atoms 
among the equivalent positions in paraelectric phase, with frequency 𝜔  near Tc (last term in 
Eq. 1.2). Here, the role of the soft mode in displacive ferroelectrics corresponds to the soft 
dielectric relaxation, with frequency 𝜔 = 𝜔  displaying a linear temperature dependence 
above Tc 19: 

𝜔 = 𝐴′(𝑇 − 𝑇 ) (1.6) 

Below Tc, the soft relaxation typically disappears from the measurable spectra, but another 
relaxation may appear due to the dynamics of ferroelectric domain walls. It should be 
mentioned that in some materials Eq. 1.6 needs to be modified with a saturation frequency, 
𝜔 , as 𝜔  does not increase indefinitely on heating, leading to20: 

𝜔 = [𝐴 (𝑇 − 𝑇 )] + 𝜔  (1.7) 

The relaxation strength 𝑓 = Δ𝜀 𝜔  of the soft relaxation in the paraelectric phase can be 
considered temperature independent, and due to the slowing down of 𝜔 , one can obtain the 
Curie-Weiss type increase in static permittivity. Examples of materials exhibiting order-
disorder phase transitions are the KDP-type ferroelectrics, triglycine sulphate or sodium 
nitrite17,19. 

 Interestingly, despite the soft mode driving the displacive phase transition, there are 
only a few purely displacive ferroelectrics known (e.g. PbTiO321), i.e., where the low-frequency 
dielectric anomaly is caused solely by the softening of the optical soft mode. Additionally, for 
incipient ferroelectrics like SrTiO322–24, and KTaO323,25, where the soft mode does not soften 
completely due to the quantum fluctuations at low temperatures, the optical soft mode is 
entirely responsible for the temperature dependence of the low-frequency permittivity. Indeed, 
ferroelectric phase transitions with a pure soft optical mode or a pure soft relaxation mode are 
quite rare. An interesting overview can be found in Ref.19,26 and references therein, describing 
in detail different ferroelectrics. Most materials exhibit a crossover between displacive and 
order-disorder phase transitions. In such cases, phonons display anomalies near Tc, but their 
contributions to the permittivity are insufficient to account for the dielectric anomaly observed 
at that temperature. An additional soft relaxation mode, often referred to as the central mode, 
typically emerges near Tc. It is the combination of both the soft and central modes that fully 
accounts for the dielectric anomaly in the vicinity of Tc. 
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1.2. Multiferroics and their classification 
 Multiferroics are materials where spontaneous long-range magnetic and dipolar orders 
coexist, making them a highly intriguing class of compounds for both fundamental research 
and technological applications. Schmid first defined multiferroicity in 1994 as materials that 
exhibit more than one primary ferroic order parameter in a single phase27. However, studies of 
strong coupling between magnetic and electric degrees of freedom date back to Pierre Curie 
and were noted by Landau and Lifshitz in 196028,29.  

 Nowadays, the term multiferroics is frequently employed to describe magnetoelectric 
multiferroics, simultaneously (anti)ferromagnetic and ferroelectric (e.g., a ferroelectric and 
ferroelastic material is also multiferroic but not magnetoelectric). From this point forward, 
magnetoelectric multiferroics will be simply referred to as multiferroics.  

 Multiferroics have gained significant attention over the past two decades 30–33 due to 
their potential applications, including magnetic memory devices that can be electrically 
addressed without currents, new types of 4-state logic devices, and magnetoelectric sensors28,33. 
Research in this field explores the interplay between magnetic moments and electric dipoles, 
challenging the traditional view that these properties are mutually exclusive34. 

 In 2009, Khomskii proposed a classification scheme for multiferroics into two 
categories28. Type-I multiferroics exhibit ferroelectric and magnetic phases with distinct 
stability regions, implying different origins for each order. Typically, ferroelectricity develops 
at higher temperatures than magnetism, and their spontaneous polarization value can be quite 
considerable, usually in the 10 − 100 μC/cm2 range. Representative examples of this class of 
materials are BiFeO3 (TFE ∼ 1100 K, TN = 643 K) and YMnO3 (TFE ∼ 914 K, TN = 76 K)28. 
Type-II multiferroics demonstrate overlapping stability regions for ferroelectric and magnetic 
phases, resulting in a strong coupling where one order induces the other (as a secondary order 
parameter). This strong coupling usually results in smaller polarization (∼ 10−2 μC/cm2)31, as 
seen in materials like TbMnO3 (TFE =	TN = 28 K) and DyMnO3 (TFE =	TN = 19 K)31. In these 
cases, magnetism breaks spatial inversion symmetry, facilitating the stabilization of 
ferroelectricity as a secondary order parameter. 

 At the beginning of the 21st century, three major developments propelled the study of 
multiferroics. Theoretical efforts began addressing why the coexistence of magnetism and 
ferroelectricity is rare34. Concurrently, two experimental breakthroughs identified the distinct 
classes of multiferroics. In 2003, Ramesh's group successfully grew thin films of BiFeO3, a 
compound that exhibits both polar and magnetic phases at room temperature but has relatively 
weak multiferroic properties in bulk form, although significantly enhanced in thin-film form30. 
The second major experimental development, also in 2003, was the discovery by Tokura and 
Kimura in TbMnO3 of a class of multiferroics where magnetism and ferroelectricity do not just 
coexist, but in which magnetism induces ferroelectricity35. Since then, the two perovskites have 
been extensively studied not only for their magnetoelectric performance but also for leading to 
new physics in the field of multiferroicity. Several experimental findings and relevant physical 
models stemming from them have been proven broadly applicable to other multiferroics. 
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1.2.1. Static magnetoelectric coupling 
 It is possible to distinguish two main types of coupling mechanisms in multiferroic 
materials: spin-orbit and spin-lattice, as illustrated in Figure 3. The main difference between 
the two mechanisms is that in the former, the magnetically induced polarization is related to 
the direction of the magnetic moments, whereas in the latter, the polarization emerges due to 
the crystal symmetry. Typically, spiral magnetic order corresponds to spin-orbital coupling, 
whereas collinear magnetic order to spin-lattice coupling. The magnetic ordering in a crystal 
lattice arises from the exchange interactions between partially filled d or f shells of transition 
metal or rare-earth ions. For a collinear spin alignment, the Heisenberg exchange interaction 
dominates, whereas magnetic frustration (related to spin-orbit coupling) is key for spiral spin 
orders28,32,36. 

 
Figure 3. Schematic summary of the microscopic magnetoelectric coupling mechanisms, taken from Ref.15. 

 
Spin-orbit coupling 

 The Dzyaloshinskii-Moriya (DM) interaction and spin-dependent metal-ligand 
hybridization are the main mechanisms underlying the spin-orbit coupling based 
magnetoelectrics. 

 Starting with the DM interaction, in an ABO3 perovskite with ideal cubic structure, the 
B–O–B bonds are linear (180o bond angle) and have rotational symmetry with respect to their 
B–B axis. Due to the size mismatch between the A and B ions, the oxygen octahedra tilt and 
rotate. Therefore, each oxygen ion between two neighboring B ions may move away from the 
middle point, resulting in a bent B–O–B bond and the B–B axis rotational symmetry breaking32. 
The bent B–O–B bond will then induce the DM interaction as a relativistic correction to the 
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superexchange between magnetic B ions in the presence of spin–orbit coupling37. The DM 
Hamiltonian can be expressed as:  

𝐻 = 𝐷 ∙ (𝑆̅ × 𝑆̅ )
,

 (1.8) 

where 𝐷  is a vector determining the amplitude of the oxygen displacement and perpendicular 
to the Bi–O–Bj plane, and 𝑆̅ , 𝑆̅  are the spins of the magnetic ions at sites i and j. Since in a 
spiral magnet with fixed helicity 𝑆̅ × 𝑆̅  points uniformly in one direction, all the induced 
ionic displacements are along the same direction. This gives rise to a macroscopic ferroelectric 
polarization as a sum of local polarizations in the direction perpendicular to the spiral helicity 
and propagation vector38: 

𝑃 ∝ 𝑒̂ , × (𝑆̅ × 𝑆̅ ) (1.9) 

where 𝑒̂ ,  is the unit vector that points from site i to i+1. In fact, TbMnO3 exhibits a cycloid 
spiral spin order in the bc plane with the propagation vector along the b axis below 28 K 31,35. 
Thus, the induced polarization (∝ 𝑒̂ , × (𝑆̅ × 𝑆̅ )) should lie along the c axis, which is in 
agreement with experiment. Also, it was observed in TbMnO3 and DyMnO3 that an applied 
magnetic field can switch the polarization from the c to the a axis31,35. Thus, within this model 
it is possible to attribute such polarization switching to the rotation of the spin cycloidal from 
the bc to the ab plane. The DM interaction has been used to explain ferroelectric polarization 
in various multiferroic materials with cycloidal or conical magnetic structures39. 

 Regarding the spin-dependent metal-ligand hybridization, or p-d hybridization, it is based 
on the hybridization between the d and p orbitals of the metals and the oxygens, respectively40. 
This second order spin-orbit coupling mechanism is related to a single magnetic moment and 
its interaction with the surrounding oxygens. The induced polarization can be expressed as40: 

𝑃 ∝ (𝑒̂ ∙ 𝑆̅ ) 𝑒̂  (1.10) 

where the summation is over all different bonds and 𝑒̂  the bond direction. This mechanism is 
responsible for the formation of spin-induced ferroelectric polarization in e.g. Cu(Fe,Al)O2 40 
or in the Z-type hexaferrite Ba0.52Sr2.48Co2Fe24O41 39. 
 

Spin-lattice coupling 

 Most materials with spin-orbit originated magnetoelectric coupling correspond to non-
collinear magnetic structures41. For the collinear E-type AFM HoMnO3, Sergienko et al. 
proposed a symmetric exchange striction, instead of the spin-orbit coupling antisymmetric 
superexchange interaction 38. This Hamiltonian has the form: 
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𝐻 ∝ 𝐽 (𝑆̅ ∙ 𝑆̅ )
,

 (1.11) 

where 𝑆̅ , 𝑆̅  are the spins of the magnetic ions at sites i and j, and Jij is the exchange interaction 
coefficients between both spins. 

 Two examples of spin-lattice coupling briefly discussed here are the one-dimensional 
Ising spin chain in Ni3TeO642 and two-dimensional E-type AFM in HoMnO3 43,44 . 

 In Ni3TeO6, considering only the Ni network, the inversion centre of the network and that 
of the magnetic up-up-down-down lattice do not match, and this mismatch can induce 
magnetic-order-induced polarization through symmetric exchange coupling. 

