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Abstract:

Multiferroic materials, showing ordering of both electrical and magnetic degrees of freedom, are promising
candidates enabling the design of novel electronic devices. Various mechanisms ranging from geometrically or
spin-driven improper ferroelectricity via lone-pairs, charge-order or -transfer support multiferroicity in single-
phase or composite compounds. The search for materials showing these effects constitutes one of the most
important research fields in solid-state physics during the last years, but scientific interest even traces back
to the middle of the past century. Especially, a potentially strong coupling between spin and electric dipoles
captured the interest to control via an electric field the magnetization or via a magnetic field the electric po-
larization. This would imply a promising route for novel electronics. Here, we provide a review about the di-
electric and ferroelectric properties of various multiferroic systems ranging from type I multiferroics, in which
magnetic and ferroelectric order develop almost independently of each other, to type II multiferroics, which
exhibit strong coupling of magnetic and ferroelectric ordering. We thoroughly discuss the dielectric signatures
of the ferroelectric polarization for BiFeO;, Fe;04, DyMnO; and an organic charge-transfer salt as well as show
electric-field poling studies for the hexagonal manganites and a spin-spiral system LiCuVOj.
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1 Introduction

The control of the ferroelectric polarization of multiferroic materials allows innovative magnetoelectric func-
tionalities on a macroscopic as well as on a microscopic level, which may pave the way for next-generation
building blocks for future electronic products [1-6]. Therefore, the analysis of the electrical and, hence, the fer-
roelectric properties is of key relevance. The objective of this manuscript is to gain fundamental insights into
the underlying complex coupling mechanisms as well as a target-oriented manipulation of the magnetoelectric
effect or the multiferroic ordering. Figure 1 provides a brief overview (adapted from Refs. [3] and [4]) on the def-
inition of “multiferroicity” as well as “ferroic properties”, “magnetodielectric effect” and “magnetoelectric ef-
fect”. As there are various mechanisms giving rise to multiferroicity, we review dielectric and electric-field pol-
ing studies for six magnetoelectric and multiferroic materials based on five different and important underlying
mechanisms: Lone-pair multiferroicity, geometrically driven improper ferroelectricity, relaxor-ferroelectricity
in magnetic materials, electric-dipole-driven magnetism and strongly coupled spin-driven improper ferroelec-
tricity.
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Figure 1 Definitions in the field of multiferroics (adapted from Ref. [4]) and the relationship between originally defined
multiferroic and magnetoelectric materials (adapted from Ref. [3]). Ferroic order, especially ferromagnetism (ferroelec-
tricity), forms a subset of magnetically (electrically) polarizable materials. In their intersection, multiferroic and magne-
toelectric coupling can arise. For multiferroicity and the magnetoelectric effect the originally (blue) used and nowadays
{red) commonly accepted definitions are given. The latter would lead to an enlarged intersection as e.g. antiferromagnetic
order is also allowed for multiferroicity.

After an introduction on the signatures of ferroelectricity in dielectric spectroscopy and polarization measure-
ments, we explicitly focus on the ferroelectric polarization of the following multiferroics:

Probably the most investigated single-phase multiferroic system is BiFeO; [7], which is indeed of particular
interest for multiferroic applications as its multiferroicity already exists at ambient temperatures. We briefly
review the dielectric and polar properties, only focusing on single crystals.

Magpnetite is one of the oldest known magnetic materials. We discuss its fascinating property, namely
relaxor-ferroelectricity, making Fe;0, multiferroic [8]. However, the coupling of its order parameters is rather
weak and occurs at temperatures below liquid nitrogen.

Electric-field poling studies of improper ferroelectrics like YMnO; and ErMnOj are rare [9-12]. Beside their
multiferroic properties, these systems are in the scientific focus as they exhibit versatile ferroelectric domain
and domain-wall properties [6]. Results of dielectric spectroscopy and polarization measurements combined
with local-probe analysis allow manipulating the local structure via electric field and may pave the way towards
their utilization in domain-wall-based electronics (as discussed, e.g. in DOI:10.1515/PSR.2019.0014).

A more exotic class of multiferroic materials is charge-transfer salts, which can exhibit improper ferroelec-
tric ordering due to the localization of charges at organic molecules. For x-(BEDT-TTF),CulN(CN),ICI (here
BEDT-TTF stands for bis(ethylenedithio)-tetrathiafulvalene, often also abbreviated as ET), charge-order-driven
electronic ferroelectricity was reported representing a novel type of multiferroic mechanism {13]. This allows
in principle to tune magnetic ordering via an electric field, making this material class highly interesting from a
fundamental point of view.

In multiferroics, the magnetic and ferroelectric order can develop almost independently from each other
(ie. type I). In contrast, type I multiferroics exhibit strong coupling of their ferroic orders [14]. Often complex
magnetic ordering triggers improper ferroelectricity in these systems leading to identical ferroelectric and mag-
netic transition temperatures. For various compounds, like TbMnO; [15], DyMnO; [16] or LiCuVOjy [17], the
ferroelectric polarization can be controlled by magnetic fields. However, the reversed control is a challenge. For
spin spirals (as discussed in DOIL:10.1515/PSR.2019.0016), it was demonstrated that an electric field can change
the helicity of these spirals from counterclockwise to clockwise rotation and vice versa [18-20]. Here, we briefly
review the dielectric properties arising at the joint transition temperatures of DyMnO; [16].

Another prime example for a strongly coupled multiferroic is the spin-spiral system LiCuVO, [17]. We dis-
cuss its dielectric as well as its switching properties by electric fields and the impact of switching on the spin
spirals.

2 Signatures of ferroelectricity

2.1 Signatures of ferroelectricity in dielectric spectroscopy

For multiferroics, due to conductivity contributions and/or extrinsic Maxwell-Wagner (MW) like relaxation
phenomena arising from thin insulating barrier layers {21}, it is often difficult or even impossible to unequiv-
ocally identify a polar ground state by a direct measurement of the electrical polarization. Therefore, one of
the most prominent experimental methods used to identify ferroelectricity in multiferroics is dielectric spec-
troscopy. It allows for the detection of the significant anomalies in the temperature dependence of the real part
of the dielectric permittivity (the dielectric constant €°) that are expected to occur at ferroelectric transitions.
In this section, we discuss the typical experimental signatures of ferroelectricity in dielectric spectroscopy for
the different classes of ferroelectric states, which in principle can also be found in multiferroics, e.g. TbMnO,
(Ref. [15]) or LiCuVO, (Ref. [17]). For more details, we refer the reader to various review articles and books on
ferroelectricity [22-26].

An important class of ferroelectric materials is constituted by the so-called displacive ferroelectrics. At their
ferroelectric transition, a high-symmetry structure without permanent dipole moments transfers into a lower-
symmetry structure with polar order. The latter arises from permanent dipole moments generated by local
shifts of ions. In fact, in displacive ferroelectrics a so-called soft mode occurs, a dipolar-active transverse optical
phonon that becomes soft when approaching the critical temperature. This finally results in the freezing-in
of the long-wavelength ionic displacements and leads to an off-symmetry position of the involved ions that
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“establishes long-range polar order. An important property of displacive ferroelectrics is the divergence of the
static dielectric constant ¢;: In the paraelectric phase, above the ferroelectric transition at Tgg, the temperature
dependence of ¢, can usually be well described by a Curie-Weiss law.

Here C is the Curie constant determined by the dipole number per volume and the dipole moment and T¢yw
denotes the Curie-Weiss temperature, depending on the average interaction strength between the dipoles. Of-
ten the Curie-Weiss temperature and the ferroelectric ordering temperature are of similar order. Figure 2(a)
schematically indicates £(T) for a displacive ferroelectric. Below the transition temperature, £'(T) decreases
again, leading to a sharp peak at Tg. The detailed shape of this peak depends on the details of the transition,
especially its first- or second-order nature [25, 26]. When performing conventional dielectric spectroscopy, typ-
ically covering frequencies in the Hz-MHz range, usually no significant frequency dependence of ¢’is observed
for this class of ferroelectrics.
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Figure 2: (a)-(c) Schematic plots of the temperature dependence of the dielectric constant of materials belonging to the
three classes of ferroelectrics as typically detected by dielectric spectroscopy. The different lines represent £(T) at different
frequencies. Frames (d)—(f) show £(») of three multiferroics (LiCuVO, [27], x-(BEDT-TTF),Cu[N(CN),]Cl1 [13] and Fe;O,
[8], respectively), which represent experimental examples corresponding to frames (a)}~(c).

