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Chapter 1
Introduction

The study of magnetoelectric coupling phenomena origthaté 888 with Wilhelm Conrad Ront-
gen’s discovery of an induced magnetization in a dielectvicich moved in the presence of an
electric field [1]. Some years later in 1894 Pierre Curie eonjred about the existence of materi-
als, that may develop an electric polarization in a magrfegid or a magnetization in an electric
field, a phenomenon, which was later called magnetoeleefigct [2]. Its "elastoelectric” ana-
logue, the piezoelectric effect had been discovered afread880 also by Pierre Curie and his
brother Jacques Curie [3]. The experimental proof for theterce of the magnetoelectric ef-
fect had to wait, however, about 60 years until in 1960 D. Niréxsfound in the antiferromagnetic
compound CGyO5 an electric-field induced magnetization [4]. This was tlaetstg shot for intense
research activities in the field of magnetoelectricity anddsequently many more other magneto-
electric materials were found [5].

Over the years, the concept of magnetoelectric behavioargeaeralized by the idea that apart
from strong cross-couplings of electric and magnetic rasps also electric and magnetic types
of ferroic order could coexist in one material. AccordingtoSchmid, the combined presence of
ferroelectricity and one type of magnetic order is calledradays magnetoelectric multiferroicity
and since the pioneering work at the end of the 1950s a lot dtifernoic materials were found.
In general, the microscopic mechanisms leading to ferctiédty or a magnetic order are quite
different and therefore the coupling between the corredipgnorder parameters is rather weak.
But already at the end of the 1960s first thoughts came up whdtktinctive magnetic structures
may induce the occurrence of ferroelectricity [6, 7]. Theerxmental proof followed some years
later with the investigation of GBeO,, demonstrating the presence of ferroelectricity induced b
cycloidal spin structure [8,9]. Curiously, this idea was fusther pursued in the following decades
and therefore it took over twenty years until in 2003 with Tix® another spin-driven multiferroic
was discovered [10]. In this context, for the first time a hugggnetoelectric coupling between
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the magnetic and electric order parameter could be denatedt(the electric polarization could
be rotated by0°, by applying a magnetic field). Subsequently, intense rebeactivities started
to further investigate the phenomenon of spin-driven rferitvicity and the magnetoelectric cou-
pling phenomena present in this class of materials [11]s Wais probably also driven by the great
potential of multiferroics with strong magnetoelectriauptings for technical applications, espe-
cially in the field of data storage. Consequently, a lot okogpin-driven multiferroics were found
and investigated in detail during the last decade, and als@ sheoretical models were developed
to explain the microscopic mechanisms [11]. Anyhow, theeesdill a lot of open questions in the
field of spin-driven multiferroics and multiferroicity inegeral and still new multiferroic materials
are needed to enlarge the playground for experimental awddhical work.

Therefore, the objective of the present work was the seasciméw multiferroic or magneto-
electric crystals, with strong magnetoelectric coupliagsl their basic characterization by in-
vestigating their thermodynamic properties. In the sedochnew multiferroics of particular
importance are those materials, which possess a largetyaredifferent compositions with
(nearly) isomorphous structures because they open thébpigdo study the impact of slight
crystal-chemical modifications on their magnetoelectrigperties. A better understanding of
these cross-correlations is essential to enable perhatie ifuture the fabrication of multifer-
roics with tuned properties, such as higher transition &napires, larger electric polarizations
and stronger magnetoelectric couplings. With the pyrogesach a class of multiferroic and
magnetoelectric materials was discovered some years agd$l. The mineral aegirine of
the composition Ngy,Fe) s3Cay 02Mng 02Al 001 Tig0sSikOg Was identified as multiferroic, while
LiFeSLOq and LiCrS;pOq were proved to be linear magnetoelectrics. Interestinglyltiferroic-

ity in Nay o4Fey.83Ca 04MnNg 02Al 9,01 Tig.0sSikOg could arise only due to the natural dopants in this
compound. Synthetic NaFe&l; apparently has a modified magnetic structure compared to ae-
girine indicating that it could be only linear magnetoet&cf16]. Although in the years after the
pioneering work of S. Jodlauk et al. [14, 15] intense redeaxtivities set in to find more exam-
ples of multiferroic materials within the pyroxene famibt the beginning of the present work
only some more linear magnetoelectrics were known [17, TBgrefore, the search for new mul-
tiferroics and linear magnetoelectrics was continued iwithe pyroxene family in this work. In
this context, NaFeG®g could be characterized as first synthetic multiferroic witthe pyrox-
ene family! In addition, the linear magnetoelectric properties of IS5, and their anisotropy
were investigated and analysed in detail. Furthermord thi¢ erythrosiderite-type compounds
As[FeCE(H,0)] (A = K, Rb, Cs, NH) a new family of non-oxide multiferroic and linear magne-
toelectric materials was discovered and systematicablyrémed. The influence of the ionic radii

lparallel to the investigations in the present work, muitdiity in NaFeGeOg was also found by another re-
search group in polycrystalline samples [12].
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of the A-site elements and of their stereochemical properties @midgignetic and magnetoelectric
properties of the erythrosiderite-type compounds coulstbdied. The experimental results prove
in analogy to the pyroxenes that already slight crystakubal modifications suffice to strongly
modify the magnetoelectric properties.

The discovery of spin-driven multiferroicity in the compauMnWOQ, [14, 19-21] some years
ago, led to the search for other multiferroic materials i tilngstate family following the afore-
mentioned approach studying the impact of crystal-chemcalifications on the magnetoelectric
properties [14]. In this context, first evidence was fourat thaFe(WQ), could be a multiferroic
with a new underlying microscopic mechanism [14]. Detailegestigations of this compound
in the present work, however, revealed that the claim of ifeafoicity is apparently wrong. In
addition to the experimental work within the pyroxene, thglgrosiderite-type and tungstate fam-
ily, more explorative work led to the discovery of multifeitity in CuBr, with a relative high
transition temperature in the vicinity of the boiling poiftliquid nitrogen? Furthermore, with
MnsAl,(GeQ,); a new perfectly antisymmetric linear magnetoelectric was#l, which could
be interesting for the study of the so-called toroidal motntat is discussed for some years in
the community of multiferroic research. Finally, among tireup of rare-earth tantalates with
ThsTaO; another potential multiferroic was discovered.

The thesis is organized as follows. In the first chapter atshtwoduction into the field of fer-
roic ordering phenomena with the focus on multiferroicityy magnetoelectric effect and ferro-
toroidicity is given. In the second chapter the experimidraakground is explained, including the
basic principles, measurement techniques and experifreggaratuses, which are important for
this work. In the following chapters, the experimental fesarranged according to the investi-
gated crystals are presented, discussed and analysee. dpplendix the tensor formalism for the
description of macroscopic physical properties of crgsimkhortly introduced, including a defini-
tion of the crystal-physical reference system. The trams&dion properties of axial vectors under
space-time coordinate transformations are summarizea ahdrt introduction to the linear opti-
cal properties of crystals is given. Then, the functiogadit the continuous-flow cryostat, which
was developed during the present work, is explained andherging detail drawings of developed
sample holders are presented. Furthermore, the raw data pf/toelectric-current measurements
are summarized. Finally for the present work important swtmypaspects of magnetoelectric cou-
pling phenomena are given.

2As in the case of NaFeG8, parallel to the investigations in the present work, meitibicity in CuBk, was also
found by another research group in polycrystalline samjilgk

3
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Chapter 2

Theory

2.1 Ferroic ordering phenomena

According to K. Aizu, a ferroic crystal may be regarded asighsldistortion (lowering of sym-
metry) of a certain non-ferroic ideal crystal, which is reéel to as the prototype of that ferroic
crystal [22]. In general, the structure of a ferroic crystad all of its physical properties are
related to the crystallographic system (or the crystalsptal system) of the high-symmetry proto-
typic phase. Two or more energetically degenerate ori@ntatates (domain states) are generated
due to the lowering of symmetry at a ferroic phase transitiongeneral, the degeneracy can be
lifted by applying one of the "driving forces" magnetic field = [H,], electric fieldE = [E;],
mechanical stress = [o;;] or a combination of these. Consequently, one orientatiate stan
be transferred into another one. The point gréupof an orientation state of the ferroic phase
is a subgroup of the point grou, of the prototypic phase. Thereforgy,| — |G| symmetry
elements are lost during a ferroic phase transitidfhe orientation states of a ferroic phase can
be transferred into each other by applying these lost symmeéements. Their number is deter-
mined by the ratidG,|/|Gy| [22]. There are 773 possible symmetry-lowering paths afofer
phase transitions. They can be characterized by the asstgairsG,FG s, which are known as
Aizu species. In the presence of the driving fordés= [H,|, E = [E;] andc = [0;;] the stabil-

ity of an orientation state of a ferroic crystal can be démdiby the density of the free enthalpy
g = g(o, E, H,T) with the total increment [23, 24]

dg = sdT — eijdgij — PZdEZ — ,u()MZ'dHZ'. (21)

Here, s denotes the density of entrof,the temperaturedg;;] the mechanical strain tensgr]

|G, | and|G | denote the order of the point group of the prototypic phaskddithe ferroic phase, respectively.

5
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the electric polarization and/;] the magnetization. All tensor properties are related t@tiistal-
physical system of the prototypic phase of the consideraditecrystal. A short introduction
of tensors and their transformation properties under foamstion of coordinates is given in ap-
pendix A. In addition, the crystal-physical reference sysis defined and its relation to the crys-
tallographic reference system is introduced. In the foillmadiscussion, isothermal conditions
are assumed. Therefore, the density of entropy is not ceresidurther. The other quantities are
expanded in Mclaurin serié¢see equations 2.2-2.4).