 In the orthorhombic perovskite E-type AFM HoMnO3, the magnetic cations of Mn3+ form 
antiferromagnetically alternating zigzag chains that lie in the ab plane, with the spins pointing 
along b axis 43,44. The polarization is induced along a axis by the combination of both FM and 
AFM exchange strictions, which cause oxygen displacements and buckling of the oxygen 
octahedral (see Figure 3) 43,44. An additional contribution to the total polarization was reported 
by Lee et al.44, which originates from the Ho-Mn symmetric exchange striction and gives rise 
to a c axis polarization component.  

 It should be noted that the exchange striction mechanism is usually stronger than the spin-
orbit interaction and gives a polarization which is one to two orders of magnitude higher than 
in multiferroic materials with spin-orbit interaction (e.g., P ~ 3000 µCm , 500 µCm  at 10 
K for Ni3TeO6 42 and TbMnO335, respectively). Moreover, in comparison with classical 
displacive ferroelectrics, the static polarization in spin-induced ferroelectrics is an order of 
magnitude lower. 

 

 

1.2.2. Dynamic magnetoelectric coupling 
 In this section, a brief introduction to the concept of dynamical magnetoelectric coupling 
will be presented, moving away from the static regime described in the previous section. Here, 
the order parameters magnetization and polarization are not static, but oscillatory. 

 In the static regime, the polarization and magnetization are related to the electric and 
magnetic field by: 𝑃 = 𝜒 𝐸 and 𝑀 = 𝜒 𝐻 (in cgs system), where 𝜒  and 𝜒  are the dielectric 
and magnetic susceptibilities, respectively. The magnetization and polarization currents are 
given by: 𝐽 ̅ = ∇ × 𝑀 and 𝐽 ̅ = 𝜕 𝑃. However, in the case of simultaneous break of time-
reversal and space-inversion symmetries, the two terms are coupled, yielding45:  

𝑃~𝑀 × (∇ ×𝑀) and 𝑀~𝑃 × 𝜕 𝑃. Therefore, now the polarization is related to the spatial 
changes of the magnetic moments, and the magnetization to time changes in the polarization. 
Finally, one has: 𝑃 = 𝜒 𝐸 + 𝛼 𝐻  and 𝑀 = 𝜒 𝐻 + 𝛼 𝐸 , where 𝛼  is the dynamical 
magnetoelectric coupling coefficient. The difference between the linear and the dynamical 
regimes is that the terms in	the	polarization	and	magnetization correspond to the oscillating 
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polarization and magnetization, which are induced by the oscillating electric and magnetic 
fields. 

 The possibility of the occurrence of a phonon-Zeeman effect, i.e., the Zeeman splitting 
of degenerate phonon modes at the presence of an external magnetic field, was formulated in 
2017 by Juraschek et al.45. They suggest that ionic loops of circular motions of the ions can 
generate macroscopic magnetic moment via optically driven phonons. The main idea is that if 
intrinsic polarization is not required for spin-induced ferroelectricity, then intrinsic magnetism 
should not be needed for polar-driven magnetization. 

 In 2019, an article demonstrating transient ferroelectricity in the incipient ferroelectric 
SrTiO3 induced by a strong THz field was published46. There, it is described how the optical 
soft mode can be excited using intense THz pump pulses and, subsequently, detect the THz 
field-induced lowering of the SrTiO3 crystal symmetry from the non-polar to a polar phase, by 
observing the second harmonic generation (terahertz field-induced second harmonic, TFISH) 
and by measuring a partial depolarization of the 800-nm probe pulses (THz Kerr effect, or 
TKE)46. Since then, dynamical changes in crystal and electronic structures due to ultrashort 
laser pulses exciting high-frequency phonons coupled with other lower-frequency phonons 
were demonstrated in more systems47. 

 Besides the dynamic magnetoelectric coupling, it is worthwhile to briefly mention 
dynamic multiferroicity. After it was demonstrated for the first time that pumping the soft 
optical phonon below 1 THz can induce a ferroelectric phase transition46, Kozina et al. 48 
demonstrated that the resonantly pumped soft mode in SrTiO3 can be anharmonically coupled 
with higher-frequency phonons. They observed an energy transfer from the soft mode to two 
higher-frequency phonons (one of them was even silent, i.e., it had a different symmetry). Short 
unipolar-like THz pulses with a peak electric field value of 340 kV/cm were sufficient for 
inducing the ferroelectric phase transition in SrTiO3 48. Very recently, it has been demonstrated 
that resonant pumping of a degenerate soft mode in SrTiO3 by circularly polarized THz 
radiation can indeed induce a transient magnetic moment ~ 0.1 µB/u.c., which is well 
measurable by the magneto-optical Kerr effect49. 

 

Electromagnons 

 Electromagnons are electrically active magnetic excitations50, i.e., collective spin 
excitations that couple the dielectric and magnetic properties due to dynamic magnetoelectric 
coupling. They obtain dielectric strength from polar phonons and contribute to both the 
dielectric and magnetic susceptibilities in microwave and THz range. 

 The first report about the possibility of such coupling was done at the end of 1960s by 
Bar’yakhtar & Chupis51,52. Only in 2006, the first experimental evidence of electromagnons 
was demonstrated by Pimenov et al. in RMnO3 (R = Tb, Gd) via THz transmittance 
experiments50. Soon it was followed by the far-infrared studies of Eu0.75Y0.25MnO3, revealing 
spectral weight transfer from the low-frequency polar phonons to the THz-range excitations53. 
Such behaviour was theoretically predicted by Katsura et al.54.  
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 Figure 4 shows the spectra of the imaginary part of the electric permittivity, ε′′, in all the 
possible light polarization configurations for TbMnO3 in the 15−80 cm−1 range55. An 
enhancement of ε′′ is observed for 𝐸 ∥ 𝑎 in the cycloidal phase, regardless of the direction of 
the magnetic component of the incident radiation. Thus, those excitations around 20 and 60 
cm−1 are electrically active and were identified as electromagnons55. Only the lowest energy 
peak around 20 cm−1 was reported by Pimenov et al. due to a shorter available spectral range50. 
A small peak is observed in the (𝐸 ∥ 𝑏, 𝐻 ∥ 𝑐) configuration around 20 cm−1 at 12 K. Since 
this absorption peak is only active for 𝐻 ∥ 𝑐, i.e., not observed in the (𝐸 ∥ 𝑏, 𝐻 ∥ 𝑎) 
configuration, it is assigned to the conventional one-magnon AFM resonance55. Therefore, 
apart from the weak one-magnon absorption, the intense electromagnon absorption bands arise 
only for 𝐸 ∥ 𝑎, irrespectively of the direction of 𝐻 .  

 
Figure 4. Imaginary part of the dielectric spectra, ε′′, of TbMnO3 measured at 12, 30 and 250 K in all possible light polarization 
configurations. The temperatures of 250, 30 and 12 K correspond to the paramagnetic, collinear sinusoidal and bc spiral phase, 
respectively. 𝐸  and 𝐻  denote the electric and magnetic fields of light, respectively. Taken from Ref.55.  

 Regarding the observed 𝐸 ∥ 𝑎 selection rule in TbMnO3, it was shown that it also 
applies to DyMnO3 and GdMnO356,57. Because the DM interaction is one of the key 
mechanisms behind ferroelectricity in these materials, it was expected that it could also be 
essential to the existence of electromagnons. Katsura et al. showed that the collective excitation 
directly reflecting the DM mechanism is the electric field driven rotation mode of the spiral 
plane, interpreting the first experimental observations of the THz optical spectra in RMnO3 (R 
= Tb, Dy, Gd) as being do to that collective excitation associated with fluctuations of the 
polarization direction54. This magnon mode should only be active when the electric field of 
light, 𝐸 , is perpendicular to the spin spiral plane54. However, when THz time-domain 
spectroscopy experiments were carried out in Eu1−xYxMnO3, whose spin spiral lies in the ab 
plane (𝑃 ∥ 𝑎), it was found that the electromagnon selection rule remained 𝐸 ∥ 𝑎 instead of 
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becoming 𝐸 ∥ 𝑐 53. The same behaviour was observed in the magnetic field induced 𝑃 ∥ 𝑎 
phase in both DyMnO3 and TbMnO3 56,58. Thus, the DM interaction is ruled out as the origin 
of the observed strong electromagnon resonances. Nonetheless, it should be mentioned that 
another weak electromagnon resonance consistent with the DM model was observed in 
TbMnO3 under applied magnetic field 58.  

 An interesting experimental observation is that in some compounds the lower-energy 
electromagnon, unlike the higher-energy one, is also well defined in the collinear sinusoidal 
phase. This is observed, e.g., in DyMnO3 56, Gd0.7Tb0.3MnO3 59, and Eu1−xYxMnO360.  

 Contrary to predictions based on DM coupling, electromagnons in RMnO3 are observed 
only when the electric field of light is along the crystallographic a direction56,61–63. Moreover, 
for all R ions considered, two electromagnons are always observed. The origin of one of those 
electromagnons was explained by Aguilar et al., who pointed out that the high-frequency 
electromagnon is a zone-edge magnon activated by pure magnetostriction56,61. However, the 
origin of the low-frequency electromagnon remains under debate. Two quite different models 
were proposed for its explanation. Stenberg and de Sousa showed that magnetostriction along 
with spin-orbit coupling is able to explain the origin of both electromagnons even when the 
cycloid ground state is purely harmonic64. On the other hand, Mochizuki, Furukawa, and 
Nagaosa showed that pure magnetostriction along with cycloid anharmonicity created by 
single-ion anisotropy and a biquadratic spin interaction are able to explain the two 
electromagnons of the cycloid phase, implying that anharmonicity plays a vital role65. 
However, while the former is not able to explain the optical activity of the low-energy 
electromagnon in the sinusoidal phase, the latter was later extended to explain such 
observations66.  

 

Directional Dichroism 

 The dynamical magnetoelectric coupling can result in an interesting optical phenomenon, 
called directional dichroism, where the reversal of the light incidence direction gives a different 
absorption (or emission) spectrum for unpolarized light67, as illustrated in Figure 5. This 
phenomenon can be observed in the Voigt (𝐻 ⊥ 𝑘 ) and Faraday (𝐻 ∥ 𝑘 ) configurations. 
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Figure 5. (a) Real and (b) imaginary parts of the complex refractive index of Gd0.5Tb0.5MnO3 at 8.3 K and 7 T. (c) 
Configurations of polarization, 𝑃, magnetization, 𝑀, and light propagation vector, 𝑘 , and their relations for the observation 
of directional dichroism in the Voigt configuration. Adapted from Ref.67. 