Figure 2(d) shows a multiferroic example of this type or ferroelectric, LiCuVOj, [27]. It should be noted that
this is an improper ferroelectric, where the polar order is driven by complex magnetic ordering via the inverse
Dzyaloshinskii-Moriya interaction (see Section 3.6 for details on this material). However, this mechanism also
leads to ionic displacements, which finally generates ferroelectricity. As documented in Figure 2(d), there is a
small frequency dependence of ¢ in this material, which may arise from the non-canonical origin of its polar
order. However, it is much weaker than in the other two examples (Figure 2(e) and Figure 2(f)), which belong
to different classes of ferroelectric as explained below.

While displacive ferroelectrics have no permanent dipole moments in their high-temperature paraelectric
phase, in another class of ferroelectrics permanent dipole moments already exist above Tgg. In these so-called
order—disorder ferroelectrics, in the paraelectric state these dipoles are statistically disordered with respect to
site and time, but at the ferroelectric transition they align and polar order arises. Their temperature-dependent
dielectric constant also exhibits a peak at the transition. However, in contrast to displacive ferroelectric, it also
often reveals significant dispersion effects at audio and radio frequencies exhibiting the signatures of dielectric
relaxation. This results from dipolar reorientations within double- or multi-well potentials, which slow down
on decreasing temperature. In most cases, the detected dielectric response is almost monodispersive and ap-
proximately of Debye type, implying a single, well-defined relaxation time. In the paraelectric state, the dipolar
units undergo fast reorientations between equivalent directions, while they reveal long-range order within the
ferroelectric state. A schematic plot of the typical dielectric behaviour of displacive ferroelectrics is shown in
Figure 2(b). While at low frequencies a well-defined and sharp peak arises in £(7), it successively becomes
suppressed with increasing frequency. Finally, almost no dielectric anomaly is detected at high frequencies, an
effect that can occur in the kHz to MHz frequency range, depending on the material [26]. At low frequencies,
only a small shift of the maxima in £(T) is observed for different frequencies. Often the temperature dependence
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“of the relaxation time determined from an evaluation of the frequency dependence of ¢ and of the dielectric loss
¢” does not follow simple thermally activated Arrhenius behaviour. Instead, critical behaviour t « 1/(T — T,.)Y
is frequently observed [26].

An example of a multiferroic exhibiting order—disorder ferroelectricity is provided in Figure 2(e). It shows
£'(T) of the antiferromagnetic quasi-two-dimensional organic charge-transfer salt x-(BEDT-TTF),Cu[N(CN),]Cl
(x-Cl) for several frequencies [13]. The strong suppression of the ferroelectric peak at high frequencies with only
weak temperature shift, which is typical for order-disorder ferroelectrics (Figure 2(b)), is well documented. In
this material, which will be discussed in more detail in Section 3.4, a combination of molecular dimerization
and charge order leads to electronic ferroelectricity [13]. Above the charge-order transition, holes fluctuating
within the dimers correspond to disordered dipoles, which finally order ferroelectrically below the transition.

The third class of polar materials treated here are the relaxor-ferroelectrics, which roughly can be regarded
as ferroelectrics with a smeared-out phase transition (for reviews on these materials, see Refs. [28] and [29]).
Often disorder helps promoting relaxor-ferroelectric states, which frequently is observed in solid solutions like
the pseudo-cubic perovskite PbMg; ;31Nb; 305 [30]. Just as in the other classes of ferroelectrics, £(T) of relaxors
reveals a peak, however, with a smoothly rounded shape. Strong dispersion effects show up, which, especially
in the frequency dependence of ¢ and €”, are reminiscent of the relaxation dynamics in glass-forming dipo-
lar liquids as glycerol [31]. As indicated in the schematic plot in Figure 2(c), with increasing frequency the
smeared-out ¢-peak shifts to higher temperatures and its amplitude becomes reduced. This results in charac-
teristic dispersion effects below the peak temperatures. In relaxor-ferroelectrics, the observed shift of the peak
temperatures in £(T) usually signifies a Vogel-Fulcher-Tammann (VFT) law of the relaxation time r(T) [32-34]:

B
T=TOCXP[T:—T;;:| (2)

Here, Typy is the divergence temperature of 7, where the dipolar dynamics finally becomes frozen, and B is an
empirical constant. The temperature in eq. (2) represents the peak temperature in £{(T) and the relaxation time is
deduced via 7 = 1/(2mv), where v is the frequency of the applied ac field. It should be noted that VFT behaviour
is also found for the characteristic slowing down of molecular motion in glass-forming materials {31, 35]. The
finding of a VFT law in relaxor-ferroelectrics usually is interpreted as being due to the glasslike freezing-in of
short-range cluster-like ferroelectric order, assumed to exist in these materials [26, 28].

In most cases, the relaxation effects found in the dielectric spectra of relaxor-ferroelectrics do not show
the characteristics of a simple monodispersive Debye relaxation. For the latter, the frequency dependence of
the complex dielectric constant £* = ¢ — ie” should behave like e* = £, + (g, — £,,)/(1 + iwr) with ¢, the high-
frequency limit of ¢ and w = 2mv. This leads to peaks in the dielectric-loss spectra with half widths of about
1.14 decades. However, in relaxor-ferreelectric, just like in most conventional glass-forming systems [31, 36, 37],
the experimentally measured peaks are broadened. Various empirical functions are available to describe such
broadened relaxation features in the dielectric spectra [38-40]. The broadening can be ascribed to a distribution
of relaxation times arising from disorder [36, 37]. Usually, the occurrence of nano-scale ferroelectric clusters
is assumed to explain the observed effects, in contrast to the macroscopic long-range ferroelectric domains
existing in conventional ferroelectric states.

Finally, it should be noted that in relaxor-ferroelectrics, for temperatures above the dielectric-constant max-
imum, £(T) often deviates from the characteristic Curie~-Weiss behaviour, eq. (1), commonly found for con-
ventional ferroelectrics. These deviations may arise due to short-range correlations between the mentioned
nano-scale ferroelectric regions which are the precursors of the freezing-in of polarization fluctuations into a
glasslike low-temperature state [41].

In Figure 2(f), we show an example of a multiferroic relaxor-ferroelectric, Fe;O; [8]. It exhibits a stronger
shift of the £(T) peak with frequency than in the order—disorder system x-Cl (Figure 2(e)) [13] and a broader,
smeared-out peak. The ferroelectricity in this material is assumed to be driven by charge order [42], but the
reason for the observed relaxor behaviour is not finally clarified. In Section 3.3, we provide a more detailed
discussion of this material.

One should be aware that semiconducting single crystals or ceramics as well as electrically heterogeneous
media often show a barrier-layer capacitance, which can be of internal or external origin {21}. Examples for in-
ternal layers are grain boundaries in polycrystalline samples. External layers are usually formed at the sample
surface, e.g. by the formation of Schottky diodes when applying metallic contacts to a semiconducting material.
This can lead to socalled MW relaxations, non-intrinsic effects that should not be confused with the intrinsic
relaxational response found in order—disorder or relaxor-ferroelectrics. MW relaxations are caused by the pres-
ence of thin insulating barrier layers within the sample that give rise to high capacitances. The latter can lead to
very high, so-called “colossal” [43], dielectric constants, which can impede the detection of an underlying ferro-
electric ordering. These layers cause the artificial occurrence of a strong relaxation-like frequency-dependence
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*of the dielectric properties, even without the presence of intrinsic relaxations in the investigated material. This

can be understood when modelling the thin interface regions and the bulk sample by an appropriate equiva-
lent circuit [21, 44]. Usually, at low frequencies the high capacitance of the layers dominates, leading to colossal
dielectric constants, while at high frequencies the layer capacitors become shorted and the intrinsic properties
may be detected. However, often intrinsic and non-intrinsic effect superimpose, hampering an unequivocal
evaluation of the experimental data. In addition, these layers often show non-linear dielectric response (e.g. the
Schottky diodes mentioned above), artificially mimicking ferroelectric hysteresis loop-like behaviour [45, 46].

Overall, great care should be taken to avoid MW effects leading to an erroneous claim of ferroelectricity
or even multiferroicity. A prime example for a material showing MW relaxation due to internal and external
barrier layer capacitances is CaCu3Ti;O, [47-49]. In this context, one should also mention LuFe,O,4, which
is often considered as a multiferroic with charge-order-driven polar order, i.e. electronic ferroelectricity [50].
However, the intrinsic nature of the detected dielectric properties of LuFe,0, was questioned by several works,
and non-intrinsic MW effects in this material seem very likely [51-53].

2.2 Signatures of ferroelectricity in polarization measurements

Polarization measurements are the most direct way to detect ferroelectricity in bulk materials. In the light of
possible non-intrinsic contributions due to MW effects, a detailed dielectric analysis is advisable to deduce
the temperature and frequency range as well as the electrical excitation fields, in which electric-field poling
studies can be successfully performed. Positive-up-negative-down (PUND) measurements accompanying the
hysteresis loop measurements can in addition verify the intrinsic nature of the detected polarization response
[54].