€ij = EEJS') + Sijrior + QrijHi + diij By + - . (2.2)

e 1

S ma
poM; = poM® + Moxgj O H; + ajiEj + Qo

+BkiEj Hy, + %%jkEjEk +... (2.4)
As zero-order terms of the expansions[©f], [P;] and [M/;] the spontaneous mechanical strain
1], the spontaneous electric polarizatig®®] and the spontaneous magnetizatiory*'] are
obtained, respectively. Furthermore, the expansionsagoetastic, magnetostrictive, electrostric-
tive, magnetoelectric, piezomagnetic and piezoelectritridbutions, which are induced by applied
mechanical stress, electric or magnetic fields or comlonatof these. The mediating physical
quantities are the elastic compliance terisgy,|, the piezoelectric tensdd;;;], the piezomagnetic
tensor{@;;i], the tensor of the electric and magnetic susceptiqwfg})] and[xf.;“ag)], respectively,
the magnetoelectric tensfr;;| and finally the tensors of the quadratic and bilinear mageiete
tric effects|3;;,] and|[v;;x], respectively. The insertion of the terms from equatio2s24 for the
mechanical straif;;|, the electric polarizatiof”;] and the magnetizatioid/;] into equation 2.1
and integration yields the following relation for the depsif the free enthalpy.
g=90 — PP E —pMYH, - Egjs)azj
- %)EOXE;DEZEJ' - %MOXE?ag)Hz‘Hj - %Sijklgijgkzl
— ;B Hy — dijrEiojr — QijrHiojy,

1 1
- iﬁijkEiHij - iViijiEjEk —... (2.5)

Two arbitrary orientation states of a ferroic crystal, ndras | and II, are described by the respec-

. . . (k) .
2Mclaurin series: Taylor serief(z) = > -, %(m — z0)"* evaluated at the pointy = 0

6
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tive densities of the free enthalgyor ¢" in the presence of the driving forcéf = [H,], E = [E;]
ando = [0;;]. The energy differencAg = ¢' — ¢'' between the two orientation states results to

Ag=  APPE + uoAMP H; + Ao

1 e 1 ma, 1
+§60Axgjl)EiEj + iquX(» g)HiHj + iASijklo'ijUkl

Y

"—AOZUEZ‘HJ' + AdijkEiO'jk + AQiijink
1 1

According to the non-zero terms in equation 2.6, which abuate to the energy differena&g # 0,
a classification of a multitude of ferroic ordering phenomenpossible.

Primary ferroic effects If one of the linear terms&PZ.(S), AMZ.(S) or Ael(.f) is non-zero and if the
corresponding orientation states are switchable with émeesponding driving forceg’, H
or o, the primary ferroic effects ferroelectricity, ferromaggism or ferroelasticity are ob-
tained, respectively [23]. The switching between two donsates can be regarded as an
isothermal and isostructural phase transition of first ordeis therefore attended with a
hysteresis loop [25].

Secondary ferroic effects|f one of the quadratic terma (s, Ax{™®), Asj, Aayj, Ady, or
AQj 1s unequal to zero and if the corresponding orientatiorestate switchable with the
corresponding driving forceB, £, H,H;, 0,01, E;H;, E;o;, or Hio;, the ferroic effects
ferrobielectricity, ferrobimagnetism, ferrobielasticiferromagnetoelectricity, ferroelasto-
electricity or ferromagnetoelasticity occur [23].

Ferroic effects of higher order Analogous to the effects of first and second order there algst
effects of third or even higher orders, but these higheeoeaffects will not be discussed
further in this thesis.

2.1.1 Symmetry conditions for primary ferroic effects

The order parameters of the primary ferroic effects fegoicity, ferromagnetism and ferroelas-
ticity differ in their behaviour with respect to time revalrand space inversion. The vector of the
spontaneous electric polarizatic{nﬁi(s)] is space-antisymmetric and time-symmetric. Its limiting
group iscomm]1’ [26]. Thus, ferroelectricity can only occur in crystals wgolar symmetry with

a point group that is a subgroup of this limiting group. Theuténg 31 ferroelectric point groups

7
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are [27]:

1,2,3,4,6,1,2",3, 4,6 21',31",41", 61", m, m/, mm2, m'm'2, m'm2', mm21’, (2.7)

3m, 3m/, 3m1’, dmm, 4m'm’, 4mm’, 4mm1’, 6mm, 6m'm’, 6'mm’, 6mm1’

The vector of the spontaneous magnetizatizmﬁs)] IS space-symmetric and time-antisymmetric.
Its symmetry can be described by the limiting groﬁ%;—ﬂ [26]. Therefore, the occurrence of
ferromagnetism is constrained to crystals with a point grthat is a subgroup of this limiting
group. This constraint results in the following 31 ferromatic point groups [27]:

_____ 2 4 6 20 _
1,2,3,4,6,1,2,3,4,6,2",m',m'm2’, —, —, —, —,3m/, 6mm, 3m’, (2.8)
m’ m’m’ m
- 4 2" 2 _ 6 2 2
42'm/, ———,62'm/,mm'm’, — — —22'2',42'2', 32,622, 2m'm/, 4m'm/
mm' m mm' m

The symmetry of many antiferromagnetic spin configuratmarsalso be described by the concept
of magnetic point groups. In table 5 and 6 in appendix G, atisdf the 90 magnetic point groups,
that allow an antiferromagnetic ordering, can be found.rRore complex magnetic structures as,
e.g., for helical spin structures this concept is limitedwRver. In such cases the magnetic sym-
metry may be described more reasonable in the frameworlpoésentation theory by irreducible
representations of the respective crystallographic spamg. Comprehensive contributions to the
description of spin structures by magnetic point groupshmifound, e.g., in [28,29]. An intro-
duction into the field of representation theory is given i,[31]. A comparison of both methods
and their advantages and disadvantages, respectivelyisatessed in [31, 32].

In contrast to the above-discussed cases of ferroeldytaiod ferromagnetism, the symmetry anal-
ysis of the order parameter of ferroelasticity yields nostaaints for its point-group symmetry.
The tensor of the spontaneous mechanical si{&éjﬁ is space- and time-symmetric. The strain
tensor at a transition from the prototypic into a ferroetaghase must, however, gain at least one
additional independent component compared to the pratopjfase to enable the onset of a spon-
taneous strain. That's why a change to another crystal systdower symmetry has to occur at
the transition. Therefore, cubic and hexagonal crystalsagbe ferroelastic.

2.2 Multiferroics

A material is called multiferroic if a phase exists with thantbined presence of two or more pri-
mary ferroic effects [33]. In general, this definition isextled by the antiferroic forms of ordering
such as, e.g., antiferromagnetism. In this section thesfagllilie on magnetoelectric multiferroic-
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ity, which means the simultaneous presence of ferroetétgtiand some type of magnetic order.
Apart from this term, in the older literature the terms fetextromagnetism or seignettomagnetism
are used. In the field of magnetoelectric multiferroicityotdifferent groups of materials are dis-
tinguished [34, 35]. In the first group, such multiferroictergals are summarized (multiferroics of
type 1), in which the magnetic and ferroelectric order hdfetent microscopic origins. Depending
on the symmetry relation between prototypic phase anditepttase, a magnetoelectric coupling
between magnetism and ferroelectricity is possible [3p,Bécause of the different microscopic
mechanisms, however, that lead to a magnetic or ferroaemuler in this group, the coupling is
usually very weak. In addition, the transition into the éalectric phase takes place in general at
higher temperatures than the transition into the magristiocedered phase. In the second group,
multiferroic materials are summarized, in which the magregtder is the reason for the occurrence
of ferroelectricity (multiferroics of type Il). In generahere exists a strong coupling between the
magnetic and ferroelectric order in this group of materials

2.2.1 Multiferroics of type |

The microscopic mechanisms, which lead to the occurrenogagietic or ferroelectric ordering,
are in general quite different. The microscopic origin fbe toccurrence of a magnetic order
in electrically insulating materials lies actually alwawslocalized spins, which are coupled via
magnetic exchange interactions. Magnetic, electricalbyliating materials therefore must contain
elements with partly filled electronic shells. In contrabigre are multiple microscopic origins
for the occurrence of ferroelectricity. A ferroelectricder can, for example, be generated by
the alignment of already existing molecular groups with kscteic dipole moment, the collective
deformation of electronic orbitals with respect to the esponding atomic nuclei or the collective
shifting of some of the ions in the ionic lattice. Thus, mieltioics of type | differ, apart from
possible differences in the magnetic order, particularlihe microscopic mechanisms, leading to
the ferroelectric order. In the following, the most impaortaf these mechanisms for multiferroics
of type | will be explicated.