 Directional dichroism can appear only when both space-inversion and time-reversal 
symmetry are simultaneously broken (often by applying static electric or magnetic fields). 
Namely, if there is a nonzero off-diagonal component of the linear magnetoelectric tensor, α, 
connecting two distinctive crystallographic axes (αxy) normal to the light incidence direction 
(𝑘 ∥ 𝑧̂). Since the form of the α tensor essentially depends on the magnetic symmetry, 
identification of the magnetic point group allows to predict whether the emergence of 
directional dichroism is allowed or not68. While the selection rules are determined by the 
magnetic symmetry, the magnitude of directional dichroism essentially depends on the nature 
of optical absorption (or emission) at the target frequency 67.  

 Since the first experimental report by Rikken et al.69,70, directional dichroism has been 
observed in several frequency ranges such as X-rays and visible light (see Ref.67 and references 
therein). Since electromagnons are modes with hybridized electric dipole and magnetic dipole 
activities, it can be expected that they exhibit very significant directional dichroism in the 
gigahertz to terahertz frequency range67. This was first demonstrated on the non-
centrosymmetric tetragonal antiferromagnet Ba2CoGe2O771,72. Large directional dichroism 
associated with electromagnon resonance has also been reported for other materials, such as 
RMnO3 73,74 and BiFeO3 75 with cycloidal spin order.  
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2. Experimental setups 

 Three spectroscopic techniques were used throughout the conduction of the experiments 
of the current thesis, to detect the spin and lattice excitations in multiferroics: Fourier- 
transform infrared, Raman and time-domain terahertz spectroscopies. The range of the 
electromagnetic spectrum covered by the combination of the above techniques is 
approximately from 3 to 3000 cm-1, or 0.09 to 90 THz. Polarization measurements, both as 
function of temperature and applied magnetic field, were also performed. The principles of 
each technique, along with the fitting models used to treat the resulting data, will be presented 
in this chapter. This chapter is restricted to the techniques that the author measured himself, 
while several others, in collaboration with colleagues from FZU and Charles University, were 
also used to obtain the results presented in the following chapters. In such cases, the details are 
present in the corresponding papers in each chapter, with the relevant references for additional 
information. 
 

2.1. Fourier transform infrared spectroscopy 
 Lattice vibrations in solids mostly lie in the IR range of the electromagnetic spectrum. 
One of the most convenient methods to measure the polar phonons is the use of Fourier 
transform interferometer, which simultaneously detects a broadband signal and transforms it 
to a frequency-dependent spectrum. Such treatment is possible using the Michelson 
interferometer, which is based on the principle of creating interference patterns by changing 
the optical path difference of two interfering beams. Initially, the beam is separated into two 
parts by a beam-splitter, and one of them is reflected by a moving mirror. The intensity of the 
signal of the interference of the two beams is related to the optical path difference, and it is 
defined as interferogram. After the detection, the interferograms undergo a Fourier-transform, 
and the spectrum is produced in the particular spectral range of choice. Using a combination 
of light sources, beam-splitters and detectors, one can chose to study the far-IR (FIR), mid-IR 
(MIR) or near-IR (NIR) range. Most of phonons in the materials studied for the current thesis 
appear in the FIR range, however the MIR range is essential for the information on the high-
frequency electronic contributions to permittivity. 
 The near-normal incidence IR reflectivity spectra are measured by a Fourier-transform 
IR spectrometer Bruker IFS 113v in the frequency range of 20—3000 cm-1 (0.6 – 90 THz) at 
room temperature (RT). For the low-temperature measurements, the spectral range is reduced 
by the transparence of cryostat windows to 20—650 cm-1. A pyroelectric deuterated triglycine 
sulfate detector is used for the room-temperature measurements, whereas a more sensitive He-
cooled (operating temperature 1.6 K) Si bolometer is used as a detector for the low-temperature 
experiments. An Oxford Instruments Optistat optical cryostat with polyethylene windows is 
used for the low-temperature IR measurements down to approximately 4 K. A commercial 
high-temperature cell (SPECAC P/N 5850) is used for the high-temperature experiments. The 
thermal radiation from the hot sample entering the interferometer is considered in our spectra 
evaluation. 
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 To fit the IR spectra, whenever there is a significant TO-LO splitting, or when the bands 
are considerably asymmetric and broad, a generalized-oscillator model with the factorized form 
of the complex permittivity is used (4-parameter model): 

𝜀(𝜔) = 𝜀
𝜔 − 𝜔 + 𝑖𝜔𝛾
𝜔 − 𝜔 + 𝑖𝜔𝛾

	 (2.1) 

where 𝜔  and 𝜔  denote the transverse and longitudinal frequencies of the j-th polar 
phonon, respectively, and 𝛾  and 𝛾  denote their corresponding damping constants. The 
high-frequency permittivity, 𝜀 , resulting from electronic absorption processes, was obtained 
from the room-temperature frequency-independent reflectivity tail above the phonon 
frequencies and was assumed temperature independent. The dielectric strength, Δ𝜀 , of the 𝑗-th 
mode is76:  

 
Δ𝜀 =

𝜀
𝜔

∏ 𝜔 − 𝜔
∏ 𝜔 − 𝜔

 (2.2) 

In the case of symmetrical and narrow IR reflection bands, or when the TO-LO splitting 
is small, a sum of damped harmonic oscillators can be considered (3-parameter model): 

 
𝜀(𝜔) = 𝜀 +

Δ𝜀 𝜔
𝜔 − 𝜔 − 𝑖𝛾 𝜔

 (2.3) 

where the j-th phonon is described by an eigenfrequency 𝜔 = 𝜔 , an oscillator strength 
Δ𝜀 , and damping 𝛾 . The eigenfrequencies 𝜔  correspond to the transverse optical phonon 
frequencies. The high-frequency permittivity, 𝜀 , resulting from electronic absorption 
processes, is obtained from the room-temperature frequency-independent reflectivity tail above 
the phonon frequencies and assumed temperature independent. The complex permittivity, 
𝜀(𝜔), is related to the reflectivity, 𝑅(𝜔), by: 

𝑅(𝜔) = 	
𝜀(𝜔) − 1
𝜀(𝜔) + 1

 (2.4) 

These parameters were fitted so that the reflectivity at normal incidence, 𝑅(w), matches the 
experimental data. 
 

2.2. Time-domain THz spectroscopy 
 The THz time-domain spectroscopy (THz-TDS) makes use of opto-electronically 
generated electromagnetic transients (high-amplitude and short-duration wave). The THz 
transients are produced by femtosecond (fs) laser pulses with wavelength 800 nm. A sequence 
of laser pulses is sent to a beam-splitter to follow two paths: one moving mirror serving as 
delay line, and the other one, going through the THz emitter, and subsequently to the sample. 
Finally, the two beams come to the detector, where the THz signal is treated by a lock-in 
amplifier. After collection of the THz pulses by the computer, the spectra are calculated by 
Fourier-transform, passing to the frequency domain. The spectral resolution in THz-TDS is 
defined by the inverse of the optical delay time. One of the most important features of THz-
TDS is the access to the phase of the propagated electromagnetic wave, avoiding the need for 
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the use of the Kramers-Kronig relations for the evaluation of the complex dielectric function, 
especially since those produce better results for measurements with a large frequency range. In 
addition, the combination of the elevated brightness of THz transients (compared to the thermal 
sources used in IR spectroscopy), with the highly sensitive gated detection of about ∼ps time 
resolution, and the high signal-to-noise ratio, establishes THz-TDS as preferred technique in 
particular spectral ranges77 (however depending on the sample THz transparency, which is 
related with the thickness since the measurements are performed in a transmission geometry). 
 The THz-TDS measurements presented in this thesis were performed in the transmission 
geometry with a custom-made time-domain THz spectrometer at FZU. A femtosecond 
Ti:sapphire laser oscillator (Coherent, Mira) produces a train of femtosecond optical pulses, 
which generate linearly polarized broadband THz pulses radiated by a photo-conducting switch 
TeraSED (Giga-Optics). A gated detection scheme based on electrooptic sampling with a 1 
mm thick [110] ZnTe crystal as a sensor allows to measure the time profile of the electric field 
of the transmitted THz pulse. An Oxford Instruments Optistat optical cryostat with mylar 
windows is used for the low-temperature THz measurements. 
 

2.3. Raman spectroscopy  
 Raman spectroscopy is based on the phenomenon known as the Raman scattering effect. 
When a laser beam interacts with a sample, most of the photons undergo elastic scattering, 
meaning their energy remains unchanged. However, a small fraction of the photons is scattered 
with a slightly different energy due to interactions with the molecular vibrations or phonons 
within the material. The energy difference between the incident and scattered photons 
corresponds to the energy associated with the specific vibrational or rotational modes of the 
atoms. This energy shift is referred to as the Raman shift, denoted in cm-1. The intensity of 
Raman scattering varies depending on the types of atomic vibrations present, their symmetry, 
and the polarizability of the bonds involved. 

 The Raman spectra were measured using a Renishaw inVia Qontor spectrometer with a 
532 nm linearly polarized diode-pumped laser and an edge filter. The measurements were 
performed in the Faculty of Sciences of the University of Porto. The spot size of the focused 
laser on the sample surface is estimated to be 2 μm diameter. The unpolarized Raman spectra 
as a function of temperature were obtained by placing the sample in a closed-cycle helium 
cryostat, with a 10 − 300 K temperature range. Measurements performed at temperatures above 
300 K were accomplished using a Linkam THMS600. The laser power was carefully chosen 
to avoid heating the sample (3.3 mW, corresponding to 10 % of the laser power). The obtained 
Raman spectra were analysed using the commercial Igor Pro software. The Raman spectra are 
simulated through a sum of damped oscillators78:  

𝐼(𝜔, 𝑇) = [1 + 𝑛(𝜔, 𝑇)]
𝐴 Ω Γ 𝜔

Ω − 𝜔 + Γ 𝜔
 (2.5) 

where 𝑛(𝜔, 𝑇) is the Bose-Einstein factor and 𝐴 , Ω , and Γ  are, respectively, the strength, 
wavenumber, and damping coefficient of the j-th oscillator.  
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 In the temperature range where no anomalous behaviour is observed, 𝑛(𝜔, 𝑇) can be 
well described by the normal anharmonic temperature effect due to volume contraction as 
temperature decreases79: 

 
𝜔(𝑇) = 𝜔 + 𝐶 1 +

2
𝑒 − 1 + 𝐷 1 +

3
𝑒 − 1 +

3
(𝑒 − 1)  (2.6) 

with x	 ≡ 	ℏω /2k 𝑇, 𝑦 ≡ ℏω /3k 𝑇 and where ω , C and D are model constants, ℏ is the 
reduced Planck constant and 𝑘  is the Boltzmann constant. 
 