Hysteresis loop measurements, for which the polarization P is measured in dependence of an external elec-
tric field E, represent the standard method for identifying ferroelectricity. This should lead to a clear hysteresis
loop as schematically shown in Figure 3(a), which evidences the switchability of the polarization. It should be
noted that, aside of the occurrence of a unique polar axis in the material, this switchability is an important char-
acteristic of ferroelectrics. It essentially corresponds to domain nucleation, domain growth and the shifting of
ferroelectric domain walls by the applied electrical field [26]. One should be aware that, at temperatures far be-
low the ferroelectric transition, the domains often can be quite large and a possible domain-wall motion cannot
by achieved by electrical fields of realistic amplitude (less than the breakdown field) [23-26, 54]. Therefore, P(E)
measurements at higher temperatures, shortly below Ty, often are desirable. However, at elevated tempera-
tures Ohmic losses due to mobile charge carriers, leading to finite dc conductivity, can dominate the measured
hysteresis loops, hampering the detection of switchability. Moreover, as mentioned above, non-intrinsic effects,
e.g. Schottky diodes arising at the contact-sample interfaces, can lead to considerable non-linear response of
the sample to an applied electrical field, which can give rise to apparent P(E) hysteresis loops, not related to
ferroelectric switching [46].
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Figure 3: {(a) Schematic plots of the P(E) hysteresis loop as expected for a ferroelectric state. (b) and (c) Schematic plot of
the applied field (a) and of the polarization-induced current response (b) as expected for a PUND measurement of a fer-
roelectric. Frames (d)}-~(f) show P(E} and PUND results for h-ErMnQO; [10, 12] at 120 and 160 K, which represent exper-
imental examples corresponding to frames (a)-{c}. The 160 K curve represents a measurement for which non-intrinsic
effects start to contribute to the overall polarization indicated by the small peaks in the second and the forth pulses.
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‘An altetnative to conventional P(E) measurements, partly avoiding these problems, is the so-called PUND ex-

periments. For this experimental method, a sequence of field pulses is applied to the sample, with two positive
pulses followed by two negative ones as indicated in Figure 3(b). For a ferroelectric state, the monitoring of the
time-dependent current I(t) should reveal a response as schematically indicated in Figure 3(c). Ideally, a peak
in the current should arise at the increasing flanks of the first and third pulses. This mirrors the switching of the
polarization, involving the reorientation of the dipolar moments. This reorientation corresponds to a motion
of charges and thus generates a current pulse. This puise should, however, be absent at the second and forth
pulses, which have the same polarity as the preceding ones. There the polarization was already switched into
the same direction by the previous pulse and therefore no dipolar motion {(and, thus, no current pulse) is ex-
pected. For non-intrinsic contributions to the polarization, the latter argument usually is not valid and I(¢) looks
the same for the two succeeding pulses with same polarity. In Figure 3(d) and Figure 3(f) we show an example,
h-ErMnO; [12], for a ferroelectric hysteresis loop as well as the measured current of a PUND measurement (the
ferroelectric properties are discussed in detail in Section 3.2). Both experiments are performed at 120 and 160 K.
For the latter, the hysteresis loop (Figure 3(d)) shows an additional non-intrinsic contribution to the polariza-
tion. This non-intrinsic effect gives rise to small peaks in the current signal of the PUND measurement (Figure
3(f)) while the second and the forth voltage pulses are applied (Figure 3(e)). Therefore, this PUND method is
very useful to discriminate between intrinsic and non-intrinsic polarization effects.

Finally, we want to mention that pyrocurrent measurements also can be used to check for the occurrence of
ferroelectricity. They were e.g. of key importance for the first detection of the small polarizations in spin-spiral
systems like TbMnOj; [15]. Usually, for these experiments the sample is cooled below its ferroelectric transition
temperature under an applied high electrical field, which ideally should lead to a monodomain polar state. In a
subsequent heating run without external field, the pyrocurrent is monitored. When crossing the transition, the
reorientation of the dipolar moments that return to their disordered states in the paraelectric phase should lead
to a pyrocurrent pulse. From the integration of this time-dependent current signal, the polarization change at
the transition can be determined. When applying the prepoling field in the opposite direction, the pyrocurrent
also should invert its polarity. This can be regarded as a somewhat indirect check of the switchability of the
polarization, prerequisite for a true ferroelectric state. It should be noted that this method is only suited for
well insulating samples. Notably, in multiferroics ferroelectric ordering can often also be triggered by applying
magnetic fields. In such cases, magnetocurrent measurements can be used to detect the polarization changes
at these transitions.

3 Ferroelectric signatures in various multiferroics

In the following sections, we review the ferroelectric ordering and partially the tune-ability for prominent ex-
amples of type I and type Il multiferroics [14]. Ferroelectricity in type I multiferroics often originate from the
lone-pair mechanism, geometrically driven effects or charge ordering. In BiFeOs [7], Bi** ions play the ma-
jor role for the lone-pair mechanism featuring two outer 6s electrons not involved in chemical bonding. This
“negative electron charge” gives rise to a high polarization and, in case of long-range ordered lone-pairs, leads
to ferroelectricity. For this prime example of a room-temperature multiferroic system we briefly review the
dielectric properties as well as the ferroelectric hysteresis loops for single crystals.

Charge-order, which is often observed in transition-metal compounds containing mixed valence ions, can
result in ferroelectric ordering. Among other systems, like TbMnOj5 or Ca;CoMnOy [55], LuFe,O, [50] and the
oldest known magnetic material, Fe;Oy, are assumed to show this type of multiferroicity. We elucidate here the
remarkable charge-order-driven relaxor-ferroelectric properties of Fe;Oj.

The geometrically driven improper ferroelectricity observed, e.g. in the hexagonal manganite YMnO; [56]
(as discussed in more detail in DOI:10.1515/PSR.2019.0014), is realized via a tilting of the MnOs bipyra-
mids leading to Y displacements along the crystallographic c-direction at T, far above ambient temperatures
(T. > 900 K) [11]. The antiferromagnetic ordering of the magnetic Mn®* ions — for ErMnO; and YMnO; - occurs
at temperatures around 80 K[57]. However, their complex ferroelectric domain patterns with topologically pro-
tected vortex structures and the fascinating functionalities arising at the domain walls put these multiferroics
into the scientific focus for domain-wall-based nanoelectronics [5, 6, 58].

Another driving force for the revival of the research on multiferroics, especially those of type Il
(DOI:10.1515/PSR.2019.0016), was the discovery of magnetic ferroelectrics exhibiting strong magnetoelec-
tric coupling about 15 years ago. In 2003, Kimura ¢t al. [15] demonstrated improper ferroelectric ordering in
TbMnQO;, which can be controlied by an external magnetic field. The revealed polarization for TbMnOj is rather
low and of the order 600 uC/m? [15, 16]. By partially or fully replacing the Tb>* ion by Dy>*, the ferroelectric
polarization can reach values of up to 3,000 nC/m?. Besides these two most famous type Il multiferroics, dozens
of further interesting systems exist, which are discussed in detail in various reviews [14, 18, 19]. For many of
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"them, the evolution of spin spirals due to frustrated magnetic order, spin-orbit coupling as well as exchange

striction for collinear spin structures magnetically induces an improper ferroelectric polarization by breaking
the inversion symmetry. This multiferroic mechanism is directly linked to some type of frustrated spin order,
which makes them one of the most exciting developments in this research field [1, 4, 14]. The most discussed
mechanism is the inverse Dzyaloshinskii-Moriya interaction or spin-current in spin-spiral systems [59-61]. For
that mechanism the intensively investigated DyMnO; and LiCuVOy constitute prime examples.

3.1 Lone-pair multiferroicity in BiFeO,

The functional properties, possible applications and the morphologies of multiferroic BiFeOj; belonging to the
rare class of materials with long-range magnetic and ferroelectric order at ambient temperatures are discussed
e.g. in Ref. [62]. Here, we only briefly document the dielectric and ferroelectric properties of single crystalline
BiFeO;, which crystallizes (space group R3c) in a rhombohedrally distorted perovskite structure {7, 63]. The R3c
symmetry allows for weak ferromagnetism as well as for spontaneous polarization along the crystallographic
[111] direction. The two valence electrons of the Bi-ion, which do not participate in the chemical bonding, play
a crucial role establishing the high ferroelectric polarizability leading to P values of the order of 100 pC/cm?
[7, 64, 65]. The synthesis of large stoichiometric BiFeOj5 crystals turned out to be challenging. Impurities and
defects can significantly impact the magnetic and dielectric properties. For the latter, impurity-induced conduc-
tivity and, thus, the formation of MW type contribution can lead to spurious effects. Moreover, the detection
of intrinsic ferroelectric hysteresis loops at ambient temperatures can be hampered or even impeded due to
such extrinsic contributions. Nevertheless, the overall magnetic and structural properties of BiFeO; are well
characterized. The system shows polar order close to 1,100 K and antiferromagnetic ordering at about 645 K
[66], which varies, most likely due to sample quality, between 595 and 650 K [67]. The displacement of Bi’* and
Fe’* ions with respect to the ideal perovskite structure contributes to the electric polarization, which is only
slightly temperature dependent [68, 69].