A lot of ferroelectric materials are members of the largeifarof perovskitesABO;, as, e.g.,
BaTiO; one of the most prominent ferroelectrics [38]. Thaites at the corners of the unit cell are
often occupied by alkali or earth-alkali metals as well asri®gtals of the rare-earth group. The
sites at the centres of the unit cell are usually occupieddnsttion-metal ions. In the perovskite
family, the transition to the ferroelectric phase is tyflicaaused by a structural instability. This
instability is responsible for the shift of the sixfold-adinatedB ions from their central positions
towards one of the oxygen ions below the ordering tempegaflinough there exists a multitude

3In the following, the term multiferroicity is always usedrfimagnetoelectric multiferroicity. If another type of
multiferroicity is meant, it will explicitly be mentioned.
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of magnetic materials in the perovskite family [39], praatly no perovskites, which are simulta-
neously magnetic and ferroelectric, are kndWwhhe reasons for that were intensely discussed in
literature [34, 35,40-42]. The most recent theory assuhwmdgtie occurrence of ferroelectricity is
favoured by non-magnetic transition-metal ions with an gnalshell on theB site. The empty d
shell enables the formation of a strong covalent bondin wite of the neighbouring oxygen ions
by hybridization of the d states of the transition-metalvath the 2p states of the corresponding
oxygen ion. Therefore, an energy gain may arise for the mortrosymmetric position of thB ion
with respect to the original centrosymmetric one [43, 44).contrast, magnetic transition-metal
ions on theB sites with partly filled d shells suppress the formation afrsgovalent bonding
with the oxygen neighbours and are therefore stable at ¢tkatrosymmetric positions in the unit
cell. At the beginning of the field of research of multifecardering phenomena at the end of
the 1950s, the search for multiferroic materials was itfmcused on the group of perovskites,
despite of the problems discussed above. Usually, fectrelecompounds were selected and a
part of the diamagnetic’dons on theB sites was substituted by paramagnetidahs, resulting

in compounds of the formuld (B Bd" )O,. After the synthesis of first polycrystalline ceramic
samples, such as Pb(FeNb, ,)Os, Pb(Fe/,Ta, 2)Os or Pb(Fe,3s W, ,3)O3 [45, 46] a lot of other
multiferroic perovskite compounds were synthesized irstrae way [47—-49]. Because of the rel-
atively low concentration of paramagnetic ions in theseadigerovskites, the magnetic ordering
temperatures are typically very low. In addition, the cangplbetween magnetism and ferroelec-
tricity is very weak. The occurrence of ferromagnetic aslwasl antiferromagnetic order was
observed.

At the beginning of the 1960s, BiFg@vas discovered as a perovskite-type multiferroic material
that apparently represents an exception to the above disdudsd” problem [50]. However, the
ferroelectric order in this case is not caused by a shiftirp@ magnetic F& ions at theB sites
from their centrosymmetric positions, but by the stereaubally-activens® free electron pairs
("lone pair") of the Bi* ions at theA sites [51]. BiFeQ is up to date one of the most intensively
studied multiferroics [52]. One of the reasons for theserisive investigations lies for sure in
the very high ordering temperatures, significantly abowmrdemperature. BeloW = 1143 K,
BiFeO; becomes ferroelectric withs ~ 1 Cm~2 [53-55] and orders then & = 643 K antifer-
romagnetically, forming an incommensurate cycloidal spimngement [54, 56]. Because of this
complicated spin structure, BiFg@akes a special position within the group of multiferroicteza
rials with stereochemically-actives® lone electron pairs as source of ferroelectricity. In BigeO
there exists a considerable coupling between magnetisnfearetlectricity [61—64], in contrast

4This mutual exclusion principle for the perovskites appbialy to proper ferroelectrics, where ferroelectricity is
caused by a shift of th& ions in theABO; structure. There exist other mechanisms, which lead in soagnetic
perovskite-type compounds to ferroelectricity, see below
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Chapter 2. Theory

to other members of this group as, e.g., BiMi{67, 58] or PbVQ [59, 60].

Also at the beginning of the 1960s, the hexagonal mangafesO; (R = Sc, Y, In, Ho, Er, Tm,
Yb, Lu) were discovered to form an additional multiferraarfily [65]. The hexagonal manganates
show antiferromagnetic order between 70 K and 130 K by foionaif non-collinear, planar spin
arrangements [66, 67]. YMnQwas investigated very thoroughly and exemplarily to idgritie
reasons for the occurrence of ferroelectricity in this fignoif materials [68, 69]. The structure
of YMnOs consists of densely packed layers of trigonal Mrifipyramids, which are separated
by layers of ¥* ions. These bipyramids have the tendency to tilt in the siire¢ generating
Y-O pairs with an electric dipole moment. Thus, the ferrotle order is a consequence of a
structural deformation and is therefore often designaseadgeometrically induced ferroelectricity.
This mechanism may most probably be assigned to the othebersrof the family of hexagonal
manganates as well. Because the microscopic mechanisrhe afdgnetic and the ferroelectric
order are very different to each other in the group of hexagjoranganates, only a weak direct
coupling between the corresponding order parameters septreAlthough, a series of interesting
magnetoelectric coupling phenomena was discovered [nOfhd case of YMn@), a coupling of
magnetic and electric domains was observed as a consegokagenning of antiferromagnetic
domain walls at the positions of the ferroelectric domaifisj@1]. In the case of HoMng) it was
discovered that the application of an external electricfigbdifies the spin structure of the Kn
and Ho'* sublattices [72]. A geometrically induced ferroelectsigixists also in the multiferroic
family of barium fluorides Ba/F, (M =Mn, Fe, Co, Ni), which have been investigated intensively
since the end of the 1960s [73, 74].

The family of the boracited/;B,0,3.X (M = bivalent metal ion X = halide ion) constitutes an
additional group of multiferroic materials. The majorititbe boracites orders antiferromagneti-
cally at temperatures between 5K and 95 K, sometimes withak figrromagnetic moment [49].
First investigations of the magnetic and ferroelectricpgrbies of some members of this group
were performed in the mid of the 1960s [75, 76]. The detailéctoscopic mechanism of ferro-
electricity in the family of the boracites is not completelyderstood yet [40]. Nevertheless, the
strong distinctive anisotropy in the mixed O,.X, octahedra is assumed to favour an instability
of the magnetid\/?* ion in its centrosymmetric position and thus leading todelectricity [5].
NisB;0O,3l has an exceptional position among the group of multiferroaterials of type I. Fer-
roelectric and also magnetic order occur simultaneoudly®61.5K in this compound (together
with ferroelasticity) and show a strong magnetoelectrigpdimg [77, 78]. The vector of the spon-
taneous, weak ferromagnetic magnetizatddi is perpendicular to the vector of the spontaneous
electric polarizationPs. The reversal of polarity oPs is connected with a rotation d¥Zs by 90°

in the plane perpendicular tBs [77]. Thus, the vector of the magnetization can be switched b
applying an electric field. In the other members of the baeatzimily, as in most of the other
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2.2 Multiferroics

multiferroics of type I, the coupling between magnetism terdoelectricity is only weak.

Relatively new theoretical discussions have shown thaindtsve forms of electric charge order
can also lead to ferroelectricity in magnetically ordergstems [79,80]. In this context, the occur-
rence of multiferroicity was predicted for a whole serieslofrge-ordered materials by theoretical
considerations, such as for the family of rare-earth natleslRNiO3; (R = Ho, Lu, Pr, Nd) [81]
or for magnetite FgD, [82]. For magnetite, this prediction could be experimdptabnfirmed
recently, but apparently only a short-range charge ordemected with a kind of relaxor ferroelec-
tricity was observed [83]. In many cases of charge-orderatkrals, however, an unambiguous
experimental proof for their ferroelectric propertiesasking. The claim of charge-ordered mul-
tiferroicity in LuFe,O, [84] was disproved recently. The in the original experinseti¢étected
pyroelectric currents as well as the found anomalous laigleatric constant could be attributed
to the finite intrinsic conductivity of LUE®, in combination with extrinsic effects of the geometry
of the experiment [85, 86].

Further information about multiferroic materials of typedn be found in a number of review
articles [5, 11, 33,4749, 87-89].

2.2.2 Multiferroics of type Il

After the discussion of the group of multiferroics of typaithe previous section with rather inde-
pendent ferroelectric and magnetic orders, this chaptéeading with the group of multiferroics
of type Il, in which the magnetic ordering itself is the saaifor ferroelectricity.

Already at the end of the 1960s first thoughts came up whetisénctive magnetic structures
may induce ferroelectricity [6,7]. In principle, spin aligients are possible, which can change
an initially centrosymmetric crystal into a polar one. IrcBwa case, the occurrence of a polar
vector as, e.g., the spontaneous electric polarizatioldwed, see section 2.1.1. In figure 2.1,
different spin arrangements with distinct symmetries a@gpldyed. The symmetry of two adjacent
magnetic ions with parallel aligned spins in theplane can be described by the centrosymmetric
magnetic point grou%i—ﬂi—ﬂ, see figure 2.1 (8).Based on this arrangement, different symmetry-
lowering paths can be realized by a tilting of both spins. Aticay of the spins within the:z
plane leads to a polar arrangement, which is described byndgnetic point grougm’m’, see
figure 2.1 (b). In this case, parallel to the twofold rotateis a spontaneous electric polarization
could occur. The spin arrangement, which is formed afterrdirmg of the spins within the:y
plane, can be described by the magnetic point gr2ig/, that is non-centrosymmetric but also
non-polar, see figure 2.1 (c). Therefore, no electric poédion can occur here. But also this spin

5The transformation properties of axial vectors under @afibhn of different space-time symmetry operations are
summarized in appendix B.
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Figure 2.1:Schematic picture of different spin arrangements withrtheignetic point-group symmetries.
The transformation properties of axial vectors under aafibbn of different space-time symmetry operations
are summarized in appendix B. (a) Centrosymmetric arrargémr two neighbouring spins. (b) Canted
spin arrangement with a polar symmetry. (c) Canted spimge@ent with a non-centrosymmetric, non-
polar symmetry. (d) Paramagnetic state of a hypotheticaldimensional centrosymmetric crystal lattice
abovély (e) Collinear antiferromagnetically ordered state of time two-dimensional crystal lattice below
Tn with a polar symmetry.

arrangement as well as collinear spin structures, whiclicargiemselves non-polar, can become
polar in combination with a crystal lattice. This case igstrated in figures 2.1 (d) and (e) using
the example of a hypothetical two-dimensional, centroswtnia crystal lattice, which becomes
non-centrosymmetric and polar with the onset of an antifeagnetictt|] order belowly. At

this transition the point grou%%%l’ of the paramagnetic structure transforms into the polar one
mm?2' of the antiferromagnetically ordered structure. Consatjyean electric polarization could
develop parallel to the twofold rotation axis in this case.