2.4. Pyroelectric current 
 Typically, the spontaneous polarization cannot be detected by measuring surface 
charges because the depolarizing field, which arises from such charge distribution, is 
compensated by the flux of free charges in both the crystal and the electrodes. However, if the 
polarization is a function of temperature, it can be obtained by measuring the pyroelectric 
current. The polar characterization of the samples then consists in calculating the change in 
electric polarization as a function of temperature by integrating in time the measured 
pyroelectric current density. To promote an electric dipole alignment between different 
domains, the samples are cooled from the paraelectric phase with an applied electric field, the 
so-called poling field. The pyroelectric current is then measured, with the poling field turned 
off and after short-circuiting the sample’s terminals to promote the release of spurious charges, 
while heating with a constant temperature rate. The pyroelectric current is obtained by 
measuring the voltage drop on a calibrated resistance in parallel with the sample. 

 To study the polarization’s dependence on an applied magnetic field of TbMn1-xFexO3, 
pyroelectric current measurements were performed at the Faculty of Mathematics and Physics, 
in standard Quantum Design Physical Properties Measurement System (PPMS) equipped with 
9 T or 14 T superconducting coils. All measurements were performed in the 2−50 K 
temperature range with a 5 Kmin-1 heating rate. A poling field of 100 Vmm-1 was applied at 50 
K. The magnetic field was applied in the paramagnetic phase, and unlike the poling electric 
field, it remained on during the pyroelectric measurements.  

 We did not measure directly the ferroelectric hysteresis loops, as our samples exhibit 
rather low polarization values and were electrically leaky in high electric fields.  
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3. Can the ferroelectric soft mode trigger an 
antiferromagnetic phase transition? 

  The first paper on the quadruple-perovskite BiMn3Cr4O1280, reported this material to 
exhibit both type I and type II multiferroic properties. The ferroelectric and antiferromagnetic 
orders were assumed to develop independently at 135 K and 125 K, respectively, while a 
second antiferromagnetic transition near 48 K was suggested to trigger another ferroelectric 
phase transition. The paper presented in this chapter1 brings a new perspective on the sequence 
of ferroelectric and magnetic transitions in this material, unravelling a new kind of 
multiferroicity, in which a displacive ferroelectric transition triggers an antiferromagnetic 
phase transition. 

 The magnetic and dielectric properties, together with infrared, terahertz, microwave, 
electron paramagnetic resonance (EPR) and Raman spectra of BiMn3Cr4O12 ceramics are 
investigated. It is shown that BiMn3Cr4O12 exhibits a new type of multiferroicity, where the 
ferroelectric Curie and magnetic Néel temperatures coincide, although the ferroelectric order 
is not spin induced, as evidenced by the infrared and terahertz spectra that reveal the 
theoretically predicted polar soft phonon81, which drives the ferroelectric phase transition. This 
is the first report of a material exhibiting this type of multiferroicity. Moreover, we argue that 
the increase in ferroelectric polarization below 48 K does not originate from another 
ferroelectric phase transition, but from changes in the magnetoelectric coupling due to the 
second magnetic phase transition at 48 K.  

 Figure 6a shows the temperature dependencies of the real part of dielectric permittivity, 
𝜀′(𝑇), measured at different fixed frequencies (1 –1000 kHz range), and of the specific heat 
divided by temperature, Cp(T)/T. The 𝜀′(𝑇) curve exhibits anomalous behaviour, peaking at 
138 K, which has been interpreted in current literature as a manifestation of the ferroelectric 
phase transition 80. The anomaly at 138 K is unusually broad, and the temperature for which 
𝜀′(𝑇) is maximum lies 13 K above the high temperature anomaly observed in the Cp(T) curve, 
at 125 K, in good agreement with Ref.80. Cp(T) exhibits another anomaly at TN2 = 48 K. The 
anomalies of specific heat at 125 K and 48 K have been attributed as manifestation of the G-
type AFM ordering of the Cr3+ and Mn3+ spins sublattices, respectively, corroborated by 
magnetic neutron diffraction80. The discrepancy between the temperatures where 𝜀′(𝑇) and 
Cp(T) display anomalous behaviour is incomprehensible, since ferroelectricity is predicted to 
be stabilized by the condensation of a polar phonon and, so, the lattice contribution to the 
specific heat should be large. This discrepancy, along with the rather broad anomaly in 𝜀′(𝑇), 
hint more complex mechanisms behind the ferroelectric and antiferromagnetic phase 
transitions in this temperature range. For these reasons, we have undertaken a careful study of 
the thermally stimulated depolarizing current (TSDC) density, J. The analysis of the 
temperature dependence of the TSDC density enables to unravel the extrinsic mechanisms for 
polarization and subtract their contribution to the overall polarization, as detailed in Ref.A1. As 
a representative example, Figure 6b shows the temperature dependence of the J(T) curve, 
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measured with a heating rate of 0.5 Kmin−1, after cooling the sample under a poling electric 
field of 0.7 kVcm−1. 

 
Figure 6. (a) Temperature dependence of the real part of permittivity measured at selected frequencies and of the specific heat 
divided by temperature. The Curie-Weiss fit of permittivity at 960 kHz is shown as a dashed line, giving TC ≈125.8 K (see 
main text). (b) Temperature dependence of the TSDC density (right axis), measured with a heating rate of 0.5 Kmin−1 after 
cooling with a poling electric field of 0.7 kVcm−1. The TSDC is decomposed by fitting the extrinsic component in the 125−200 
K temperature range, as described in Ref.1. The intrinsic ferroelectric polarization, Pintrinsic, was calculated from the low-
temperature (green) component, Jintrinsic. The total “polarization” P, including both intrinsic and extrinsic contributions, is 
plotted as a solid blue line. 

 The J(T) curve displays two anomalies, a double maximum between 110 and 140 K, 
and another one at 32 K, with the shape and width of the highest temperature anomaly being 
unusual for a typical paraelectric-to-ferroelectric phase transition. The calculated electric 
polarization emerges below 138 K, reaching the value of 0.82 µCcm−2 at 60 K and 0.9 µCcm−2 

at 10 K. Performing a similar TSDC density measurement after cooling with a poling field of 
5.7 kV cm−1 yields a polarization of 3.7 µCcm−2 at 10 K. Furthermore, the polarization can be 
reversed by reversing the poling electric field. The polarization increases below 50 K, i.e., 
approximately below TN2 (see Figure 6b), most likely due to enhanced magnetoelectric 
coupling in the second AFM phase. Such anomaly in P(T) does not necessarily require a change 
in crystal symmetry, as discussed in Ref.80. Furthermore, the dielectric dispersion seen near 50 
K in Figure 6a is not typical of a ferroelectric phase transition. The relaxation frequency 
obtained from 𝜀′′(𝜔) follows the Arrhenius behaviour typical for the freezing of ferroelectric 
domain walls or other thermally activated process.  
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 Figure 7a and Figure 7b show the real and imaginary parts of the complex dielectric 
spectra, 𝜀′(𝜔) and 𝜀′′(𝜔), respectively, of BiMn3Cr4O12 measured at several fixed temperatures 
in the THz range. At room temperature, only one polar phonon is observed at 26 cm−1. As 
temperature decreases from 300 K towards 125 K, the phonon wavenumber shifts towards 
lower frequencies, while the static electric permittivity increases, and on further cooling, the 
phonon hardens. This temperature behaviour is typical for a polar soft phonon which drives the 
ferroelectric phase transition. Such behaviour was predicted in Ref.81.  

 
Figure 7. (a) ε′ and (b) ε′′ spectra of BiMn3Cr4O12 obtained by THz time-domain spectroscopy at several temperatures. 

 Figure 8a and Figure 8b show the temperature dependence of the soft mode 
wavenumber and its dielectric strength, respectively. The soft mode frequency, 𝜔 , follows 
the Cochran law (Eq. 1.4) above 180 K. Below this temperature, 𝜔 (𝑇) deviates from the 
theoretical expectation, most likely due to enhanced anharmonicity and appearance of the 
central mode near the ferroelectric phase transition. The critical temperature obtained from the 
Cochran fit to the experimental data above 180 K is TFE1 = (125 ± 1) K, in excellent agreement 
with the intrinsic pyroelectric data and with the reported TN1. 
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Figure 8. (a) Temperature dependence of the soft-mode frequency in BiMn3Cr4O12. The squares and triangles are soft-mode 
frequencies from fits of THz time-domain and IR spectra, respectively. The dashed line in (a) was calculated from the best fit 
of Cochran law (Eq. 1.4) to the soft mode frequency, in the 180−300 K temperature range. (b) Contribution of the soft mode 
and the sum of the contributions of all phonons to the static dielectric permittivity (left axis) and temperature dependence of 
the soft mode oscillator strength and sum of all oscillator strengths (right axis). The dashed lines in (b) are a guide for the eye. 

 The dielectric strength of the soft phonon, Δ𝜀 (𝑇), considerably increases on cooling 
from 300 K towards TFE1 (see Figure 8b). It is remarkable that Δ𝜀  constitutes approximately 
94% of the static electric permittivity in the THz range: 𝜀 = 𝜀 + ∑ Δ𝜀 . It can also be seen 
in Figure 8b that the sum rule of oscillator strengths is verified, as ∑ Δ𝜀 𝜔  is temperature 
independent within the accuracy of our measurements. The soft phonon oscillator strength, 
Δ𝜀 𝜔  is temperature independent, meaning that it is not significantly coupled with other 
phonons26. Based on these results, we have fitted the 𝜀′(𝑇) in the paraelectric phase using the 
Curie-Weiss law (revisit Figure 6a): 𝜀 (𝑇) = 𝜀 + 𝐶(𝑇 − 𝑇 ) , and we have obtained TC = 
(126 ± 1) K, C = 13327 K and 𝜀  = 83.6. In this way, we again confirmed that the ferroelectric 
phase transition occurs ≈10 K below the peak in 𝜀′(𝑇). This seems unusual, but a similar 
behaviour has been observed in relaxor-based ferroelectrics PZN-PT and PMN-PT, where 
some dielectric relaxation occurs above TC 82–84. In Ref. A1, the observation of a similar 
dielectric relaxation (central mode) in BiMn3Cr4O12 is described in detail. 

 Following the results reported by Dai and Zhang81, the instability of the polar soft 
phonon, with Tu symmetry in the cubic phase, mainly originates from the Bi3+ cation. However, 
the Bi3+ cation is also involved on the dynamical central peak, resulting in the ferroelectric 
phase transition having both displacive and order-disorder natures. This interpretation is 
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supported by the results of Zhou et. al. 80, as the temperature dependence of the thermal 
parameter of Bi3+ shows a decrease below TFE1. The existence of the dynamical central peak in 
the microwave spectral region explains the rather broad anomaly observed in the temperature 
dependence of the real part of the complex electric permittivity, around TFE1. 