Figure 4 shows for various frequencies the temperature-dependent dielectric constant (a) and the conduc-
tivity (b) of a BiFeO; single crystal [64]. Distinct signatures of MW relaxations are indicated by the step-like
increase of & ~ 80 (the intrinsic value at low temperatures) to an upper plateau value of about 10*. The inset
in (a) denotes an enlarged view of the temperature-dependent intrinsic dielectric constant as detected for high
frequencies and temperatures below 300 K. Here, MW contributions do not play any role and no significant
frequency dependence is observed. A dielectric analysis close to the ferroelectric transition at high temperature
is hampered due to possible decomposition of BiFeO;. However, e.g. Krainik et al. [70] tried using microwave
frequencies to measure the dielectric properties up to 1,120 K. The temperature-dependent conductivity of the
BiFeQ; single crystal is shown in Figure 4(b). At low temperatures, it is mainly dominated by ac conductivity
due to hopping charge transport. The inset presents the ac conductivity behaviour for 100 K in a broad fre-
quency range pointing towards a super-linear power law, i.e. the frequency exponent exceeds 1. The origin of
this behaviour still needs to be clarified; however, it is also rather common in transition metal oxides {71]. The
temperature-dependent dc conductivity o4, corresponds to the regions where o’(T) becomes frequency inde-
pendent, which leads to a merging of the curves for different frequencies. It behaves thermally activated with
an activation energy of 0.39 eV. Finally, at high temperatures o’(T) deviates from the frequency-independent
04 because MW contributions start dominating the measured conductivity.
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Figure 4: Temperature-dependent dielectric constant (a) and conductivity (b) for frequencies between 1 Hzand 1 MHz
[64]. The inset in {a} denotes the temperature dependence of the dielectric constant as measured at 100 kHz and 1 MHz
on an enlarged linear scale. The inset in (b) shows the frequency-dependent ac conductivity at 100 K [64, 70}. The solid
line indicates power-law behaviour of the conductivity with a frequency exponent of 1.15. (c) Ferroelectric hysteresis loop
measured at 6 Hz for 90 and 170 K [64]. (d) Ferroelectric hysteresis loop of a highly insulating BiFeO, single crystal at
room temperature. The saturation polarization is in the order of 60 pCem=2 and the coercive field is 12 kV/cm [65]. The
inset shows the raw data of this polarization measurement. [(a), (b) and (c) Reprinted with permission from Springer Nature,

J. Lu et al., Eur. Phys. |. B 75, 451 (2010). (d) Reprinted from D. Lebeugle, D. Colson, A. Forget, and M. Viret, Appl. Phys. Lett. 91,
022907 (2007) with the permission of AIP Publishing].

Ferroelectric hysteresis loops for that specific sample were measured at low temperatures (c.f. Figure 4(c))
[64]. For various temperatures below 200 K ferroelectric polarizations of the order of 3040 pC/ cm? and co-
ercive fields around 20 kV/cm were detected, revealing typical hysteresis loops like in proper ferroelectrics.
For another BiFeO; bulk single crystal, exhibiting a five decades higher room temperature resistivity, Fig-
ure 4(d) presents a ferroelectric hysteresis determined at 300 K [65]. The values of the saturation polarization
(35 uC/cm?) and the coercive field (15 kV/cm) are rather similar and finally not too far away from the the-
oretically predicted values as well as from those detected in thin films [7]. Finally, conductivity matters and
electric-field poling seems a feasible way of controlling the ferroelectric as well as the interesting domain prop-
erties in this rare example of a room-temperature multiferroic systems. More details on the magnetoelectric
and dielectric properties are described in detail in the review by Catalan and Scott [62] as well as discussed in
DOI:10.1515/PSR.2019.0070.

3.2 Geometrically driven improper ferroelectricity in RMnO,

Geometrically driven systems, like the hexagonal manganites RMnO; (R = In, Y, Er, Dy, Ho, ..., Lu), consti-
tute a highly interesting class of multiferroics due to their versatile properties. Especially, the research on their
complex (multi)ferroic domain structure aims at their application as functional elements in future nanoelec-
tronics [6, 58, 72, 73]. Here, we focus on the ferroelectric properties of yttrium and erbium manganites. They
= display improper ferroelectricity (T, =~ 1,200~1,500 K) [74] exhibiting a cloverleaf pattern of the ferroelectric
= domains due to the formation of six possible domain states. The corresponding domain walls are arranged
. around vortex-like topological defects. At T,., a structural transition via unit-cell tripling drives this ferroelec-
tricity resulting in a fascinating domain pattern. An example is depicted as inset in Figure 5 revealing a vortex
density of about 10* /mm? (or 0.01 /um?). The density of the complex vortex-domain pattern depends on how
the samples were cooled from temperatures above T, {75]. The corresponding ferroelectric domains and do-
main walls are relatively robust as they are attached to these topologically protected vortices [76]. Beside the
effect of sample preparation on the vortex density, within these constraints electric fields should be perfectly
suited for manipulating the domains and domain walls. However, electric-field poling studies of hexagonal
manganites are rare {9, 11, 12]. Dielectric spectroscopy performed in a broad temperature and frequency range
as well as polarization measurements enable the investigation of the macroscopic polar response to applied
electric fields.
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Figure 5: (a) Dielectric constant and (b) conductivity for various temperatures for a single crystalline h-ErMnO; sample
oriented with out-of-plane polarization. The lines are fits with an equivalent circuit. The inset presents an Arrhenius rep-
resentation of the conductivity featuring a thermally activated behaviour of the bulk dc conductivity, which is indicated
by the pulse. (c) Temperature-, (d) electric field- and (e) frequency-dependent hysteresis-loop measurements. The lower
inset denotes the polar surface pattern measured via piezo-response force microscopy [12]. [A. Ruff et al. Frequency depen-
dent polarisation switching in h-ErMnQO;, Appl. Phys. Lett. 112, 182908 (2018) used in accordance with the Creative Commions
Attribution (CC BY) license].

The detailed analysis of the dielectric properties allows determining the temperature- and frequency-
dependent range for which e.g. single-crystalline h-ErMnQ; exhibits purely intrinsic dielectric behaviour. So
far, often extrinsic so-called MW polarizations arising e.g. from surface barrier layers, especially at ambient
temperatures, have hampered field-poling measurements [77]. Insights into the polarization of hexagonal man-
ganites were mainly gained from ferroelectric hysteresis loops recorded at fixed temperature and frequency,
as well as pyrocurrent measurements [78-80]. However, many oxide materials [21, 47, 81] require — as already
mentioned — a thorough dielectric investigation accompanied by an equivalent-circuit analysis. This is an appro-
priate way for separating the intrinsic bulk dielectric properties from extrinsic effects. For example, a thorough
dielectric analysis performed for YMnOs evidenced barrier-layer capacitances arising from extrinsic effects [77].
In a recent study [12], precise dielectric analyses of h-ErMnOj; have determined a regime in which intrinsic fer-
roelectric hysteresis loops can be clearly revealed as a function of frequency, temperature and applied electric
fields. Figure 5 shows the frequency-dependent dielectric constant €(a) and conductivity o’(b) of h-ErMnO;
for various temperatures. Similar to the YMnOj [77], for T > 150 K the dielectric constant reveals a distinct
frequency-dependent step-like decrease from “colossal” [48] values of up to 10* to intrinsic values of about 15,
which is a typical signature of a MW relaxation arising at interface layers. For low temperatures (T < 150 K) no
step-like feature remains in ¢’ within the measured frequency range from 1 Hz to 1 MHz. An equivalent-circuit
model is used to fit the dielectric spectra (denoted by the lines in (a) and (b)) [12, 21]. From these results the
contributions of the bulk and MW-type interfaces can be separated.