Similar symmetry considerations, as illustrated abowkalghe end of the 1970s to the identifica-
tion of more than 30 potential multiferroics among the magrampounds known at this time [8].
One of these compounds,BeQ;, turned out to be indeed a multiferroic. Neutron-diffractex-
periments revealed that {BeQ, orders magnetically below 28 K by formation of a cycloidalsp
structure and dielectric investigations proved that itdmees simultaneously ferroelectric [8, 9].
Thus, CsBeO, was the first discovered multiferroic of type Il. Despite thecessful experimen-
tal proof that special magnetic structures as inB&O, can induce ferroelectricity, this idea was
not pursued in the following decades. Not until much late2®®3, with TboMnQ an additional
multiferroic material of type Il with a cycloidal spin arrgeament below/; = 27 K was discov-
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2.2 Multiferroics

ered [10,90]. The strong coupling between ferroelectrit magnetic order in this compound (an
applied magnetic field rotates the electric polarization9by) led subsequently to an intensive
search for additional multiferroics of type Il. In the meiam, a large number of multiferroic ma-
terials of this class is known. Most of them show cycloidahsgtructures, such as £BeQ, or
TbMnGOs. But there exist also examples with spiral or collinear ginfigurations as, for example,
CuFeQ [91] or CaCoMnQ; [92]. Especially among magnetic frustrated systems, appianal
large number of multiferroics of type Il was found. Therefomultiferroics of type Il have usually
very low magnetic ordering temperatures. Furthermoreabs®lute values of the induced electric
polarizations in this class of materials are typically samrders of magnitude smaller than in con-
ventional ferroelectrics. For example, the electric pgaktiron of ToMnQG reaches at 10K a value
of about~ 0.8 mC/m?, whereas the electric polarization of the conventionabfelectric BaTiQ
amounts to~ 260 mC/m? at room temperature [10].

Parallel to the search for new multiferroics of type 1l and &xperimental characterization of their
properties, different models to explain the magneticallyuiced ferroelectricity were developed
and discussed. These are partly based on exclusively@iéc{©3—96] and partly on exclusively

ionic mechanisms [80, 97-100]. Recently, a generalizedemnmddescribe the spin-induced fer-
roelectricity was proposed, that combines the electrosiwell as the ionic contributions [101].

Nevertheless, in many cases of known multiferroics of tyjgs not yet clear which mechanisms
are responsible for or dominate the magnetically inducedéectricity.

In the case of cycloidal spin structures, all discussed esmwpic models unfold, at least quali-
tatively, the same prediction for the electric polarizatiavhich is induced by the spin structure
via

P o e x (S x §9). (2.9)

Here, e;; denotes the unit vector along the connecting line of two @jaspinsS® and S,
The magnitude of the corresponding proportionality camsadependent on the dominating mi-
croscopic mechanisms of the spin-orbit coupling, the gpichange interactions and on the mag-
netoelastic coupling of the crystal lattice. The vectorhd electric polarization is oriented per-
pendicular toe;; as well as to the spin rotation axis in accordance to the testithe symmetry
considerations of different canted spin arrangements fibove. Its sign depends on the helicity
of the cycloid. Its absolute value is dependent on the magdaiof the proportionality constant and
on the magnitude of the rotation angle between two adjagens &f the cycloid.

The most prominent model for magnetically induced ferrcigleity in the case of cycloidal spin
structures is based on the antisymmetric Dzyaloshinskiriy# interaction [97], which results
from a relativistic correction to the usual super-exchanggraction. Originally, it was introduced

14



Chapter 2. Theory

and discussed to explain the canting of antiferromagristioadered spins in materials, such as
a-Fe,0; [102,103]. Two adjacent spins® and S of a super-exchange chain can be described
by the Hamiltonian

Hpy = Dyj - (8% x 8§9)), (2.10)

The orientation of the so-called Moriya-vecth;; depends on the local symmetry of the crys-
tal lattice [103]. This is illustrated in figure 2.2, whichasis a schematic picture of two one-

dimensional super-exchange chains of different local sgtnywith a cycloidal spin arrangement.

The orientation of the-th spin within the cycloid can be described as follows:

0
S™ =1 S cos(nb + o) (2.11)
S5 cos(nb + ¢3)

The quantityy denotes the rotation angle between two adjacent spin@and ;) the phase shift
between the two spin componeﬁlfﬁ) andSé"). In the first case presented in figure 2.2 (a), the dia-
magnetic ions X are located at the centres between the magnetic ionsT¥erefore, at each X
site an inversion centre is present, leading to a vanishinyg@l@shinskii-Moriya interaction [103].

In the second case presented in figure 2.2 (b), the diamagoas are shifted out of their cen-
trosymmetric positions, leading to the formation of a zmgzdain. For each W"X_'M&H)
molecule, a Dzyaloshinskii-Moriya interaction occurstwiihe Moriya-vector

Dn,n-l—l(un) = 7(62 X un) (212)

as a function of the respective shifting vectgy. The vectore, designates the unit vector along
the connecting line of two magnetic ionsMand M&H) and~ is a constant [97, 104]. Starting
from the zigzag-chain configuration of figure 2.2 (b), theuafice of small motionu,,, of the
diamagnetic ions X on the Hamiltonian will be considered. According to [97]ethart of the
Hamiltonian, that depends aon,,), consists of the Dzyaloshinskii-Moriya interaction anean
of the elastic energy:

n n+1i K
SH = ZV(eQ X Su(y) - (8™ x §F)) 4 Z 5(51@)1 + 0Uy + OU(y3)

n n+1i Kk
= ) Youg, - (ex x (S™ x Sy ) §(5u%n)1 + Uy + 0ulys)  (2.13)
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(a) Dn,nﬂ = O (b) Dn,nﬂ(un) = Y(eZX un)
: e,
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Figure 2.2: Schematic picture of two one-dimensional super-exchaihgéns of different local symme-
try. Each chain consist of diamagnetic Xand magnetic ions M. (a) In the case of inversion centres,
located at the X sites the Dzyaloshinskii-Moriya interaction vanishes) Abshifting of the X~ ions out
of their centrosymmetric positions destroys the inversientres. For each MX~ 'M& +1) molecule, a

Dzyaloshinskii-Moriya interaction occurs with the MoriyactorD,, ,,.1(u,) = v(e2 X u,,) as a function
of the respective shifting vecta,,.

After inserting equation 2.11 into equation 2.13 and usitgg@nometric identit§ the following
expression for the Hamiltonian is obtained:

. . K
0H = Z (7550)53(’0) sin(f) sin(pz — Y2)dum)s + 5(511%”)1 + 5u%n)2 + 5ufn)3)> (2.14)

n

By partial differentiation of equation 2.14 with respecttq,,; an energy minimum results for

Sugus = ——53” S sin(68) sin(ips = @2), Sy = Sty = 0. (2.15)

Therefore, a collective displacement of the diamagnetis i~ parallel toe; may occur generat-
ing an electric polarization in the same direction. Thisiteis equivalent to the general prediction
from equation 2.9 for the electric polarization induced bgyeloidal spin arrangement. The term
of the elastic energy in the second line of equation 2.13n8ys positive. In addition, the term of
the Dzyaloshinskii-Moriya interactioa, x (S™ x §™+)) has the same value for all spin pairs
of the cycloid. Therefore, the displacemedis,, of all diamagnetic ions X have to be oriented
in the same direction, parallel or antiparallektox (8™ x §™+4)) in order to minimize the total
energy. Consequently, the induced electric polarizatem lze expressed by the proportionality
relation from equation 2.9.

In order to give an idea how ferroelectricity can be inducgddilinear spin structures, the exam-
ple of CaCoMnGQ; will be discussed in the following. GEoMnGQ; has a quasi one-dimensional
chain-like arrangement of magneticCand M ions. BelowIy = 16 K a polar, antiferromag-
netic "up-up-down-down"-spin structure [92] (magneticmgroup2m’m’) arises, see figure 2.3.
This spin structure may be described by a frustrated Ispng-chain with ferromagnetic exchange
interactions between nearest neighboutg é&nd antiferromagnetic exchange interactions between

bsin(a — B) = sin(a) cos(B) — cos(a) sin(3)
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Mn" Co”
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(a) T>T, (b) T<T,

Figure 2.3: Schematic picture of the chain configuration in the (a) pagmetic phase and (b) antiferro-
magnetically ordered phase of {tbMnQ;. Below the Néel temperature, a collective displacemenhef t
Co** ions with respect to the Mrr ions occurs along the chain. Consequently, an electriaigatéon in
the same direction arises [92].

next-nearest neighbourgr)

H=Jp) SiSii+Jar > SiSi,  With Jap > 1/2]Jg|. (2.16)

If 0Jr/0x # 0 anddJar/0x # 0, an energy gain can arise by shortening the bonds between ion
with parallel spins. Consequently, an electric polar@atlong the chain is generated because of
the different valencies of the o and Mrt+ ions.