 The ferroelectric critical temperature, TFE1, extrapolated from the Cochran and Curie-
Weiss laws, matches the Neel temperature, TN1 = 125 K. Based in these results, along with the 
clear anomaly observed in the specific heat as a function of temperature, we propose that both 
the ferroelectric phase transition and the G-type AFM ordering of the B-site Cr3+ spins occur 
at the same temperature, i.e., TFE1 = TN1 = 125 K. Moreover, since the ferroelectric polarization 
is induced by the polar soft phonon, we consider the polarization as the primary order 
parameter, which is coupled to the magnetic one. In this picture, the ferroelectric phase 
transition triggers the antiferromagnetic order in an originally paramagnetic/paraelectric state. 
The possibility of a ferroelectric soft phonon instability triggering a G-type antiferromagnetic 
phase transition is proposed based on a comprehensive experimental study of this materialA1. 

 

Candidate’s contribution: 

Studying of relevant literature and planning of experiments. The candidate performed the 
pyroelectric current measurements (except for part of the dependence on heating rate), part of 
the permittivity measurements, and THz, IR and Raman spectroscopy experiments. 
Furthermore, the candidate analysed the data from the aforementioned experiments, and 
performed the factor-group analysis. Finally, together with the contributions from the co-
authors, he wrote the paper A.1. 
  



Two displacive ferroelectric phase transitions in multiferroic BiMn7O12 27 

4. Two displacive ferroelectric phase transitions in 
multiferroic BiMn7O12 

 In the paper presented in this chapter A2, the nature of two structural phase transitions 
in the quadruple perovskite BiMn7O12, and their possible relation with ferroelectricity in this 
compound, is studied. For this, microwave, terahertz (THz), infrared and Raman spectroscopic 
studies of BiMn7O12 ceramics were performed. 

 The quadruple perovskite BiMn7O12 exhibits three structural and three magnetic phase 
transitions85. Above T1 = 608 K, BiMn7O12 crystallizes in a parent cubic structure, with space 
group 𝐼𝑚3. Between 460 and 608 K, BiMn7O12 adopts a monoclinic symmetry, and orbital 
order appears below T1. At T2 = 460 K, BiMn7O12 undergoes a phase transition into a polar 
monoclinic structure, described by the Im space group. Finally, at T3 = 290 K, a triclinic 
distortion takes place and BiMn7O12 transits into another polar structure, described by the P1 
space group (assigned as I1 in Ref.86). The crystal structure and phase sequence of BiMn7O12 
are illustrated in Figure 9. 

 
Figure 9. Crystal structure of BiMn7O12 at room temperature and schematic representation of its structural (purple) and 
magnetic (orange) phase sequence. The illustration of the crystal structure was obtained using VESTA software87. 

 Despite BiMn7O12 structural and magnetic properties being extensively studied in the 
recent past, its dielectric and possible ferroelectric properties have not yet been published due 
to its relatively high conductivity above 100 K. BiMn7O12 is sufficiently resistive to perform 
permittivity measurements only below 90 K, revealing dielectric anomalies at magnetic phase 
transitions88,89. This hints for magnetodielectric coupling and the possible multiferroic nature 
of the low temperature magnetic phases. However, direct electric polarization measurements 
have not yet been published due to the impossibility of applying a sufficiently high electric 
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field in the measurement of ferroelectric hysteresis loops, and of poling the sample in the 
paraelectric phase for pyroelectric current studies, due to its high conductivity. Therefore, we 
rely on spectroscopic methods, that are insensitive to the conductivity of the sample, to uncover 
the nature of the structural and possible ferroelectric phase transitions in BiMn7O12. 

 Figure 10a and Figure 10b show the real and imaginary parts of the complex dielectric 
spectra, 𝜀′(𝜔) and 𝜀′′(𝜔) of BiMn7O12, respectively, measured at several fixed temperatures in 
the THz spectral range. At 580 K, only one polar phonon is observed at 28 cm−1. As the 
temperature decreases towards T2 = 460 K, the phonon frequency shifts towards lower 
frequencies, while the static permittivity increases, and on further cooling to 380 K, the phonon 
hardens. This temperature behaviour is typical of a polar soft phonon driving a displacive 
ferroelectric phase transition. Below 380 K, the phonon softens once again down to 300 K. 
This phonon anomaly at 300 K is in the vicinity of the structural phase transition from the Im 
to P1 structure, in which the ferroelectric polarization is predicted to move out of the ac plane90. 
Below 300 K, the phonon frequency smoothly increases down to 10 K. This behaviour is best 
seen in the temperature dependence of the soft mode wave number and its dielectric strength, 
depicted in Figure 11a and Figure 11b, respectively.  

 

 
Figure 10. ε′′(ω) spectra of BiMn7O12 obtained by THz time-domain spectroscopy at several temperatures.  

 The dielectric strength of the soft phonon, Δ𝜀 (𝑇), considerably increases on cooling 
from 580 K towards 460 K (see Figure 11b) due to the conservation law of the oscillator 
strength 𝑓 = 	Δ𝜀 (𝑇)𝜔 = 𝑐𝑜𝑛𝑠𝑡 (valid for all uncoupled polar phonons, including the soft 
mode). It is noteworthy that at 580 K, Δ𝜀  constitutes approximately 90% of the static electric 
permittivity 𝜀 = 𝜀 + ∑ Δ𝜀   in the THz range. Below T2 , 𝜀  decreases and exhibits a broad 
plateau-like behaviour down to 300 K, below which it smoothly decreases and stabilizes below 
100 K.  
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Figure 11. (a) Temperature dependence of the frequency of two components of the soft mode in BiMn7O12, ω02 = ωSM and ω01, 
where the latter is discernible only below room temperature. (b) Temperature dependence of dielectric strength of the soft 
mode and the sum of the contributions of all phonons to the static permittivity. The dashed lines are a guide for the eye. Inset: 
Contribution (in %) of the SM to the total static permittivity.  

 In short, a softening of one polar phonon in the THz range is observed on cooling 
towards 460 and 300 K, i.e., temperatures at which BiMn7O12 undergoes subsequent structural 
phase transitions from monoclinic I2/m to polar monoclinic Im and triclinic P1 phases85. The 
soft phonon causes dielectric anomalies typical for displacive ferroelectric phase transitions. 
Moreover, microwave measurements performed at 5.8 GHz up to 400 K qualitatively 
confirmed not only the dielectric anomaly at 300 K, where the ferroelectric phase changes from 
Im to P1 structure, but also revealed two other weak dielectric anomalies near the magnetic 
phase transitions at 60 K and 28 K. This evidences the magnetoelectric coupling in the low-
temperature multiferroic phases.  

 The relation between the local crystal structure and the spontaneous electric 
polarization in BiMn6.96Fe0.04O12 was recently studied using 57Fe probe Mössbauer 
spectroscopy91,92. The temperature dependence of the polarization of the crystal was 
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reconstructed via an algorithm using structural data of the compound and the experimental 
values of the quadrupole splittings of the Mössbauer spectra of the 57Fe probe atoms91. The 
temperature dependence of the electric polarization obtained from the Mössbauer data points 
out for a paraelectric to ferroelectric first-order phase transition with Tc ≈ 437 K, close to the 
I2/m to Im structural transition temperature T2, as well as a considerable increase in the electric 
polarization below 270 K, with extrapolated T∗ ≈ 294 K, close to the Im to P1 structural 
transition at T3 (see Figure 12)91. The obtained polarization is rather large and typical for 
displacive ferroelectrics. It is consistent with our observation of the soft mode in the THz 
spectra.   

 
Figure 12. Temperature dependences of spontaneous polarization Ps(T) for the structural modifications of the BiMn6.96Fe0.04O12 
manganite (pink arrow indicates temperature T* obtained from structural data). Taken from Ref.91. 

 The Raman spectra reveal that one of the detected Raman modes near 155 cm−1 senses 
the structural phase transition at 300 K, and others sense the magnetic phase transitions 
occurring at 59, 55, and 27 K, showing that spin-phonon coupling is relevant in this compound 
in this temperature range. The highest-frequency mode observed near 650 cm−1 exhibits a clear 
deviation from anharmonic temperature dependence, which is linearly correlated with the spin 
correlation function ⟨Si · Sj⟩, calculated from the magnetic contribution to the specific heat, as 
shown in Figure 13.  
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Figure 13. The deviation, Dω, of the highest phonon frequency seen near 650 cm−1 from the anharmonic temperature behaviour 
(Eq. 2.6) as a function of the spin-spin correlation function, 6J⟨Si·Sj⟩, obtained from integrating the magnetic contribution to 
the specific heat. Inset: temperature dependencies of Dω and 6J⟨Si·Sj⟩.  

 In summary, a comprehensive temperature dependent infrared, THz, Raman and 
microwave measurements were performed in a broad temperature range, revealing a 
ferroelectric soft mode driving both ferroelectric phase transitions in BiMn7O12 near 460 and 
290 K, and optical phonons showing anomalies near magnetic phase transitions due to spin-
phonon coupling. 

 

Candidate’s contribution: 

Studying of relevant literature and planning of experiments. The candidate performed the THz, 
IR and Raman spectroscopy experiments. Furthermore, the candidate analysed the data from 
the aforementioned experiments, as well as from specific heat measurements. He also 
performed the factor-group analysis. Finally, together with the contributions from the co-
authors, he wrote the paper A.2.  
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5. Magnetoelectric properties of TbMn1-xFexO3 

 The research on TbMnO3 by Kimura et al., with the first paper published in 2003, started 
the intensive study of type II multiferroics, where ferroelectric polarization is induced by a spin 
ordering, making it possible to change the direction of the ferroelectric polarization by an 
external magnetic field31,35. 

 TbMnO3, a typical representative of type-II multiferroics, is a paramagnet and 
paraelectric material above TN = 41 K35. At TN, it undergoes a transition into an 
antiferromagnetic phase in which the Mn3+ magnetic momenta order with a collinear sinusoidal 
incommensurate modulated structure, with wave vector along the b axis93,94. Below TC = 28 K, 
the spin structure transits into a cycloidal incommensurate antiferromagnetic, with the Mn3+ 
spins lying in the bc plane and the modulation wave vector keeping the b direction 93,94. This 
magnetic structure induces ferroelectricity via the inverse Dzyaloshinskii-Moriya 
mechanism38,95. The ferroelectric polarization develops along the c axis and can be rotated 
towards the a axis when a magnetic field higher than 5.5 T is applied along the b axis, as it 
rotates the spin cycloidal to the ab plane 35. The Tb3+ magnetic momenta order 
antiferromagnetically below T ′ = 7 K 35. 