For high temperatures, the conductivity ¢’(v) (Figure 5(b)) exhibits an increase from a low conductivity to
a plateau, which denotes the bulk dc conductivity o4.. For higher frequencies, the bulk conductivity shows a
power-law increase, which is best revealed at low temperatures. It indicates the regime of universal dielectric
response, signifying hopping conductivity [82]. The temperature dependence of g is denoted by the plusses
in the inset of (b). Its behaviour follows an Arrhenius law with an activation energy of 0.29 + 0.01 eV, which is
in excellent agreement with previously reported values [77, 83]. Consistent with the barrier-layer framework,
o4, follows the left flank of the relaxation peak arising in ¢’(T) for various frequencies. Altogether, the step-
like features in the dielectric properties are indeed the typical signatures of MW relaxations. The formation of
a Schottky diode constituting thin barrier layers at the sample-electrode interface seems to be the dominant
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mechanism. However, also less conductive domain walls may play a crucial role, which would allow designing
colossal-dielectric-constant materials via topological protected domain walls [77].

The saturation polarization for hexagonal manganites was calculated to be of the order of 5-6 pC/cm? [84].
As mentioned in Section 2.1, contributions from barrier-layer capacitances can superimpose intrinsic ferroelec-
tric hysteresis loops. A proper analysis requires knowledge of the temperature and frequency range for which
pure intrinsic ferroelectric switching behaviour can be detected. From the dielectric analysis of h-ErMnOj3, a
frequency range from 0.1 Hz to 1 kHz within the temperature range from 80 to 180 K is determined for which
pure intrinsic dynamic ferroelectric switching behaviour is expected to prevail. In addition, high electric acti-
vation fields E, are required to reach saturation polarization. Figure 5 depicts well-defined hysteresis loops as
function of temperature (c), electric excitation fields (d) and applied excitation frequency (e).

Ruff et al. [12] reported that measurements at temperatures around 120 K seem to be an ideal compromise of
excluding non-intrinsic effects, which are confirmed by the absence of addition peaks in PUND measurements
(c.f. Figure 6(b)), but still having achievable electric activation fields for polarization reversal. For measure-
ments at 120 K, an excitation frequency of 10 Hz and applied fields of 114 kV/cm result in a text book-like
hysteresis loop revealing good agreement with the calculated [84] saturation polarization P, of the order of 5-
6 pnC/cm? [12]. When the temperature exceeds 150 K, the intrinsic hysteresis loop begins to be superimposed
by the aforementioned barrier layer contributions, resulting in a slightly rounded saturation polarization for the
highest applied electric fields (c.f. red curves in Figure 5(c)). To reach saturation polarization, it often requires
at least an E, exceeding two times | E. |, which is of the order of 40 kV/cm (c.f. Figure 5(d)). In case of reduced
E, or at lower temperatures (E, increases with decreasing temperature), only partial polarization reversal can
be achieved resulting in a reduced value of P,. In the case of h-ErMnQOsj it is assumed that domain growth of the
predefined topological domains (see lower inset in Figure 5, which depicts the polar surface pattern measured
by piezo-response force microscopy) [9, 12] or bubble domain formation is the underlying process for polar-
ization reversal. One hundred and twenty kelvins is also ideally suited to investigate the dynamic frequency-
dependent polarization-reversal process between 0.1 Hz and 1 kHz (Figure 5(e)). The coercive field strongly
increases with increasing frequency, finally leading to a partial polarization switching for v > 300 Hz. Even in
the case of maximum polarization, a distinct volume fraction of “opposite” domains remains, as domain walls
between two topologically protected vortices are most likely not annihilated. However, these opposite domains
are constricted to narrow “channel”-like domains, especially at high electric excitation fields [85]. For decreas-
ing absolute values of the applied fields, the “channel”-like domains split up again and two distinct domain
walls develop. The remanent polarization denotes the balanced state of preferred domains versus the opposite
“channel”-like domains.
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Figure 6 Positive-up-negative-down measurement of h-ErMnQ; for three temperatures. (a) Sequence of the electrical ex-
citation fields for the PUND measurement and (b) corresponding current signal. Peaks in frames [, IIl and V denote the
ferroelectric switching, while the absence of peak features in Il and IV (non-switching pulses) excludes artificial MW-
type contributions. (c) Frequency dependence of the coercive field in double-logarithmic scale for various temperatures
and excitation frequencies. Lines are linear fits following the Ishibashi~Orihara theory. Temperature- and frequency-
dependent phase diagrams of (d) coercive field and (e) saturation polarization. [A. Ruff et al. Frequency dependent polari-
sation switching in h-ErMnO;, Appl. Phys. Lett. 112, 182908 (2018) used in accordance with the Creative Commons Attribution
(CC BY) licensel.

Based on these results, special emphasis is put on the frequency-dependent polarization switching, which can
be explained in terms of domain-wall movement. Interestingly, this improper ferroelectric material exhibits
similar behaviour compared to proper ferroelectrics, showing pure domain-wall movement [12]. But, compared
to ferroelectrics, such as BaTiO;, the polarization is a secondary-order parameter. The impact of this somehow
“predefined” and “fixed” domain pattern on the ferroelectric switching needs to be verified.

The hysteresis results of Figure 5 can be compared to a recent study by Yang et al. [86] who calculated the
dynamic hysteresis loops based on the Ginzburg-Landau theory. The measured P(E) loops (v < 300 Hz) are in
perfect agreement with those calculated using the temporal evolution of the order parameters derived from the
time-dependent Ginzburg-Landau equation [12, 86]. Interestingly, these loops from theory are solely derived
from movements of domain walls connecting topologically protected vortices, which provides strong evidence
for pure domain-wall motion as dominating process of the polarization reversal. Further interesting features are
indicated in the current response of PUND measurements performed at three different temperatures (Figure
6(a) and Figure 6(b)). The peaks arising in response to the applied first, third and fifth electric-field pulses
and the virtual absence of these peaks for pulses IT and IV, indeed, strongly indicate an intrinsic ferroelectric
switching (c.f. Section 2.2). However, the tiny but still significant humps in the non-switching pulses can be
well explained in terms of the fusion process of two domain walls at sufficiently high E,. In this case, two
domain walls are so close to each other that they form the aforementioned “channel”-like domain, which itseif
acts as a domain-wall-like object. Releasing the applied electrical field on a very short time scale - due to the
depolarization field - results in a splitting of that object back into the two distinct domain walls. This leads to
a small reduction of P, and to a tiny current response. Hence, this peak is observable at the decreasing flank
of the switching pulse and on both flanks of the non-switching pulses (Figure 6(b)). Again, this is in perfect
agreement with simulations [86].

The evolution of the temperature- and frequency-dependent hysteresis loops of h-ErMnO; is discussed in
terms of pure domain-wall movement. From the Kolmogorov—-Avrami-Ishibashi model, Ishibashi and Orihara
[87] derived a more simplified scenario with deterministic nucleation of polar domains, which is often used
to describe the switching kinetics in proper ferroelectrics. Domain-wall motion is solely responsible for the
polarization reversal and it only depends on the frequency of the applied field and its waveform (usually sinu-
soidal). Within the scope of the Ishibashi~-Orihara model, the coercive field should show a simple power-law
behaviour, i.e. E, o v¥. For this scenario, Figure 6(c) provides an analysis of the frequency-dependent logarithm
of the coercive field for various temperatures while frequency- and temperature-dependent diagrams of E. and
P, are presented in frames (d) and (e), respectively. Linear fits yield an empirical S-exponent of about 0.103,
which is of the same order as 3-exponents of pure domain-wall motion in conventional ferroelectrics, like lead
zirconate titanate (8 = 0.05) [88] and strontium bismuth tantalate (8 = 0.12) [54] as well as multiferroic domain-
wall motions of LiCuVO, (8 = 0.08) [89]. This constitutes another strong hint that pure domain-wall motion
as proposed by Yang et al. [86] represents the major mechanism for polarization reversal in h-EtMnO,. The
phase diagrams shown in Figure 6(d) and Figure 6(e) demonstrate a thermally activated behaviour as well as
the frequency-dependent kinetics of the domain-wall motion. This electric-field control of domain-wall motion
may allow manipulating the real-space topological domain structure of hexagonal manganite.