2.3 The magnetoelectric effect

Coupling phenomena between magnetic and electric pregeofi solids, such as the coupling
between magnetic and ferroelectric order in some mulbfes; are designated in general as mag-
netoelectric effects. The original definition for magnétatric effects is, however, interpreted
considerably narrower and describes the generation ofeatriel polarization in a solid by an ap-
plied magnetic field or vice versa the generation of a magattin by an applied electric field. In
the following, magnetoelectric effects shall be discugsetthis narrower sense. One can distin-
guish the linear magnetoelectric effect and effects of diginder.

Based on symmetry considerations, Pierre Curie predidteddy in 1894 the possibility of mag-
netoelectric effects in solids [2], but it took another 6@rseuntil the antiferromagnetic £
was discovered to be the first linear magnetoelectric madtptj 105-109]. CGyO; certainly is
the most intensively investigated and best understood etaglectric until today. Though, at the
same time first magnetoelectrics of higher order were fodd@,[111], most of the experimental
and theoretical work in this field concentrated on the limeagnetoelectric effect. Subsequently,
many more linear magnetoelectrics were discovered such,&s T112] or GaFeQ@ [113]. A
summary of a large number of known materials, which show itteal magnetoelectric effect,
can be found in [114]. In addition, there exist a lot of reviaxticles about the magnetoelectric
effect [70,115-117].

17



2.3 The magnetoelectric effect

2.3.1 Phenomenological description

Phenomenologically, magnetoelectric effects may be destiby an expansion of the density of
the free enthalpy in analogy to equation 2.5, neglectingehas of the mechanical strain [118]:
() () LINC) L (mag)
—g(E,H)=—~g0 + P7E;i+ poM;” H; + 550Xi; EiE; + 5 HoXi; H;H;

1 1

The magnetoelectric polarization and magnetization araioéd by differentiation of equa-
tion 2.17 with respect t& or H and by taking into account only the mixed terms of the second
line.

0 1
Pz'(ME) = _a—é = auH;+ iﬁijszijz + Vi H i Ex + .. (2.18)
0 1
oMM = —a—g_ = a;;F; + BBy Hy + §%‘jkEjEk +... (2.19)

The axial c tensoju;;| in equations 2.18 and 2.19 describes the linear magnetoeleffect [119],

the polar i tensofg;;;] and the axial ¢ tensdry,;;| characterize the bilinear and quadratic mag-
netoelectric effect, respectively [120, 1Z1]The tensorgs;;.] as well asly;;;] are symmetric in
their last two indices, whereds;;| needs in general not to be symmetric. The linear magneto-
electric effect can occur only in magnetically orderedetathat do not contain the time-reversal
symmetry element’ as separate symmetry operation. In 58 of the 90 magneti¢ gmnps the
linear magnetoelectric effect is allowed. A summary of ¢hgsint groups including the associated
tensor forms can be found in appendix G. The magnetic pomiggg, which allow the bilinear or
guadratic magnetoelectric effect, are summarized in agipéh in the tables 5 and 6. The associ-
ated tensor forms are in this case not specified but can be fémmexample, in [122]. Apart from
the Sl-unit system, the rationalized or non-rationalizedi§sian CGS system is used frequently
in the literature for the definition of the magnetoelectengors The relation between the linear
magnetoelectric tensor defined in these three unit systambe described as follows [109, 117].

cayj = 47ra§jG = alc’j (2.20)

"The definition of polar and axial ¢ and i tensors can be fourapjpendix A. The magnetoelectric effects of higher
order, described byg;;x] and[y;;x] can be considered as magnetic-field and electric-field iedlioear magneto-
electric effects, respectively3;;;] has the same symmetry restrictions as the piezoelectdctedhd~; ;] the same
as the piezomagnetic effect.

8In the present work, all magnetoelectric tensors are ginei units.
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Here,o'“ anda® denote the linear magnetoelectric tensor in the ratioedland non-rationalized
Gaussian CGS system, respectively, aiglthe velocity of light in the vacuum.

In addition to the primary magnetoelectric effects, désstiby equations 2.18 and 2.19, secondary
effects are also imaginable as, for example, the combinafithe impact of magnetostrictive and
piezoelectric or electrostrictive and piezomagneticafferespectively. Such secondary effects
should in fact be considered when investigating and dasgimagnetoelectric effects, as is com-
monly done when dealing with the pyroelectric effect [L2REvertheless, this type of problems
has hardly attracted any attention in the literature up t@.no

According to the classification of ferroic effects in senti®.1, the linear as well as the bilinear
and quadratic magnetoelectric effects are ferroic effettsigher order. Therefore, the general
concepts, which were developed in this context to descelmit ordering phenomena, can also
be applied to magnetoelectric effects. A higher-symmedratotypic phase can be assigned to
each magnetoelectric phase. Both are connected via a syyalowering ferroic phase transi-
tion leading to the generation of magnetoelectric domaautsch differ at least in one pair of the
components of the respective magnetoelectric tensorss, Tinthe presence of the external fields
E and H an energy difference between different domains results¢iwimay be described as
follows.®

1 1

For the switching of magnetoelectric domains, an electievall as a magnetic field is neces-
sary then. The required mutual orientation of both of theskldiresults from the form of the
magnetoelectric tensors.

2.3.2 Microscopic origin and theoretical description

In order to explain the temperature dependence of the limeggnetoelectric effect of @D; a
microscopic, semi-empirical theory was developed, usitgaion model [124]. Accordingly,
the temperature dependence of the linear magnetoeleetisot components faB parallel )
and B perpendiculard ) to the magnetic easy axis are characterized by the produlkeaor-
responding magnetic susceptibilitig%“ag)(T) and Xﬁimg) (T) with the sublattice magnetization
S(T).

o (T) o< X(["™(T) - S(T),  au(T) oc x[™(T) - S(T) (2.22)

9See also equation 2.6 in section 2.1.
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This theory was extended in the context of perturbationhgk?5-128]. The modification of the
single-ion anisotropy, the symmetric and antisymmetrigesexchange interactions, the dipolar
interactions and the Zeeman energy by an electric field wansidered.

The pertubative nature of the microscopic mechanismsngadithe linear magnetoelectric effect
also explains its relative weakness. An upper bound foritteat magnetoelectric effect is given
by the relation [129]

el ma,
o < x5, (2.23)
wherey ! andxg?ag) denote the electric and magnetic susceptibility, respelgti Thus, only in

ferroelectric and/or ferromagnetic materials with largeceptibilities an appreciably large mag-
netoelectric effect can be expected.

2.4 Ferrotoroidicity

Certain antiferromagnetic spin orders with head to tadmgements of spins forming spin vortices
can be described by a time- and space-antisymmetric, atar-pector quantity (limiting group
2 2 2 1130]) called the toroidal momen{.For the case of localized magnetic momenis being

positioned at the lattice sites,, this quantity is defined as [131]

t= %;ra X Mg, (2.24)

where the sum runs over all magnetic moments. A shift of the origin by the vectoR leads to

1 1
t/:§Z(ra+R)xma:t+§sza:ma. (2.25)

«

Because the sum’ m,, in equation 2.25 over all magnetic moments will be non-zargeneral,
the definition of the toroidal moment in equation 2.24 is desnt on the choice of the origin
within the crystal lattice. For many antiferromagnetiastures, howevery " m, vanishes and
therefore the toroidal moment then is independent from tiwsen origin'! Analogous to the

definition of the magnetizatioM as the density of the magnetic dipole moment the toroichnati
T can be defined as the density of the toroidal moment [131]. aHaulk crystal containingV

0n table 5 and 6 of appendix G the 31 magnetic point groups,athav the presence of a toroidal moment, are
listed.
1IA detailed discussion about the origin dependence of tliédakmoment can be found in [131, 132].
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identical unit cells of the volum¥, this definition leads to
T—LZT X m —LZrlxml (2.26)
_2NVa “ “_2vi ' v '

where the summation on the right side of equation 2.26 ruasaimagnetic moments within one
unit cell. In addition to the origin dependence of the toabishoment, a multivaluedness problem
arises for the toroidization due to the periodic boundanyditions in a bulk solid crystal. There-
fore, only changes in the toroidization are well-definedrgii@s and are considered as physically
measurable quantities [131,132].

As will be shown in the following, the concept of the toroidabment can also be set into relation
to the linear magnetoelectric effect. According to [13B]1&he integrall = — [ M (r)H (r)d*r

of a continuous magnetization distributidd (=) in an inhomogeneous magnetic figifi(») can
be expanded in powers of field gradients, calculated at sobiteaay reference point = 0. Up

to the first order this expansion leads to the following egpi@n [132, 133]:

I=—-m-: H(O) — CL(VH)(,.ZQ —t- [V X H]r:() — q”(&H] + ajHi)(,.zo — ... (227)

The zero-order term in equation 2.27 contains the magngimel momentm. The first-order
terms are composed of the magnetoelectric monopole momeéehé toroidal moment and the
magnetic quadrupole momep} [133]. As can be seen in equation 2.27, the toroidal momeumt co
ples to the curl of the magnetic field. All these first-ordents are time- and space-antisymmetric
and have therefore the same symmetry properties with regpeme reversal and spatial inversion
as the linear magnetoelectric effect. The linear magnettrét tensor«;;| can be decomposed
into a pseudoscalar, a vectort,] and a symmetric traceless tenspy] [132]:

A comparison of equation 2.27 with equation 2.28 directlerds that the presence of non-zero
magnetic multipoles, ¢t andg;; contributes to the scalar, the antisymmetric and symmgéiitof
the magnetoelectric response, respectively. Thereforezero components of the antisymmetric
part of the linear magnetoelectric tensor are a necessanjitaan for the occurrence of a toroidal
moment. However, it is difficult to give a general relatiortvaeen the magnetic multipoles ¢
andg;; and the corresponding components of the linear magnetael&nsor. In this sense, the
presence of an antisymmetric part of the magnetoelecsmorse is not necessarily indicative for
a toroidal moment [132]. There are spin structures, whichmalogive rise to a toroidal moment
but nevertheless allow antisymmetric magnetoelectrigoeses, as, for example, in the compound

21



2.4 Ferrotoroidicity

ZnCr,Se [132, 134, 135].