 The discovery of the experimental phase diagram as a function of the tilt angle for 
RMnO396 and subsequent theoretical explanation97, paved the way for chemical substitution 
studies on these compounds. As the balance between competing exchange interactions depends 
on the B − O − B angle97, to explore the delicate coupling between magnetism and structure, 
several authors relied on chemical substitution to change the structure in a controlled way96,98–

100. While A-site substitution is associated with tilting, B-site substitution implies a change in 
the octahedra distortion and dimensions97, as well as in the magnetic and transport properties. 
Therefore, in B-site substitution, both structural distortions and magnetic properties are 
simultaneously changed. Because in RMnO3 the B-site cation is Jahn-Teller active, chemical 
substitution on that site by non-active Jahn-Teller cations will modify the amplitude of the 
octahedra distortions and its asymmetry. Even though B-site substitution in these compounds 
can be easily achieved using different transition metal cations, the most suitable choice is Fe3+ 
as it has the same ionic radius as Mn3+ (0.645 Å in the high spin configuration and 6th 
coordination), reducing the number of varying parameters101.  

 In 2016, three different works focused on identifying the magnetic structures and 
transitions of TbMn1−xFexO3 through neutron diffraction99,102,103. It was found that, similarly to 
DyMn1−xFexO3, the cycloidal magnetic ordering is already absent for x = 0.198,99. Even though 
several interesting magnetic phases were ascertained, no connection to the multiferroic 
properties of TbMnO3 was made whatsoever. One year later, a set of experimental results 
regarding TbMn1−xFexO3 ceramics in the whole concentration range (0 ≤ x ≤ 1) was published, 
leading to a proposal of the (x, T) magnetic phase diagram104,105.  

 The previous studies performed in ceramics of the multiferroic TbMnO3 show that the 
substitution of Mn3+ by small amounts of the identically sized Fe3+ ion profoundly changes 
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both the magnetic and polar structures, altering the magnetoelectric coupling. As these studies 
were performed in ceramics, any anisotropic features exhibited by the electric polarization and 
magnetic properties could not be ascertained.  

 In this chapter, two papers are presented, in which oriented single crystals of 
TbMn1−xFexO3 with x = 0.02 and 0.04 are studiedA3,4. Namely, we investigate the magnetic, 
dielectric, ferroelectric, and magnetoelectric properties at different temperatures and under 
applied magnetic fields. The previously reported neutron diffraction findings in 
TbMn0.98Fe0.02O3 are discussed in relation to the magnetic and ferroelectric polarization 
measurements. To gain a deeper understanding of the microscopic mechanisms within the 
multiferroic region of the TbMn1−xFexO3 system, THz time-domain spectroscopy, infrared 
spectroscopy, and Raman scattering experiments were carried out, as a function of temperature. 
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5.1. Modifying the dynamic magnetoelectric coupling in TbMnO3 by 
low-level Fe3+ substitution 

 TbMnO3 is one of the most studied multiferroics and still attracts a lot of attention of 
the scientific community. Despite the huge amount of knowledge already obtained, TbMnO3 
exhibits physical properties not yet understood or under debate. This is the case of the abnormal 
temperature dependencies of magnetic, thermal expansion and elastic coefficients in the 
paramagnetic phase, well above the Néel temperature. Furthermore, there is no consensus 
concerning the existence of electromagnons in the paramagnetic phase, as broad THz 
absorption bands have been ascribed to magnons, two-magnon processes or crystal-field 
effects. Finally, the origin of both static and dynamic magnetoelectric effects in this compound 
is still under discussion. 

 In this work 3, we shed some light onto these questions, supported by experimental 
evidence and theoretical models. For this purpose, we have studied the TbMn1-xFexO3 solid 
solution, with x = 0, 0.02 and 0.04. The low-level substitution of Mn3+ by Fe3+ is found to have 
a large impact on the balance between competitive magnetic interactions and, as a result, on 
the stabilization of the magnetic structures and ferroelectric phase at low temperatures. A low-
lying electromagnon excitation is activated in the cycloidal modulated antiferromagnetic and 
ferroelectric phase (i.e., below TC = 28 K) in TbMnO3, while in the Fe-substituted compounds 
it is observed up to TN > TC, pointing for different mechanisms for static and dynamic 
magnetoelectric coupling. However, concerning the properties in the paramagnetic phase, the 
Fe-content does not change the observed abnormal properties, which are ascribed to a 
magnetoelastic coupling driven by the crystal field excitations and oxygen shifts. 

 Figure 14 shows the temperature dependence of the ratio between the applied magnetic 
field H strength and the induced magnetization M, H/M, of TbMn1−xFexO3 (x = 0, 0.02, and 
0.04) measured after zero-field cooling (ZFC), with a magnetic field of 40 Oe applied along 
the c axis. The magnetic phase sequence is well ascertained from the anomalies in the 
temperature dependence of H/M below 50 K. Following Ref.105, the paramagnetic-collinear 
sinusoidal incommensurate antiferromagnetic phase transition occurs at TN = 41 K for 
TbMnO3, 39 K for TbMn0.98Fe0.02O3, and 35 K for TbMn0.96Fe0.04O3. On further cooling, the 
compounds exhibit another magnetic phase transition into a cycloidal modulated spin structure, 
which allows for ferroelectric polarization developing at TC = 28 K in TbMnO3, 22 K in 
TbMn0.98Fe0.02O3, and 18 K in TbMn0.96Fe0.04O3. The lowest temperature anomalies observed 
in each curve in Figure 14 are assigned to the ordering of the Tb3+ spins, occurring at T ′ = 7 K 
for TbMn0.98Fe0.02O3, and at 5 K for TbMn0.96Fe0.04O3.  

 The Curie-Weiss law is fulfilled above 200 K, as it can be seen in the inset of Figure 
14. The Curie-Weiss temperature, determined through the best fit of the Curie-Weiss law to 
the H/M data in the 200–300 K range, is found to be a decreasing function of x. The ratio of TN 
and the Curie-Weiss temperature decreases as x increases, revealing that the ferromagnetic 
exchange interactions between the antiferromagnetic sublattices are reinforced, meaning that 
the antiferromagnetic ordering becomes less stable as x increases. 
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Figure 14. Temperature dependence of the H/M ratio, measured in ZFC conditions, with a 40 Oe strength magnetic field 
applied along the c axis, for TbMnO3, TbMn0.98Fe0.02O3, and TbMn0.96Fe0.04O3. Inset: H/M in the 0–300 K range. Dashed lines 
were determined from the best fit of the Curie-Weiss law above 200 K and extrapolated to intercept the temperature axis. The 
data for TbMnO3 were obtained from Ref.106.  

 Figure 15 shows, respectively, the polarized THz spectra for 𝐸 ∥ 𝑎 and 𝐻 ∥ 𝑐 of 
TbMnO3, and for 𝐸 ∥ 𝑎 and 𝐻 ∥ 𝑏 of TbMn0.98Fe0.02O3 and TbMn0.96Fe0.04O3, recorded at 
several fixed temperatures in the 4 – 300 K range. Clear evidence for a dynamic 
magnetoelectric contribution to the THz spectra is found for the three compounds, but with 
different behaviours. In TbMnO3, the low-energy electromagnon band peaks at 20 cm−1 and it 
is observed in the 𝐸 ∥ 𝑎 polarized THz spectra, in agreement with the selection rule for 
exchange-striction activated electromagnons61. Its intensity is large in the cycloidal modulated 
antiferromagnetic phase, which is also ferroelectric and, as temperature approaches TC from 
below, the electromagnon band intensity monotonously decreases and fades out above TC. The 
THz signal observed above TC exhibits a rather overdamped excitation that has been described 
as a Debye-like relaxation107. The electromagnon band is also observed around 20 cm−1 in the 
𝐸 ∥ 𝑎 polarized THz spectra of TbMn1−xFexO3, x = 0.02 and 0.04, but in both the cycloidal 
modulated antiferromagnetic and ferroelectric phase, and the collinear sinusoidal modulated 
antiferromagnetic and paraelectric phase. The electromagnon band disappears above TN, with 
two broad and weak absorption bands up to 300 K remaining; instead, one as is observed in 
TbMnO3. The existence of the electromagnon band below TN in TbMn0.98Fe0.02O3 and TbMn0.96 

Fe0.04O3 compounds gives clear evidence for the different origin of this excitation in the Fe-
substituted compounds.  

 According to the current models, the electromagnon in TbMnO3 arises in the dielectric 
ea spectra due to exchange-striction mechanism (∝ 𝑺 ∙ 𝑺 )61,64. Exchange-striction activated 
electromagnons have been observed even in the paraelectric phases of Ba2Mg2Fe12O22108 and 
CuFe1−xGaxO2109, which exhibit proper screw and collinear magnetic ordering, respectively. 
Therefore, the activation of electromagnons is not necessarily tied to spin-induced ferroelectric 
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phases. The results here presented for the Fe-substituted TbMnO3 compounds clearly evidence 
the large impact that low-level Mn substitution by Fe3+ has in the magnetic structure and, 
consequently, in the mechanisms underlying the electromagnon activation.  

 
Figure 15. Re[εμ] and Im[εμ] THz spectra for 𝐸 ∥ 𝑎 and 𝐻 ∥ 𝑐 of TbMnO3, and for 𝐸 ∥ 𝑎 and 𝐻 ∥ 𝑏 of TbMn0.98Fe0.02O3 
and TbMn0.96Fe0.04O3, measured at several temperatures.  

 The observation of the overdamped component in the THz spectra of TbMnO3, at 20 
cm−1, and of TbMn0.98Fe0.02O3 and TbMn0.96 Fe0.04O3, at around 18–20 and 50–55 cm−1, above 
TN should not have magnetic origin. In fact, recent temperature and transverse magnetic field 
μSR studies in TbMnO3110 exclude any short- (and long)-range magnetic ordering above TN , 
in agreement with inelastic neutron-scattering experiments111,112.  

 The second polar absorption component, developing in the THz spectra of TbMnO3 
below TC, near 40 cm−1, has been tentatively assigned to a Brillouin-zone boundary 
electromagnon61,64,112. Nevertheless, inelastic neutron-scattering studies in TbMnO3 revealed 
magnons with higher frequencies at this wave vector111. In fact, Takahashi et al.55 reported a 
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second electromagnon excitation near 60 cm−1 in TbMnO3. The excitation we detect in this 
work is 20 cm−1 lower, which excludes its assignment to an electromagnon. Following 
Mansouri et al.113, q-independent crystal-field excitations have been observed in TbMnO3, one 
of them having rather similar frequency as to this second broad component, which enable to 
assign this component to a crystal-field excitation. A similar component is also observed in the 
THz spectra of TbMn0.98Fe0.02O3 and TbMn0.96 Fe0.04O3, developing around 55 and 50 cm−1, 
respectively, below 100 K. Interestingly, the crystal-field excitation in TbMn1-xFexO3 reveals a 
15 cm−1 downshift on cooling that is not seen in pure TbMnO3. The shift of crystal-field 
excitation frequency can be understood as a consequence of the thermal occupation of the 
excited crystal-field levels of Tb3+ and concomitant changes in atomic environment around the 
Tb3+ site. This causes lattice distortions and explains the observed anomalous thermal 
expansion of the lattice on cooling114. We currently have no explanation for the absence of the 
second electromagnon in the THz spectra of TbMn1-xFexO3.  