3.3 Relaxor-ferroelectricity in magnetite

Magnetite is one of the oldest and most studied magnetic materials. Nature uses, for example, this compound
in form of smaill crystals for the navigation of birds or magnetotactic bacteria orientating along the earth mag-
netic field. Altogether, the field for applications of magnetite is vast, ranging from classical applications as
compass needles to magnetic recording. Besides its functionality at ambient conditions, this compound also
fascinates due to its so-called Verwey transition [90, 91], which marks a metal-insulator transition at about
120 K enhancing its resistivity by at least two orders of magnitude. This is shown in Figure 7(a) where the
temperature-dependent dc conductivity clearly signifies the Verwey transition, which emerges as a distinct
jump in conductivity by about two orders of magnitude at 125 K. For temperatures below 200 K, an over-
all semiconducting behaviour is detected. Most likely, the charge ordering of Fe?* and Fe*, arising from the
mixed-valence state of iron ions in Fe;0, (comprising one Fe?*, two Fe>* and four O%~ ions), plays a crucial role
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*for the unusual properties of magnetite. Interestingly, charge-order-driven ferroelectricity was proposed to ex-
plain multiferroicity in (PrCa)MnQOj3; [92] as well as in LuFe,O, [50]. For the latter compound, the charge-order
mechanism is controversially debated. Thorough dielectric and ferroelectric analyses [51-53] have provided
strong hints that the observed “ferroelectric polarization” is of non-intrinsic origin, i.e. MW-type relaxation,
representing a typical example of a transition-metal oxide with colossal dielectric constants [21]. Hence, ferro-
magnetic LuFe,0, most likely does not exhibit long-range polar order, thus excluding proper multiferroicity.
In contrast, it seems well justified to apply the concept of charge-order-driven multiferroicity to magnetite. This
was confirmed by a thorough investigation of single-crystalline magnetite using broadband dielectric spec-
troscopy and frequency-dependent ferroelectric polarization measurements [8]. These results point to a regime
of relaxor-like polar ordering in Fe;O,, arising from the continuous freezing of polar degrees of freedom and the
formation of a tunnelling-dominated glasslike state at low temperatures. Within this phase, for which proper
long-range ferroelectricity is excluded due to its centrosymmetric monoclinic symmetry [93], indeed distinct
ferroelectric hysteresis loops are revealed (Figure 7(b)). Not only single-crystalline Fe;O, exhibits ferroelectric
properties, but also for thin films PUND measurements have evidenced the occurrence of multiferroicity at
low temperatures [94]. However, based on polarization measurements alone, there may still be some doubts
concerning their intrinsic origin, as in semiconducting materials Schottky-diode-induced surface layers, like
in the aforementioned LuFe,Oy, can lead to artificial dielectric non-linearity giving rise to hysteresis-loop-like
electrical behaviour [45, 46]. Ensuring an intrinsic origin of the polar properties requires a thorough dielectric
characterization in a broad temperature and frequency range.
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Figure 7: (a) Temperature-dependent dc conductivity for single-crystalline Fe;O, [8]. The Verwey transition clearly shows
up as jump in conductivity by two orders in magnitude. Inset: £(T) of magnetite for various frequencies obtained with
silver-paint (symbols) and sputtered gold contacts (solid lines). The dashed line, calculated assuming a Curie-Weiss law,
illustrates the temperature dependence of ¢; of the main intrinsic relaxation. (b) Ferroelectric polarization P of Fe;O, as a
function of external electric field E at 513 Hz and three temperatures [8]. [Reprinted with permission from F. Schrettle et al.,
Phys. Rev. B 83, 195109 (2011). Copyright 2018 by the American Physical Society].

The inset of Figure 7(a) depicts €’(T) at low temperatures (below the Verwey transition) for frequencies between
1072 and 3 x 10° Hz. To reveal the influence of possible extrinsic Schottky layer-based effects, two different
types of metal contacts were used [21]. Indeed a metal contact-related difference in dielectric properties is re-
vealed, especially for low frequencies above 50 K, which is indicated by the discrepancy of the solid lines (sput-
tered gold contacts) and symbols (silver-paint contacts). £(T) exhibits a distinct step-like feature from values of
up to 10°-10* down to its high-frequency limit of about £, =~ 60. For decreasing temperature, this step shifts to
lower frequencies. For low temperatures, the dielectric spectra reveal at least three partially superimposing re-
laxation steps (c.f. 149 Hz curve, where their points of inflection are approximately located at 10, 30 and 50 K).
One dielectric anomaly emerges as a broad maximum below 40 K; the corresponding static dielectric constant
g, is strongly temperature-dependent as indicated by the dashed line. These are typical signatures of relaxor-
ferroelectricity [8]. Most likely, the freezing-in of short-range clusters that are ferroelectrically ordered drives
this behaviour. The mentioned strong increase of g,(T) follows a Curie-Weiss law (dashed line in Figure 7(a)). At
high temperatures, this relaxor-like feature is partially superimposed by extrinsic, electrode-dominated effects
as evidenced by the disagreement of the £’(T) curves for different contact materials (symbols and lines in the
inset of Figure 3). However, the relaxation feature itself is well reproduced in both measurements, clearly point-
ing its intrinsic nature. Moreover, even in relaxor-ferroelectrics well-developed ferroelectric hysteresis loops at
low temperatures should arise. Therefore, to account for the intrinsic properties, Figure 7(b) shows ferroelec-
tric hysteresis loops at sufficiently low temperatures (5.6, 15 and 30 K) and at a reasonable frequency of 513 Hz
(Fe304 requires high electric excitation fields for poling and thus we have used a high-voltage booster, limiting
the applicable frequency to the sub kHz-range). For 5.6 K, indeed a characteristic hysteresis loop is measured
[8], which is further confirmed by the PUND results at 15 K of magnetite thin films [94]. Typical for relaxor-
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ferroelectrics are relatively broad loops in the nearly long-range-ordered state, i.e. at low temperatures, while
more narrow hystereses should be detected in the vicinity of the transition (at higher temperatures) [28]. How-
ever, the rather strong temperature-dependent increase in conductivity of the single-crystalline Fe;O, sample
hampered hysteresis-loop measurements for T > 15 K. The intrinsic ferroelectric polarization of magnetite de-
tected at 5.6 K is about an order of magnitude lower than that in conventional ferroelectrics.

In summary, magnetite reveals the typical signature of relaxor-ferroelectricity and a continuous slowing
down of its polar dynamics [8]. Most likely the loss of inversion symmetry occurs on a local scale only due
to the cluster-like short-range polar order. One can assume that the polar and charge degrees of magnetite
are intimately related. Hence, the charge-order should also be of short-range type and exhibit freezing at low
temperatures. However, it may not reach complete arrest. Instead, an evaluation of the relaxation dynamics of
magnetite rather indicates a slowly fluctuating glasslike state at low temperatures {a “charge glass”), which
is dominated by quantum-mechanical tunnelling [8]. Excess heat capacity as often found for glassy materials
corroborates this scenario. A possible microscopic picture is that the suppression of long-range charge order
in magnetite arises from the Fe?* /Fe3* B-site ions sitting on a strongly frustrated pyrochlore lattice. The shown
results contribute to the ongoing debate of the presence of ferroelectricity in magnetite and of the discrepancy
between the theoretically expected ferroelectricity and the frequent finding of a centrosymmetric structure.

3.4 Electric-dipole-driven magnetism in a charge-transfer salt

Charge-order-driven ferroelectricity constitutes a promising way to establish multiferroic order [42]. Charge
order results from strong electronic correlations. Prime examples for such a mechanism are found in various
organic charge-transfer salts having effectively %-filled hole bands [95, 96]. Indeed, electronic ferroelectricity
was found in several members of this material class [95, 96] and even multiferroicity was detected {13, 97, 98].
An interesting recent example is the antiferromagnetic quasi-two-dimensional organic charge-transfer salt
k-(BEDT-TTF),Cu[N(CN), ICl (x-C1) [13]. Figure 8(a) shows a top view of the ac plane of x-Cl revealing dimers
of ET molecules with half-filled dimer bands [13, 99, 100]. Recent reports [101-103] demonstrate the impor-
tance of intra-dimer degrees of freedom and inter-site interactions. In a nutshell, within the ET layers adjacent
molecules form dimers on which a single electron hole is delocalized above Tgg ~ 25 K. As proposed in Ref.
{13], below Ty the hole becomes localized, with its probability density being enlarged at one ET molecule of
the dimer (c.f. Figure 8(a)), establishing long-range charge order (but see Ref. [104] for a contrasting view). The
resulting ferroelectricity was clearly evidenced by dielectric and polarization measurements [13] as will be dis-
cussed below. Notably, x-Cl exhibits a well-pronounced jump of the temperature-dependent conductivity close
to 25 K [13, 105, 106], corroborating the occurrence of charge order at Tg. At low temperatures, the hole spins
constitute intralayer antiferromagnetic and interlayer ferromagnetic exchange, leading to an overall antiferro-
magnetic order, i.e. x-Cl is multiferroic. As evidenced e.g. by magnetic susceptibility measurements [99, 107],
at Tge polar and spin order arise almost simultaneously. This was ascribed to electric-dipole-driven magnetic
ordering, which is triggered by the reduction of geometrical frustration induced by the charge ordering [13].
This represents an unconventional type of multiferroic ordering where dipolar order drives spin ordering, in
marked contrast to the well-known mechanism of spin-driven ferroelectricity as appearing, e.g. in LiCuVO,.
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Figure 8: (a) Top view of the ac plane of x-Cl showing the layers formed by the ET molecules [13]. In the upper part of the
figure, selected dimers formed by adjacent ET molecules are highlighted by grey ellipses. The lower part of (a) schemat-
ically depicts the ac planes for temperatures below and above Tg;;. Here the ET molecules are indicated by the thick grey
lines. The red spheres denote the electron holes; for T > Ty, the red shaded areas indicate their delocalization within the
dimer. The orange arrows illustrate the dipolar moments proposed to arise below Ty due to charge ordering. (b) Tem-
perature dependence of the dielectric constant £'(T) for various frequencies measured along the b direction (solid lines are
guides for the eyes) [13]. The dashed line indicates Curie-Weiss behaviour. (c) PUND measurement performed at 25 K
with waiting time § and pulse width p [13]. The upper part of the graph shows the excitation signal, the lower part the
resulting time-dependent current. (d) Ferroelectric hysteresis loop measurement at temperatures below and above the
ferroelectric phase transition at 4 Hz. [Reprinted from P. Lunkenheimer et al., Nat. Mater. 11, 755 (2012)].