As was shown in section 2.1.1, the order parameters of tinegpyiferroic effects ferroelectricity,
ferromagnetism and ferroelasticity can be classified imseof spatial inversion and time rever-
sal symmetry. In this sense, the spontaneous electricipafimn is time-symmetric and space-
antisymmetric, the spontaneous magnetization space-symenand time-antisymmetric and fi-
nally the spontaneous strain time- and space-symmetrierelis an ongoing debate in literature
about the question if the toroidal moment, introduced atoowgd complete this symmetry scheme
being the order parameter of a fourth type of primary feroster (ferrotoroidicity), which breaks
both time-reversal and space-inversion symmetry [25,133;136—-138]. If ferrotoroidicity were
a fourth primary ferroic effect, the expansion of the fre¢haipy ¢ in equation 2.5 could be ex-
tended by ferrotoroidic terms [25]:

g=9o— .- -Ti(S)Sz‘ - %Tijsisj - eijEiSj - Q‘sz‘Sj - giijink (2.29)
Here,[Ti(S)] denotes the spontaneous toroidizatipt] the toroidic susceptibilityjd;;] the linear
electrotoroidic effect|(;;| the linear magnetotoroidic effect afg;| the piezotoroidic effect. The
driving force for ferrotoroidic domain switching in thiss@would be a crossed electric and mag-
netic field[S;] = [(E x H);]. But according to equation 2.27, an inhomogeneous magiieitic
with a non-vanishing curl could also be used for domain dwitg and via the magnetoelectric
effect also collinear magnetic and electric fields. Furtinane, in the case of ferrotoroidic do-
mains with a ferromagnetic contribution in a canted spinctire even a magnetic field would be
sufficient [25].

The extension of Aizu’s classification of ferroic phase siions to ferroic phases allowing a
spontaneous toroidization, reveals that ferrotoroidimdms will always be identical with the cor-
responding antiferromagnetic domains [25, 136]. Furtleeenup to date no definite experimental
proof exists that the toroidal moment can serve as a primatgrgoarameter independent from
an antiferromagnetic or structural ordering. Therefdres an open question if the concept of the
toroidal moment describes new ordering phenomena or ifahig a different description of the
already well-known magnetic or magnetoelectric types deang.
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The experimental focus of this thesis lies on the investgaif the dielectric and magnetoelectric
characteristics of new multiferroic or magnetoelectridenals. However, a lot of other thermo-
dynamic properties were investigated in the present worvkedls such as the thermal expansion or
linear magnetostriction, the magnetic susceptibility #mel specific heat. In addition, polarized-
light microscopy was used to visualize ferroelastic dormand to detect phase transitions con-
nected with a loss of symmetry. The experimental fundaneofadielectric and magnetoelectric
investigations, which are relevant for the present work, @giscussed in detail in the following
sections. The basics of the other above mentioned invéisingeare only briefly explained in sec-
tion 3.1. However, in these cases references are givengwmech more detailed informations can
be found.

3.1 Experimental environment

Most of the measurements were performed in two diffetet@-bath cryostats (OXFORD Instru-
ments, Cryogenic Ltd). Both are equipped with supercondgehagnets and lambda stages. The
maximal achievable magnetic fields at the basis temperatude2 K amount to 14T and 15T,
respectively and can be increased by 2T using the lambdasstalylore detailed information
about the cryostats can be found, e.qg., in [142, 143]. Byrimgga variable temperature insert
(VTI) (KONTI cryostat, CryoVac) into these cryostats, a fmmature range of 1.8-300K is cov-
ered for the experiments. A precise temperature contrahgsged using a temperature controller
(LS 340, LakeShore). The VTl was put into operation by S. Ghseng her diploma thesis and is
described there in detail [144]. By operating a sorptiompad®He insert (HelioxVL, OXFORD
Instruments) within the cryostats, the experimental lemyperature limit can be expanded down
to 0.25K. A detailed description of his functionality canfoend, e.g., in [145]. The temperature
control is provided by a temperature controller (ITC-50KRKDRD Instruments). Via a filter box
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different measurement devices can be connected to thexHebert [146]. The sample holder
used in the Heliox insert for the dielectric investigatiassvell as the measuring insert used in the
VTI are described in the following sections.

For the thermal-expansion and magnetostriction measunisnire the Heliox system and in the
VTI, two different home-built capacitance dilatometergevased. The dilatometer for the Heliox
system was engineered by O. Heyer during his diploma th&4ig [ The dilatometer for the VTI
was designed by S. Orbe during her diploma thesis [144]. Safntkee thermal-expansion mea-
surements in zero magnetic field were performed in a homledquparatus, called "TADNull",
which covers a temperature range of 4.2-200K [148, 149],saomde others in a commercial in-
ductive dilatometer (Perkin EImer TMA7) in a temperatunega of 130-273 K. Some fundamen-
tals of capacitance dilatometry are summarized in [150}:1B2e thermal-expansion coefficients
a; = 1/LY - 9AL; /0T and the linear magnetostriction coefficients= 1/L? - JAL; /0B; were
obtained by numerically calculating the temperature andrmatc-field derivatives of the length
changesAL;, where L) denotes the respective sample length along the measuredlaxorder
to enlarge the available temperature range for dielectviestigations, a continuous-flow cryostat
operated with cold nitrogen gas, which covers the temparatinge 100-580 K, was designed and
built with the help of the mechanical workshop of the Il. Plkgfisches Institut in the course of the
present work. Two similar cryostats, designed by H. Scheegds and E. Breidenbach [153,154]
during their PhD theses served as a guide for the design afighecryostat. Magnetic fields
cannot be applied in this apparatus. In the context of thaen#sesis of L. Anderson [155], the
continuous-flow cryostat was tested and optimized by ingagng different well-known pyro-
electrics and ferroelectrics. However, during the actuakwo new multiferroic material with an
ordering temperature in the temperature range of the nevstaywas found. Therefore, the design
and the mode of operation of this cryostat is not described, Hmit in appendix D. In addition,
the results of some test measurements are presented andreaimpth the results of correspond-
ing measurements in the VTI as well as with data from thedttege. For the measurements of
the magnetic susceptibility, two different commercialtsyss, a SQUID (MPMS, Quantum De-
sign) and a vibrating-sample magnetometer (PPMS, VSM, @uaesign), were used. All the
measurements in the SQUID magnetometer were performed bigifigen. The VSM allows
measurements in a temperature range of 1.8-400K and a nafjekt range of 0-14 T, while the
SQUID magnetometer covers a temperature range of 1.8-328 i enagnetic-field range of 0-7 T.
Both systems are described in detail in many PhD and dipléresess, see, e.g., [139-141]. For
the detection of symmetry-lowering phase transitions dbaseor the observation of ferroelastic
domains, a polarized-light microscope (Orthoplan-Poltd)e equipped with a continuous-flow
cryostat (Microstat, OXFORD Instruments) with a tempemtange 4-500 K was used. The tem-
perature control is provided by a temperature controll€C(b02, OXFORD Instruments). The
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whole equipment stems from J.-P. Rivéra from the departmkimiorganic and analytical chem-
istry at the Université de Geneve and was put into operatyod bSchalenbach during his bache-
lor thesis [156]. For the specific-heat measurements, a @mah calorimeter (PPMS, Quantum
Design) with a temperature range of 1.8-400K and a magfietet+ange of 0-14 T was used.
The measurement principle is based on a thermal-relaxatethod. The sample on the sample
platform is weakly coupled to a surrounding heat reserveih\& constant temperature. Then,
a well-defined heat pulse is applied to the sample platfoaditg to an exponential rise of the
sample temperature proceeded by an exponential relaxdimm the time constants of temper-
ature rise and relaxation the specific heat can be determikiede information about the used
relaxation method and specific-heat measurements in eaerae found, e.g., in [139, 145,157].
X-ray powder-diffraction measurements were performethé@temperature range 5-300K using a
diffractometer (D-5000, Siemens), equipped with a homili-bde-flow cryostat. Si was added to
the powder samples under investigation as an internal atendl. Bardenheuer and J. Brand gave
assistance during these measurements. Prof. Dr. P. Beetegmined peak positions and intensi-
ties from the raw data by full-profile fitting, the patternsrevéndexed with the software TREOR
and the lattice constants were refined by least-squaresmadint (all implemented in WinXPOW
suite [158]). More information about the diffractometee®iens D-5000 and experimental details
about powder-diffraction measurements can be found,ia.fL59, 160].

3.2 Dielectric investigations

This section is organized as follows. First, the basic pples of pyroelectric- and
magnetoelectric-current measurements as well as of nezasuits of the quasistatic relative di-
electric constant are explained. Then, important techespf crystal preparation are discussed
and the experimental apparatus is presented. Finallyetteniques to analyse the experimental
data including a discussion of possible error sources agid dldequate consideration during the
analysis are introduced.