 The 𝐸 ⊥ 𝑎 polarized THz absorption spectra are almost temperature independent 
above 100 K and below 50 K. However, an abrupt decrease in absorption on cooling from 100 
to 50 K is observed, with a change rate that increases with increasing x. A similar decrease of 
absorption was observed (but not explained) by Takahashi et al. in pure TbMnO355. This 
absorption cannot be ascribed to magnetic excitations above TN, as it was previously explained, 
and also because this would instead lead to an increase in losses with decreasing temperature 
below TN. The broad absorption peaking near 50 cm−1 in the 𝐸 ∥ 𝑏 polarized absorption 
spectra above 100 K likely originates from a two-phonon difference process, which expires 
below 40 K, when the zone-boundary acoustic phonons involved in this process are no longer 
thermally populated. The spectral component at 80 cm−1 is clearly seen at all temperatures in 
the absorption spectra of both TbMn0.98Fe0.02O3 and TbMn0.96 Fe0.04O3, which is assigned to a 
crystal-field excitation113. The origin of the band near 12 cm−1 in 𝐸 ∥ 𝑏 polarized absorption 
spectra of Fe-substituted compounds is not clear. The existence of this band in both 𝐸 ∥ 𝑎 
and 𝐸 ∥ 𝑏 absorption spectra of TbMn0.96Fe0.04O3, points at a deep change in the magnetic 
structure, induced by the Mn3+ substitution by Fe3+.  

 The intensity transfer observed in the 𝐸 ∥ 𝑎 polarized absorption spectra can be 
quantitatively described by looking at the low-frequency infrared spectra displayed in Figure 
16. The lowest-frequency band assigned to an optical phonon at ∼115 cm−1 (marked in Figure 
16 by a star) loses intensity on cooling, while the electromagnon and the crystal-field excitation 
gain strength at low temperatures. To quantitatively analyse the intensity transfer, we 
calculated the spectral weight of these two excitations, S, through the equation55: 

𝑆 =
2𝑚 𝑉
𝜋𝑒 𝜔𝜖 (𝜔)𝑑𝜔 (5.1) 

where m0 , e, and V are the free-electron mass, electron charge, and primitive unit-cell volume, 
respectively. The temperature dependence of the spectral weight change relatively to the value 
at 250 K, S = S(T ) − S(250 K), is depicted in the inset of Figure 16 for the electromagnon plus 
crystal-field excitation, and the lowest-energy polar phonon. The spectral weight was 
calculated in the frequency ranges (𝜔 , 𝜔 ) = (8, 70) and (90, 123) cm−1 for the electromagnons 
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(region I) and phonon (region II), respectively. The spectral weight of the electromagnon and 
crystal-field excitation considerably increases below 150 K. It is also below that temperature 
that the lowest-lying optical phonon exhibits a decrease in spectral weight. Indeed, it can be 
seen from the inset of Figure 16 that the change in spectral weight of the phonon largely 
accounts for that of the electromagnon and crystal-field excitation. This is consistent with what 
was previously reported in TbMnO355. Moreover, IR data shows that not only the phonon near 
115 cm−1 transfers its strength to the THz excitation 3. Also, the phonons near 190, 240, and 
400 cm−1 reduce their intensities below TN, indicating their coupling with electromagnon and 
crystal-field excitations at 40 and 135 cm−1.  

 
Figure 16. Temperature dependence of the ε′′ spectra for 𝐸 ∥ 𝑎 of TbMn0.98Fe0.02O3 up to 180 cm−1. Inset: Temperature 
dependence of the change in spectral weight (Eq. 5.1) of the electromagnon (EMG) plus crystal-field (CF) excitation and the 
lowest-lying optical phonon around 115 cm−1 (signalled by a star) from their values at 250 K.  

 The low-energy electromagnon excitation is found to be rather strong in the paraelectric 
and magnetic collinear sinusoidal antiferromagnetic phase in the Fe-substituted compounds, 
contrarily to TbMnO3. The activation of electromagnon in the spin-collinear phase can be 
understood in the framework of the exchange-striction mechanism, and corroborates the 
change of the magnetic structure induced by the presence of Fe3+ in the lattice, enabling the 
activation of electromagnon in the paraelectric and collinear sinusoidal modulated 
antiferromagnetic phase, stable between TC and TN.  

 A detailed analysis of IR reflectivity spectra revealed that the spectral weight of the 
THz excitations in TbMn0.98Fe0.02O3 mainly originates from the lowest-lying optical phonon 
near 115 cm−1, as previously reported for pure TbMnO3. The mode near 135 cm−1 is assigned 
to a crystal-field excitation, which receives its dielectric strength from phonons up to 400 cm−1. 
Raman spectra reveal a spin-phonon coupling above TN, in the Fe-substituted compounds A3.  
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 This work evidences the deep influence of the substitution of Mn3+ by Fe3+ in the low-
temperature magnetic phase sequence, static and dynamic magnetoelectricity, spin structure 
and ferroelectricity, as well as spin-phonon coupling in TbMn1−xFexO3 (0 ≤ x ≤ 0.04). This 
substitution is found to reinforce the ferromagnetic interactions against the antiferromagnetic 
ones, leading to a decrease of both magnetic phase transition temperatures and to the spin-
structure changes that allows for electric polarization. As Fe3+ concentration increases up to 
4%, the spin-structure helicity decreases, and the maximum electric polarization magnitude 
decreases as a consequence.  

 

Candidate’s contribution: 

Studying of relevant literature and planning of experiments. The candidate performed the 
magnetization and pyroelectric current measurements, as well as THz, IR and Raman 
spectroscopy experiments. Furthermore, the candidate fit the spectra and analysed the data 
from the aforementioned experiments. Finally, together with the contributions from the co-
authors, he wrote the paper A.3.  
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5.2. Static magnetoelectric properties of TbMn0.98Fe0.02O3  
 Following the results of the previobhnnus sectionA3, here a combined experimental 
study of the temperature and magnetic field dependence of ferroelectric polarization and 
magnetic structures in TbMn0.98Fe0.02O3 single crystal is presentedA4. 

 The results show that the low-level of Mn3+ substitution for Fe3+, although it does not 
change the phase sequence relatively to TbMnO3, causes a higher magnetic field sensitivity of 
the electric polarization for B < 4 T. This is due to the changes on the magnetic modulation of 
the Mn3+ spin structure. Two main consequences arise from the magnetic structure changes. 
The first is that the value of the electric polarization is lower than in TbMnO3. The second is 
that the magnetoelectric coupling coefficient 𝛼  at low magnetic fields below 4 T is finite, 
ranging between -0.005 ns/m to -0.01 ns/m, contrasting with the vanishing value reported for 
TbMnO3, meaning that while the polarization does not rotate towards the a-axis, its value is 
independent of the small applied magnetic field in TbMnO3. We attribute this magnetoelectric 
performance enhancement to the effect of the Fe3+ magnetism which alters the magnetic 
interactions in such extent that the magnetic structure allowing for ferroelectricity, according 
to Dzyaloshinskii–Moriya interaction, is no longer stable at high magnetic fields. Our 
experimental work evidences that the low-level substitution of Mn3+ by Fe3+, though keeping 
the same phase sequence, induces significant changes in properties and indicates for the rather 
delicate balance between the competitive magnetic interactions underlying the ground state of 
TbMnO3. 

 Figure 17a and Figure 17b show the temperature dependence of the pyroelectric current 
density, J(T), of TbMn0.98Fe0.02O3 measured along the a and c axes, respectively, under an 
applied magnetic field (0 – 9 T) along the b axis. The corresponding temperature dependence 
of the electric polarization, along the a and c axis, obtained from the time integration of the 
pyroelectric current density, is presented in Figure 17c and Figure 17d, respectively. At 0 T, 
the pyroelectric current density measured along the c axis, Jc(T), peaks at TC = 23 K, as 
expected according to earlier reports for TbMn0.98Fe0.02O3 ceramics, evidencing the onset of 
the ferroelectric phase, with spontaneous electric polarization along the c axis105. This anomaly 
slightly downshifts with increasing magnetic field strength, reaching 21 K at 9 T. A second 
anomaly in Jc(T) is observed at lower temperatures, but only for a magnetic field strength above 
2 T. This anomaly peaks in opposite sense relatively to the first one, and monotonously upshifts 
from 6 K, for 2 T, to 14 K, for 9 T. Its amplitude exhibits a non-monotonous magnetic field 
dependence, being maximum at 5 T. At 0 T, Pc(T) monotonously increases on cooling from TC 
= 23 K, and its value at 2 K is 350 μC/m2, 58% smaller than the maximum polarization observed 
in TbMnO3 after poling in twice higher field (200 Vmm-1)31. The decrease of the Pc value in 
TbMn0.98Fe0.02O3 has been reported as a consequence of the destabilization of the magnetic 
structure due to the changes in magnetic interactions promoted by Fe3+ 105. As the magnetic 
field increases toward 3 T, Pc(T) shows a maximum, peaking at highest temperatures according 
to the magnetic field strength, and then shifts to lower temperatures on further magnetic field 
increase up to 5 T. Interestingly, the value of Pc at fixed temperatures decreases at a faster 
magnetic field rate for B > 5.5 T. The Pc(T) curve changes its shape for at 6 T, fading out with 
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decreasing temperature, in such a way that for 9 T, Pc ~ 0 below 13 K. Contrarily to TbMnO3, 
the magnetic field evolution of Pc(T), with B || b is more gradual in this compound 31. 

 
Figure 17. Temperature dependence of the ((a), (b)) pyroelectric current densities and ((c), (d)) electric polarization of 
TbMn0.98Fe0.02O3, measured along the a and c axes under an applied magnetic field along the b axis. The insets show a 
magnified view of the temperature profiles of the pyroelectric current density. 

 Concerning the temperature dependence of the pyroelectric current density recorded 
along the a axis, Ja(T), a small anomaly at Tc = 23 K is already observed for 0 T contrary to 
pure TbMnO3, where no anomaly was detected31. As the magnetic field strength increases, the 
amplitude of this anomaly decreases and downshifts, following a similar temperature trend as 
observed for Jc(T) (see inset of Figure 17a). Due to the similar temperature behaviour, we 
assign this anomaly to the minor electric polarization projection in the measurement direction, 
due to a small misorientation in the sample. A second anomaly in Ja(T) emerges at low 
temperatures with the same sign as the first one. The second anomaly peaks at higher 
temperatures and its amplitude increases as the magnetic field strength increases. These results 
evidence the enhancement of the electric polarization Pa along the a-axis as the magnetic field 
increases, as seen in Figure 17c. The maximum electric polarization along the a axis, recorded 
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at 2 K and 8 T, is about 70% of the maximum spontaneous polarization value measured at the 
same temperature along the c axis, in the absence of the applied magnetic field. In TbMnO3, 
the maximum value of the electric polarization along the a axis is about 67% of the maximum 
value of the electric polarization from the c axis, after the magnetically induced polarization 
flop31. 