The temperature-dependent dielectric constant £(T) of x-Cl is depicted in Figure 8(b) for various frequencies
and the electrical field along the b direction. At around 25 K, well-pronounced peaks with values of ¢’ reaching
up to several hundred are clearly revealed. Interestingly, the temperature of the peak maximum remains nearly
constant for all frequencies while the amplitude strongly decreases with increasing frequencies. This is a typical
behaviour of order—disorder-type ferroelectrics [26]. As discussed in Section 2.1, in this case disordered electric
dipoles already exist at high temperatures and order below the phase transition at Tgg [25, 26], leading to an
overall net polarization. For x-Cl we assume that the electron holes at the dimers (c.f. Figure 8(a)) fluctuate
between the two ET molecules at T > Ty and cooperatively lock-in at one of the two molecules for T < Tgg.
Therefore, the polarization should primarily occur within the ac-plane. However, due to an inclined spatial
orientation of the ET molecules [100], also a polarization along the b direction is induced. We found that this
polarization and the corresponding peak in £(T) are much easier to detect for the electrical field oriented along
this direction. This follows from the fact that the dc charge transport along b in this material is much lower than
within the ac planes [13], where it strongly hampers meaningful dielectric and polarization measurements
[108].

It should be mentioned that the occurrence of CO in x-Cl is still controversially discussed [104, 109, 110].
However, in the related systems x-(BEDT-TTF),Hg(SCN),Cl and a-(BEDT-TTF),I;, the occurrence of CO is
undisputed. In the first system, very recently CO-driven ferroelectricity was clearly evidenced by length-change
measurements and dielectric spectroscopy [111]. Moreover, in the a system, relaxor-ferroelectricity was re-
ported, again based on similar mechanisms as discussed for x-Cl above [112].

Dielectric spectroscopy alone usually is insufficient to provide a final proof of ferroelectricity [45, 46]. As
discussed in Section 2.2, in addition non-linear polarization measurements should be performed, especially
ferroelectric hysteresis-loop and/or PUND measurements [54]. Figure 8(c) shows the results of a PUND mea-
surement applied to x-Cl, for which four trapezoid pulses, preceded by a prepoling pulse (not shown), were
applied to the sample [13]. The detected current signal reveals strong peak-like features occurring when the elec-
tric field exceeds about 10 kV/cm for the firstand third pulses, signifying the switching of the polarization. Just
as expected for proper ferroelectrics (c.f. Section 2.2), the second and forth pulses do not exhibit corresponding
current features. The occurrence of ferroelectricity in x-Cl is further confirmed by P(E) measurements (Figure
8(d)), revealing the typical ferroelectric hysteresis loops in the ordered phase at T < Tg. In contrast, above Tgg
the elliptical shape of the P(E) curve signals a linear polarization response with additional loss contributions
from charge transport.
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In summary, the reported experimental results provide strong evidence for ferroelectricity in x-Cl, coincid-
ing with the onset of magnetic ordering. Notably, the ferroelectric ordering in this system seems to be based on
a primarily electronic mechanism, constituting a charge-order-driven ferroelectric state. Indeed, charge-transfer
salts were considered as good candidates for multiferroics with a ferroelectric state driven by charge order [42].
Interestingly, the results point towards a multiferroicity mechanism where ferroelectric order drives the mag-
netic one, in marked contrast to the well-known spin-driven multiferroics. From a fundamental point of view,
this and related materials [101, 111, 112] are highly interesting due to their exotic multiferroic properties. From
a more applied perspective, the transition temperatures as well as the limited magnitudes of polarization make
them unsuited for technical applications.

3.5 Spin-driven improper ferroelectricity in DyMnO,

DyMnQ; crystallizes in a perovskite structure when grown in a specific atmosphere [16]. Atlow temperatures
(Tn = 40 K) and in zero magnetic fields the system shows a collinear sinusoidal spin structure [113], which
locks in at T =~ 20 K into a non-collinear cycloidal spin spiral giving rise to improper ferroelectricity due to
the inverse Dzyaloshinskii~Moriya interaction or spin-current mechanisms [59-61]}, with tilted spins S; and
S; . 1 at neighbouring atomic sites i and 7 + 1. A prerequisite for ferroelectric ordering is the breaking of the
inversion symmetry, which arises in a spin-spiral system due to this tilted spin configuration. The ferroelectric
polarization follows a distinct symmetry relation in these spiral magnets:

PxexQ, (&)}

where Q is the propagation vector of the spin spiral and e = (S; x S; , ) corresponds to the vector along the
spiral axis, i.e. the normal vector of the spiral plane [59-61]. The tilting direction, i.e. clockwise or counterclock-
wise, of these two spins determine the direction of the normal vector. Even for a 1D element, like a spin spiral,
a chirality-like vector can be defined. As a consequence of this “handedness” of the spin spiral, the polarization
can be switched, if the modulation direction is fixed [19, 20, 89].

For DyMnQ;, the spin moments lie in the b-c plane modulating along the b-axis, which induce a ferroelec-
tric order along the c-axis. The magnetic-field dependence of the ferroelectric ordering is a typical signature for
type II multiferroics. Applying a magnetic field along different crystallographic axes causes the ferroelectric
polarization vector to switch, e.g. H along b gives rise to a polarization in a direction for H > 1 T at 2 K. In Fig-
ure 9(a), the magnetic field-dependent dielectric constant, measured at 10 kHz and for various temperatures,
reveals a peak feature indicating a paraelectric to ferroelectric transition [16]. Magnetocurrent measurements
(c.f. Figure 9(b)) confirm these findings and a polarization occurs only in the presence of an applied magnetic
field. For 2 K, a rather high polarization of the order of 3,000 pC/m? is detected in the vicinity of the ferroelec-
tric transition. The amplitude of the polarization is temperature dependent and vanishes above the “lock-in”
temperature T. Figure 9(c) shows the P(E) behaviour at 4.2 K in zero and applied magnetic fields. Indeed, in
zero magnetic fields only linear electric-field-dependent contributions are detected. However, for the switched
case, which is reached by applying an external magnetic field of 6 T, a typical ferroelectric hysteresis loop
establishes, confirming the saturation polarization of the order of 3,000 nC/ m?. Within the framework of a
spin-spiral mechanism, the electric-field-dependent polarization indicates that two domains, with left-handed
and right-handed helicity of the spin spirals, exist, which allow +P, keeping the spin-spiral plane and the mod-
ulation direction constant. Thus, the volume fraction of domains with different helicities of the spin spiral can
be switched by an electric field. However, it should be noted that this multiferroic effect is also discussed in
terms of an exchange-striction mechanism, especially at low temperatures, due to Dy-Mn interactions [114].
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Figure 9: (a) Dielectric constant, (b) polarization and (c) P(E) loops of a DyMnO, single crystal measured as function of
magnetic field, which is applied along the b-axis. The dielectric constant and the polarization are detected along the a-
direction for selected temperatures. The polarization loops are obtained at magnetic fields of zero and 6 T.

[Reprinted with permission from T. Kimura et al., Phys. Rev. B 71, 224425 (2005). Copyright 2018 by the American Physical Soci-
ety].