3.2.1 The spontaneous electric polarization

The temperature dependence of the spontaneous electirization of a single-domain, ferroelec-
tric/multiferroic crystal below the Curie temperature esdribed by the pyroelectric effect [161].

AP, = p,(T)AT (3.1)

A temperature changé\7' causes a change of the spontaneous electric polarizafibn
The derivative of the spontaneous electric polarizationthwiespect to the temperature
pi(T) = 0P;(T)/0T is referred to as the pyroelectric coefficient. It is dependmn the ther-
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(a) (b)
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Figure 3.1: (a) Schematic picture of the experimental setup for pymgtecurrent measurements.
(b) Equivalent circuit of the experimental setupy. denotes the capacity of the sample dtid its electric
resistivity, which can be composed of an intrinsic and astd contribution. An extrinsic conductivity can,
e.g., arise from contaminated sample edges leading tocguctarrents.R;, stands for the input resistivity
of the amperemeter.

modynamic boundary conditions. The pyroelectric coeffitiat constant mechanical strain
([e;;] = const.) is different from the pyroelectric coefficient ahstant mechanical stress{;| =
const.). In the second case, a thermal expansion of the samger investigation can contribute
via the piezoelectric effect to the change of polarizatiod #hus to the pyroelectric coefficient.
Further information about the pyroelectric effect can henfh, for example, in [123,161, 234].

The measurement principle applied in this work to deterrttieespontaneous electric polarization
of a ferroelectric/multiferroic crystal is a slight moddigon of the principle proposed by R. L. Byer
and C. B. Roundy [162] to investigate the pyroelectric affeln the following a mechanical free,
plane-parallel sample with metallized surfaces with tleaar is considered. The sample surfaces
are short circuited via a high-sensitive amperemeter gorqmeremeter, electrometer) with an input
resistancel, see figure 3.1. At the beginning the sample shall be in itaglactric phase. A
continuous change of the electric polarization will ocatec@ding to equation 3.1 below the Curie
temperature during a cooling cycle with a constant rifg¢dt.? The resulting surface charges
will be compensated through the amperemeter and the eleesistivity R of the sample. The
corresponding pyroelectric current

Rc

. dT (RLch) dT
Ry, + R¢

I(T) Ap(T) T AP(T)Ea (3.2)

(which is registered by the amperemeter) is dependent omati@ of the electric resistances
Rc and R;,. Because the input resistanég of an amperemter is usually very small, the fac-

LA summary about the basic principles of pyroelectric-carreeasurements is given in [163].
2At this point the simplifying assumption is made that at ttasition into the ferroelectric phase only one ferro-
electric domain is generated.
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tor Rc/(Ry + Rc) may be neglected for adequately well electrically insokatirystals. Solving
equation 3.2 for the pyroelectric coefficient leads to

1 dt
p(T) = 337 1(T). (3.3)
By integration of equation 3.3 with respect to the tempegathe electric polarizatio®(7') is
obtained, disregarding the at first unknown integratiorstamt? (75):

t

P(T) = P(Ty) + % / [(T(#))dt (3.4)

to

If 75 is well above the Curie temperature, the integration conigtd7;,) disappears and even the
absolute value of the electric polarization is completdbnitified.

In reality, a poly-domain state emerges in general in a ahgdtthe transition into its ferroelectric
phase. Therefore, a single-domain state has to be enfoycaoidlying a sufficiently large electric
poling field. The best results can be achieved by applyingetietric field to the crystal in its
paraelectric phase, succeeded by a cooling process imrbekectric phase because the necessary
field strengths to pole the domains are minimal near the Genmperature.

3.2.2 The magnetoelectrically induced electric polarizabn

The magnetic-field induced electric polarization in a lineegnetoelectric is temperature depen-
dent as well as the spontaneous electric polarization afadiectric or multiferroic. This temper-
ature dependence is determined by that of the linear magjeetdc effect and may be described
as follows (see section 2.3.1).

The tensor,;;(T') = 0a;;(T) /0T designates the derivative of the linear magnetoelectrisade
with respect to the temperature and the vectgrstands for the applied magnetic field. In the
following, the same measurement setup, which was alreadgrithed in the previous section,
is considered, see figure 3.1. Within the magnetoelectrasgtof the sample under investiga-
tion a continuous temperature change with the rBt¢dt leads according to equation 3.5 to a
magnetoelectric-current flow

Rc¢ - dT" (rRu<Rc) - dT
— 1 A4, (TVH, <) pa (TVH, S .
R+ ko (T G (T)Hj—; (3.6)

I(T) Jd_t
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recorded by the amperemetenalogous to equation 3.4, the magnetoelectrically indudectric
polarization and its temperature dependence can be ceddug integration of the magnetoelec-
tric current from equation 3.6. To achieve a single-domaagnetoelectric phase an electric and
magnetic field with suitable mutual orientations have to peliad simultaneously to the crystal
above its ordering temperature, see section 2.3.1. Aftelsydhe crystal is cooled down in the
presence of these applied fields.

The determination of the magnetic-field dependence of thetrt polarization of linear magne-
toelectric materials is based on the same measuring plenagthe above-described temperature-
dependent determination. A change of the magnetic field géd femperaturé;, causes a change
of the electric polarization because of the linear magrietbec effect:

AP; = a;;(To)AH; (3.7)

At this point the same experimental setup, as already discufor the temperature-dependent
magnetoelectric investigations is considered. The saomuder investigation shall be in its linear
magnetoelectric phase with only one single domain. A cowtirs change of the magnetic field
with a constant raté / /dt at a constant temperature induces a continuous change rotipeetic-
field induced electric polarization and therefore a cordirsicurrent flow

Rc dH; (RL<Rc) dH;
:7,4 A (T J A« (T,
R RC a]( 0) dt a]( 0) dt

I(H) (3.8)
Analogous to equation 3.4 the electric polarization andniégnetic-field dependence is obtained
by integration of the magnetoelectric current in equatid 8hoosing the lower integration limit
of the magnetic field to be zero the integration constanfisars because in zero field the elec-
tric polarization vanishes. To achieve a single-domaitesthe crystal has to be poled again by

applying suitable poling fields.

3.2.3 The relative dielectric constant

The capacitance of a plane-parallel crystal sample of tle&riessd with metallized surfaces of
the sizeA may be described by the following capacitor formula if boarydeffects, which arise
due to the finite size of the surfaces, are neglected.

(3.9)

C = ey, —

d

3Here, as in the previous section the simplifying assumgsionade that at the transition into the magnetoelectric
phase only one single domain is generated.
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Figure 3.2:(a) Simple three-terminal capacitor mod€ly;, denotes the direct capacity of the unknown ca-
pacitor,Cyg andCt,¢ designate the capacities between the capacitor platdsding the capacitor wiring)
and the surrounding, such as the sample holder or other deaduabjects. (b) Common two-terminal ca-
pacitor. (c) Ideal three-terminal capacitor. (d) Elec&@infiguration on a sample with grounded guarding
electrode.

The quantity, stands for the longitudinal effect of the relative dielactensor(e;;] parallel to the
surface normal of the sample. Based on equation 3.9 thecthieleonstant, can be determined
by measuring the capacitance by a capacitance bridge. &kparits temperature dependence, the
dielectric constant is of course also frequency dependiettie present work, however, only quasi-
static dielectric constants and their temperature and stagheld dependences were investigated
at a fixed frequency of 1 kHz.

If the capacitor plates in a real experiment are simply cotetewith the high and low terminals
of the capacitance bridge (two-terminal setup), the meaksaapacitance will be a superposition
of the direct capacity’y;, of the unknown capacitor and of stray capacitancgg andCr g to
surrounding grounded objects, see figures 3.2 (a) and (bdrder to eliminate the influence of
these undesired stray capacitances, the unknown capimaboding its wiring can be completely
surrounded by a grounded shielding (three-terminal sesg®) figure 3.2 (c) [164]. A further im-
provement of the setup can be achieved by a so-called gugetictrode, a ring-like electrode,
which is mounted around one of the capacitor electrode amedsonnected to ground, see fig-
ure 3.2 (d). This configuration leads to a homogeneous aldigid between the proper electrodes
of the capacitor and in addition stops eventually occursimdace currents. For very precise abso-
lute measurements of dielectric constants, the so-callestsution method can be used [165-167].
It is based on a three-terminal setup and leads to a comgietmation of the geometric prop-
erties of the unknown capacitor, such as electrode areasapatitor-plate distance. Detailed
information about high-accuracy dielectric investiga@an be found in [168].

In the present work, the main purpose of measuring the dredezonstant was to detect phase
transitions and to complement the informations alreadyatd during the pyroelectric- and
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magnetoelectric-current measurements. For the dietantréstigations, a slightly improved two-
terminal setup was used. Instead of unshielded cables, ¢axial cables served as connection
between the sample electrodes and the capacitance bridgevidr, the samples under investiga-
tion as well as the first 2-3 cm of the contacting wires wereshaglded.

3.2.4 Sample preparation

Most of the samples utilized in this work were oriented usimlj-developed morphological crystal
faces, which served as reference planes in this case. Iti@ddoolarized-light microscopy as
well as X-ray diffraction in a Bragg arrangement were applier the crystal orientation. All
the preparations were done by Prof. Dr. L. Bohaty and Prof.FDBecker. For the dielectric
investigations, plane-parallel discs with a thicknesgeanf~ 0.8 — 1.5 mm and surface areas of
~ 10 — 40 mm? were used.