 Figure 17e shows the temperature dependence of the electric polarization Pc measured 
under applied magnetic field along the a axis (B || a). The pyroelectric current Jc(T), shown in 
the inset of Figure 17e, exhibits just one anomaly, peaking at TC = 23 K, weakly dependent on 
the field strength. However, the amplitude of this anomaly decreases with increasing field 
strength; consequently, the electric polarization Pc is a decreasing function of the magnetic 
field strength, gradually converging to the limit value 110 μC/m2, contrarily to what is observed 
when the magnetic field is applied along the other two crystallographic axes. At 9 T, the value 
of Pc at the lowest temperature is 25% of the value obtained in in TbMnO331. 

 Figure 17f depicts the temperature dependence of the electric polarization Pc and 
pyroelectric current (inset of Figure 17f) measured along the c axis, under different magnetic 
field strength, applied along the same c axis. Only one anomaly is observed in Jc(T) for all the 
values of the field strength; as consequence, at a fixed magnetic field, the electric polarization 
increases monotonously on cooling below TC. Moreover, the Jc(T) anomaly peaks at Tc = 23 K 
for 0 T, monotonously decreasing the peaking temperature as the magnetic field increases, 
reaching 16 K for 9 T (see inset of Figure 17f). The amplitude of this anomaly also decreases 
and eventually disappears for B > 9 T, meaning that the electric polarization Pc is a decreasing 
function of the applied magnetic field along c axis, reaching negligible values for 9 T. The 
latter result contrasts with the temperature/magnetic field dependence of the electric 
polarization of TbMnO3 measured in the same configuration31. In fact, for B < 6 T, Pc(T) is 
weakly dependent on the magnetic field, increasing with decreasing temperature, although a 
change of slope of Pc(T) is observed just below 10 K31. However, as the magnetic field 
increases further above 6 T, the Pc(T) curve profile changes and, for 8 and 9 T, the electric 
polarization takes non-negligible values between TC and 15 K31. 

 A detailed discussion of the neutron diffraction results is available in Ref.A4 The 
interplay between the magnetic structure, electric polarization and magnetoelectric coupling is 
best seen in comparative plots at fixed temperatures. For this purpose, we represented in Figure 
18 the magnetic field dependence of Pc(T), measured with applied magnetic field along the 
three crystallographic directions, the modulation wave vector qMn, determined from the 
magnetic superlattice peak (0 qMn 1) position, and, in inset, the intensity of the magnetic 
superlattice (1 qMn 3) (left axis) and of the (1 0 4)  magnetic (right axis) peaks. Here, we chose 
to analyze these quantities as a function of the magnetic field strength at 18 K (for which the 
a-axis component of the polarization is not observed up to 8 T), 12 K (for which the polarization 
rotates with applied magnetic field), and 5 K (to study the Tb3+ spin ordering effect), which 
represent the overall trend of the aforementioned quantities. 
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Figure 18. Magnetic field dependence of the electric polarization Pc measured along the c-axis in external magnetic field 
applied along the a-, b- and c-axes, and the modulation wave vector qMn, calculated from the (0 qMn 1) peak position, measured 
at 18 K (a, b), 12 K (c, d) and 5 K (e, f). Insets: magnetic field dependence of the intensity of the (1 qMn 3) magnetic superlattice 
peak (left red) and the (1 0 4) magnetic peak (right blue). 

 For the three chosen representative temperatures, Pc(B) exhibits different magnetic 
field dependences according to the applied magnetic field direction, mirroring the anisotropic 
nature of the static magnetoelectric coupling. In the 8 to 22 K range, Pc(B) is a linear function 
of B || b below and above 4.5 T, although with different slopes; it is a linear function of B || a 
only for Ba < 4 T; and has a non-linear dependence with B || c, eventually disappearing above 
a certain value of magnetic field which depends on temperature.  

 From the slopes of the linear relation between Pc and B || b strength (Bb), we have 
estimated the effective magnetoelectric coefficient 𝛼 = 𝑑𝑃 /𝑑𝐵  and its temperature 
dependence is presented in Figure 19, below and above 4 T. 
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Figure 19. Temperature dependence of the effective magnetoelectric coefficient 𝛼  of TbMnO3 and TbMn0.98Fe0.02O3, for (a) 
Bb < 4 T and (b) Bb > 4 T. The solid lines are guide for the eyes. Data concerning TbMnO3 was taken from Ref.31. 

 The effective magnetoelectric coefficient of TbMn0.98Fe0.02O3 is negative, mirroring the 
decrease the polarization with the magnetic field increase. The value of the magnetoelectric 
coefficient is one order of magnitude larger for Bb > 4 T. In both magnetic field ranges, the 
absolute value 𝛼  increases monotonously as temperature decreases, giving evidence for the 
strengthening of the magnetic field dependence of the electric polarization as the 
temperature/magnetic field decreases/increases down to 8 K. 

 Comparing with TbMnO3, two different regimes are found, as it is clear from Figure 
19. For applied magnetic field strength below 4 T, the effective magnetoelectric coefficient 
𝛼 = 𝑑𝑃 /𝑑𝐵  obtained for TbMnO3 is exactly 0, meaning that while the polarization does 
not rotate towards the a axis, its value is independent of the applied magnetic field. In contrast, 
TbMn0.98Fe0.02O3 has a finite negative 𝛼  coefficient for the same temperature and magnetic 
field strength. This result proves the role played by the Fe3+ magnetism, that even a low-level 
substitution slightly changes the cycloidal ordering, in agreement with the neutron dataA4 that 
show the promotion of a canted structure already at 1 T applied magnetic field. However, above 
4 T, the modulus of the effective magnetoelectric coefficient of TbMnO3 becomes higher than 
the one calculated for TbMn0.98Fe0.02O3, due to a sharper rotation of the cycloid ordering with 
the applied magnetic field. The difference between both values increasing as temperature 
decreases, in such a way that at 8 K the effective magnetoelectric coefficient of the pure 
compound is almost 4 times larger than in the Fe-substituted compound. This study 
demonstrates the strong impact of low-level substitution of Mn3+ by Fe3+ on the electric 
polarization dependence in the low applied magnetic field regime. 

Candidate’s contribution: 

Studying of relevant literature and planning of experiments. The candidate performed the 
pyrocurrent measurements, as function of temperature and applied magnetic field, and analysed 
the data. Finally, together with the contributions from the co-authors, he wrote the paper A.4.  
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Conclusion  

 The experimental findings discussed in this thesis provide valuable insights into the 
multiferroic properties and magnetoelectric coupling in various compounds.  
 In the quadruple-perovskite BiMn3Cr4O12, the observed polar phonon softening 
towards the ferroelectric phase transition temperature TFE1 and appearance of a dynamical 
central peak in microwave spectra slightly above TFE1 indicate crossover of the phase transition 
from the displacive to order-disorder type. Additionally, the ferroelectric critical temperature, 
TFE1, is found to coincide with the Néel temperature, TN1, at 125 K. This means that 
BiMn3Cr4O12 is the first multiferroic in the literature where the antiferromagnetic ordering is 
induced by a ferroelectric structural transition. Moreover, the linear relationship between the 
anomalous contribution to the Raman-active phonon wavenumber and the intensity of the 
magnetic diffraction peaks further supports the presence of spin-lattice coupling in this 
compound. 
 In the case of BiMn7O12, a phonon in the THz range softens on cooling towards 460 K, 
the temperature at which BiMn7O12 undergoes a structural phase transition from 
centrosymmetric monoclinic I2/m to a noncentrosymmetric monoclinic Im phase. This phonon 
also exhibits an anomaly coinciding with another structural phase transition at ~300 K to the 
triclinic P1 phase, in which the ferroelectric polarization is predicted to move out of the ac 
plane. Additionally, the microwave permittivity measurements and dielectric anomalies near 
two magnetic phase transitions below 60 K provide evidence for the magnetoelectric coupling 
at these two phase transitions. Raman spectroscopy also reveals the presence of spin-phonon 
coupling, with selected Raman modes sensing the magnetic phase transitions occurring at 
specific temperatures. Furthermore, the Raman mode near 650 cm−1 exhibits a clear deviation 
from anharmonic temperature dependence, which is linearly correlated with the spin 
correlation function calculated from magnetic part of heat capacity. 
 Regarding the TbMn1−xFexO3 compounds (x = 0, 0.02, and 0.04), the substitution of 
Mn3+ by Fe3+ significantly influences the magnetic phase sequence, static and dynamic 
magnetoelectricity, spin structure, and ferroelectric properties. The low-energy electromagnon 
excitation is found to be rather strong in the paraelectric and magnetic collinear sinusoidal 
antiferromagnetic phase in the Fe-substituted compounds, contrasting with the behaviour 
observed in pure TbMnO3. This activation of electromagnon in the spin-collinear phase can be 
attributed to the effect of Fe3+ magnetism, which alters the magnetic interactions and induces 
changes in the spin structure. The analysis of infrared reflectivity spectra indicates that the 
lowest-lying optical phonons contribute to the dielectric strength of the observed THz 
excitations. Raman spectroscopy reveals the presence of spin-phonon coupling above the 
magnetic phase transitions, implying a strong interaction between the magnetic and lattice 
degrees of freedom. In the TbMn0.98Fe0.02O3 single crystal, the substitution of Mn3+ by Fe3+ not 
only affects the magnetic phase sequence regarding TbMnO3 but also leads to the 
destabilization of modulated magnetic structures associated with the Mn3+ magnetic momenta 
ordering. This destabilization has a direct impact on the ferroelectric properties and 
magnetoelectric coupling in the compound. The observed decrease in the electric polarization 
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under an applied magnetic field is attributed to the changes in the magnetic structure induced 
by the presence of Fe3+ in the lattice. Despite this decrease, the magnetoelectric coefficient is 
found to be enhanced for a field below 4 T, indicating an improvement in the magnetoelectric 
performance. The presence of magnetoelastic coupling in TbMn0.98Fe0.02O3 further supports 
the interaction between the magnetic and lattice degrees of freedom. 
 The comprehensive experimental investigations presented in this thesis contribute to a 
deeper understanding of multiferroic materials, particularly regarding their ferroelectric phase 
transitions, spin-phonon interactions, and magnetoelectric coupling mechanisms. The obtained 
insights into the complex interplay between the magnetic and ferroelectric order parameters 
provide a basis for further exploration and development of multifunctional materials with 
tailored and tuneable multiferroic properties. 
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