3.6 Spin-driven improper ferroelectricity in the spin-}2 chain cuprate system LiCuVO,

Spin-spiral systems show the simultaneous existence and strong coupling of ferroelectric and magnetic order-
ing [14, 19, 59-61]. Especially, the latter allows investigating the interplay of electrical and magnetic degrees of
freedom leading to complex multiferroic ordering. In this section, we focus on the multiferroic properties of
a typical spin-driven ferroelectric material, the spin- chain cuprate LiCuVOj [17]. In general, spin-/2 systems
display a rich variety of exotic ground states, which often are based on competing magnetic exchange leading to
frustration. One of the simplest frustrated systems is the spin-% chain, with competing nearest and next-nearest
neighbour interactions. For LiCuVOy, they lead to the formation of a spin-spiral order formed in the b plane
(chiral vector e along c) in the 3D ordered phase below Ty of 2.5 K with the propagation along the b direction
[27]. In zero magnetic fields, ferroelectric polarization is induced along the a direction [17, 27]. Applying ex-
ternal magnetic fields affects the orientation of the chiral vector, which above a critical field H; of 2.5 T aligns
along the magnetic field direction. Above H,, which is of the order of 7.5 T, the spin spiral is transformed into a
modulated collinear spin structure impeding an electrical polarization according to eq. (3). As a consequence of
eq. (3) and due to the fact that the chirality vector aligns with the external magnetic field, external magnetic field
between 2.5 and 7.5 T can switch the direction of the electrical polarization. Results of dielectric spectroscopy
in applied fields up to 9 T on a single-crystalline sample oriented along different directions nicely demonstrate
this switching behaviour of the ferroelectric polarization [17, 20, 27]. Figure 10(a) and Figure 10(b) show the
temperature-dependent dielectric constant in various external magnetic fields for two cases: first (Figure 10(a)),
H along the c direction measuring the polarization along a direction denoting the “non-switching” case as the
chiral vector remains in ¢ direction, when exceeding H;. Second (Figure 10(b)), H is applied along a direction
while detecting the dielectric properties and thus the polarization along c. Following eq. (3), this denotes the
“switching” case. Not shown is another possibility, i.e. H along the crystallographic b direction. For this case
it was revealed that the polarization vanishes at H; [27]. Interestingly, this is indeed a spin-helix state, as the
rotation of the spin spiral is in ac plane and thus both e and Q point along b. In Figure 10(a) a peak shows up
in the temperature-dependent dielectric constant for various magnetic fields signalling the onset of improper
ferroelectricity (Section 2.1). As discussed above, at H > H; no switching of the chiral vector is expected for H
along c. Exceeding higher magnetic fields H > H,, the collinear spin structure impedes an electrical polarization
and the peak in the dielectric constant vanishes. Figure 10(b) shows the case of switching the polarization from
the a into the ¢ direction by applying an external magnetic field along the a direction. Even for low magnetic
fields, H < H;, a small peak feature is still visible at Ty, denoting a slight experimental misalignment of the
sample [20]. However, for higher field, H; < H < H,, the dieleciric peak denoting the ferroelectric polarization
becomes much more pronounced. This perfectly agrees with the expectation for the switching case, where the
chiral vector rotates into a direction, leading to a polarization along ¢ direction. The maxima in the temperature-
dependent dielectric constants, which can be easily observed as projection onto the magnetic field-dependent
plane, are close to the critical fields H; and H,. As the dielectric constant is a measure for the strength of the
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polarization, this experiment indicates that the polarization can be indeed switched by applying an external
magnetic field, confirming previous magnetocurrent and magnetodielectric experiments [17, 27]. In addition,
ferroelectric hysteresis-loop measurements and PUND studies are also feasible, pointing towards an electric-
field poling of the orientation of the chiral vector and thus the switching of a counterclockwise to clockwise
spin spiral and vice versa via electric fields [20, 89].

b)

E(kV/em) o

LiCuvO,
Plla, 2K

K
1(nA)

g

E(kV/em)

Figure 10: Dielectric constant at 1 kHz of a LiCuVO, single crystal as function of temperature and magnetic field, for (a)
E along a and H along the ¢ direction (non-switching case at H = 2.5 T) and (b) E along c and H along the a direction
(switching case at H = 2.5 T) [20]. (c) Ferroelectric hysteresis loop at 2 K for various frequencies (the paraelectric back-
ground is subtracted for clarity reasons) [89]. (d) PUND measurement denoting the time-dependent excitation signal E
and resulting current I for P parallel to the a direction at 2.5 K [20]. Polarization switching is evidenced by the spikes in
the current response of the voltage pulses I and I as well as their absence in IT and IV. [(a), (b) and (d) Reprinted with per-
miission from IOP Publishing, A. Ruff et al., J. Phys.: Condens. Matter 26, 485901 (2014). (c) A. Ruff et al. Multiferroic Hysteresis
Loop, Materials 10, 1318 (2017) used in accordance with the Creative Commons Attribution (CC BY) license].

Figure 10(c) shows a ferroelectric hysteresis-loop measurement in the ordered state at 2 K (subtracted lin-
ear paraelectric background). The frequency of the electric excitation field varies from 0.1 to 300 Hz. The re-
vealed loop resembles the typical signature of a proper ferroelectric with a rather low saturation polarization
of 20 nC/m?, which is in the order of the theoretically predicted values [115]. The shape of the hysteresis loop
smears out with increasing frequency and the coercive field increases. This feature may indicate a domain-wall
movement of multiferroic domains originating from clockwise and counterclockwise spin-spiral states [89]. In
Figure 10(d), results of PUND measurements at 2 K confirm the switching of the spin-driven ferroelectric po-
larization: additional peak features in the current responses of the first and third pulses signal switching of the
macroscopic polarization. As discussed in Section 2.2, the absence of such peaks in the second and forth pulses
— for theses pulses the polarization was already switched by the preceding pulse — supports the intrinsic nature
of ferroelectric switching in LiCuVO,. However, the underlying physical mechanism of multiferroic domains
is still under debate.

In summary, the temperature and magnetic field-dependent dielectric properties of the spin-driven fer-
roelectric LiCuVOy were investigated in detail close to the three-dimensional ordering of its spiral magnetic
structure at about 2.5 K. From these results, the switching and non-switching cases, which are expected on the
basis of the theoretical symmetry predictions for multiferroic spiral magnets, are nicely confirmed. In addition,
the direct observation of electric-field poling via PUND measurements demonstrates the ability to electrically
control the chiral vector of the spin spiral in LiCuVO, and may indicate multiferroic domains of different he-
licities.

4 Conclusions and outlook

We have provided an overview of investigations of ferroelectric switching behaviour and of the dielectric prop-
erties and ferroelectric polarization in a broad temperature range as well as in applied magnetic fields for var-
ious typical multiferroic type I and type II systems. BiFeO; and hexagonal manganites are promising materi-
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als for applications in domain-wall-based electronics. They bear enormous potential for a new generation of
materials exhibiting tuneable domain-wall effects. Their ferroelectric properties were investigated in a broad
temperature and frequency range via dielectric spectroscopy. The analysis of the detected ferroelectric hys-
teresis loops paves the way to manipulate the polarization of these systems and thus the ferroelectric domains
by an electric field. Charge-order-driven ferroelectricity in magnetite constitutes another route for multiferroic
ordering, which is more interesting from a fundamental point of view. This system reveals charge ordering,
which induces relaxor-ferroelectric behaviour, solving the discrepancy between the theoretically expected fer-
roelectricity and the frequent finding of a centrosymmetric structure. Finally, for the type 1 multiferroics, we
briefly reviewed the dielectric properties of the multiferroic organic charge-transfer salt, x-Cl. The formation of
charge-order-driven electronic ferroelectricity seems to be the most plausible explanation pointing to a novel
mechanism of charge-order-induced magnetic ordering and coupling. This is in contrast to the well-known
type Il multiferroics exhibiting the spin-driven mechanism [13}.

The dielectric properties of type II systems with magnetically driven ferroelectricity, exhibiting a close cou-
pling of ferroelectric and magnetic ordering, are briefly discussed for TbMnO; and DyMnOQOj;. They show a
rather high polarization as well as the magnetic control of their improper ferroelectricity. For LiCuVOy, con-
stituting a prime example for a spin-driven mechanism [19], magnetic-field-dependent studies of its dielectric
properties revealed the close coupling of magnetic order and ferroelectricity. So far, only few reports address
the non-linear electrically driven polarization of spin-driven multiferroics. The results of hysteresis-loop mea-
surements at low temperatures and applied magnetic fields demonstrate the electrical-field control of the spin
helicity, which can be at least partly switched from clockwise to counterclockwise or vice versa. This further
corroborates the presence of (multi)ferroic domains.

There are many further examples for multiferroic compounds in literature and it is impossible to provide a
detailed discussion of the polarization and dielectric properties of all of them in the present article. Very current
examples are the lacunar spinels [116-119], where ferroelectricity is driven by orbital order and local electric
polarization was even found to be related to the occurrence of skymions [117], small whirl-like topological spin
objects which may be used for advanced types of data storage devices.

However, for all these materials it turned out that the conductivity is of utmost importance for measuring
and manipulating the polar properties on a macroscopic and microscopic level, respectively. The fascinating
polar properties of a broad variety of magnetoelectric and multiferroic systems allow to envisage novel func-
tionalities and may pave the way to the development of multifunctional magnetoelectrics for applications in
novel electronic devices.
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