The surfaces of the samples had to be coated by an elegtramaiducting layer without short
circuiting them for the dielectric investigations. Alrga8. Jodlauk mentioned the importance of
well-matched electrode areas to prevent the emergenceaadipa currents [14]. In the present
work, a detailed analysis of such parasitic effects due wnmaiched electrodes was performed
in the context of the dielectric investigations of LiFeS4, see section 4.3.4. The results of this
analysis revealed that poorly matched electrode areasdzn lead to significant parasitic contri-
butions to pyroelectric and magnetoelectric currents.réfoee, a lot of care was taken to achieve
congruently metallized sample surfaces. Different meshofdmetallization have been utilized.
The simplest method is to apply conducting silver paint dhosurfaces of a sample (here con-
ducting silver G3003A from Plano GmbH was used). Howevés,lihs an essential disadvantage:
Only crystals, that are resistant against organic solyeatsbe metallized by this method because
the silver particles are suspended in a mixture of diffecgganic solvents (here: propylenglyco-
lethylether, ethanol, acetone, ethylacetate). Thergefioessurfaces of delicate samples were coated
with a thin layer of gold or silver using a resistive evapmnatsystem (MED 010, Balzers) or a
sputtering system (Hummer, Anatech Ltd). Most of the saspiere metallized using the resistive
evaporation system because it offered faster evaporattes than the sputtering system. Because
the original sample holder of the resistive evaporatiotesysad a very small heat capacity, it was
removed by a massive copper sample holder, fabricated iméwhanical workshop of the Institut
fur Geologie und Mineralogie. This limited the heating oé ttamples during the metallization
process, which proved to be important especially for dedisamples.

The rims of the samples had to be thoroughly covered beferentttallization process to prevent
their coating with silver or gold and thus the occurrence ahart circuit. At the beginning
of this work, experiments with different types of screencdver the rims were conducted, but
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finally the use of vacuum grease (Baysilone paste from Bayened to be the best applicable
method for that purpose. With the grease as cover it waslgedsi metallize the sample surfaces
completely, independent of their geometry, which led awteally to nearly perfectly-matched

electrode areas. After the metallization process the greasld be removed very easily from the
rims.

For the analysis of the dielectric measurements, the siteeahetallized surfaces had to be deter-
mined as well as the thickness of the samples. For the detatiomn of the size of the metallized
area, a calibrated stereo microscope (Zeiss Stemi SV 1h)amihicroscope camera (Axio Cam
ICc3) in connection with the software AxioVision 40AC wa®ds Photos, recorded by the camera
could be loaded into the software and the margins of the lizgdlareas could be marked. From
this information and the chosen magnification of the micopscthe size of the metallized area is
calculated by the software. The thickness of the sampleswveasured with a micrometer gauge.

3.2.5 Measuring apparatus: high-temperature measuremesst

As already mentioned in section 3.1, the dielectric ingegtons in the temperature regime
1.8-300K were performed in a VTI (KONTI cryostat insertiddryoVac). For these measure-
ments, the same stick-like measurement insert, which waady used by S. Jodlauk during his
PhD thesis [14], was employed, see figure 3.3 (a). It had begmally engineered by K. Berggold
and was then modified and optimized by S. Jodlauk for dietepteasurements. The main part
of the insert consists of a stainless steel tube, in whichnvimiature coaxial cables (type SS,
LakeShore) and twelv&00 pm thin enamelled copper wires are fed through. At the one dmad, t
stainless steel tube is terminated by a head with three vadlamges containing a 14-pin socket
and two coaxial sockets for the connection with the diffemaeasurement devices. At its other
end, three stainless steel capillary tubes are attachedppef with radiation shields and termi-
nated by a copper plate serving as thermal bath. Insulatedgre glued into the copper plate,
which is connected with a copper sample platfdr@n the sample platform a Cernox thermome-
ter (CX-1050-SD, LakeShore) is mounted. The surroundirmgsmf the sample platform can be
encased by a Teflon cup. An airlock is used for the instaltatidthe measurement insert into the
VTI to prevent air intrusion into its interior space. The saenunder investigation can be posi-
tioned in the centre of the magnetic field with a spacer. THd @e&ection points along the stick
axis of the measurement insert. More detailed informatioouathe measurement insert can be
found in [14].

In the present work, a new sample holder was engineered éoaltbve-described measurement
insert. The main part consists of a gilded, rectangular epplsc (5 x 10 x 3 mm), supplied

4The copper plate is denoted in the following as pin disc.
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Figure 3.3: (a) Schematic picture of the measurement insert used fordidlectric investigations.
(b) Enlarged picture of the sample platform of the measurngrimsert, including the used sample holder.
(c) Dimensions in mm of the rectangular copper disc and tHierTeylinder of the sample holder.

with a hole, see figure 3.3 (c). A Teflon cylinder with a screvettd (M2) is fitted into this hole
and is fixed with a headless screw (M1). A gilded CuBe spring lma mounted on the Teflon
cylinder via a stainless steel screw, as shown in the erdasgleematic picture of the lower part
of the measurement insert including the new sample holéerfigure 3.3 (b). The samples are
clamped between the spring and the rectangular copper dis¢he sample holder is attached
to the sample platform by using, e.g., instant adhesive.rdieroto achieve an electric insulation
between the sample holder and the platform, kapton tapeeis as intermediate layer between
both, see figure 3.3 (b). Using drops of conducting silvenpahe CuBe spring as well as the
rectangular copper disc of the sample holder are contadtidai00 m thin enamelled copper
wire. Both wires are then connected via two pins of the pig digh the coaxial cables.

The kind of sample mounting in the new sample holder has soperitant advantages, compared
to the method described by S. Jodlauk [14]. First of all, thenping method is simpler and faster.
Secondly, the copper wires need not to be attached diresttitedsample surfaces, which proved
to be important especially for delicate crystals, that amearled by the solvents contained in the
conducting silver paint. Thirdly, the clamped samples age to expand in any direction, which

can be important for crystals, that are sensitive to crack#bion. Finally, the samples can be
oriented very precisely by using the new sample holder, wtsémportant when magnetic fields
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Figure 3.4:Schematic circuit diagram with the different measurementats used for the dielectric inves-
tigations.

are applied.

In figure 3.4, a schematic circuit diagram is displayed with tifferent measurement devices
used for the dielectric investigations. As already merggim section 3.1, the temperature within
the VTI is controlled by a temperature controller (LS 340ké&hore). Using both channels of
the temperature controller, the platform thermometer &ed\UTI thermometer can be read out
simultaneously. For the pyroelectric- and magnetoelectnrrent measurements, a Keithley 6517
electrometer with integrated voltage source was used. dWwetérminal of the voltage source
can be internally connected with the low terminal of the arapeter unit of the electrometer.
In order to stabilize the output of the voltage source it wasnsed by a 100 nF capacitor. The
two electrode areas of the sample under investigation wesd sircuited via the high terminal
of the voltage source and the high terminal of the amperemuiti¢ by two RG58C/U coaxial
cables. The coaxial cable to the high terminal of the ampetenunit was additionally shielded
by a flexible tube of mu metal. An extra noise shielding wadeadd by the connection of the
low terminals of the voltage source and of the amperemetiétaground, leading to a guarded
configuration [169]. In addition, the guarding minimize® thccurrence of leakage currents in
the measurement circuit. Furthermore, it is important ttuce mechanical vibrations to obtain
a good signal to noise ratio. Therefore, the electrometarpesitioned on a gel cushion and the
coaxial cables to the measurement insert of the VTI weralilest vibration free as well. For the
capacitance measurements, a capacitance bridge (AH 230@ken-Hagerling, 1 kHz) was used,
see right side of figure 3.4. All measurement devices wereected via an IEEE-488 bus and an
intermediate bus isolator (Isolator488, 10 Tech) to a corapu
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The measurement is controlled by a software, called kSReferewhich is written in LabVIEW.
The software has been developed by C. Zobel in the Il. Phlysdkees Institut and was then ad-
vanced by K. Berggold and G. Kolland [146, 170]. One of themfanctions of the KSR-Sweeper
is to set the external parameters during the measuremerdgg®osuch as magnetic field, temper-
ature, poling voltage. With another function of the softevélre control temperature can be swept
with a constant rate at a fixed magnetic field or the magnetid-fitrength at a stabilized tempera-
ture, while recording continuously data points (time, metgnfield strength, control temperature,
sample temperature, current/capacity). Typically, alomet data point per second is recorded and
saved in a text file. For the pyroelectric-current measurgse precise temperature control is es-
sential to achieve smooth temperature ramps, which arertargidor the proceeding calculation of
the electric polarization by integration, see section&.Zhe typical process for the pyroelectric-
current measurements is as follows. At first, a magnetic béldesired field strength is set and
a static electric poling field of at least200 Vmm ™! is applied to the sample under investigation
well above the ordering temperatir®@ue to the electric capacity of the sample an exponentially
decreasing charging current occurs. After the decay ofciimigent flow, the crystal is cooled with
constant cooling rates between — 4 Kmin~! to base temperature ensuring a single-domain state.
After the removal of the poling field and the decay of the cgpmnding discharging current, the
sample is heated again with constant heating rates bettden 4 Kmin~! to the paraelectric
phase. Both, during the heating and cooling cycle the pgatet currents are recorded. For
the magnetoelectric-current measurements, the samecbeléd poling process of the crystals
is performed and the magnetoelectric currents are regastevhile sweeping the magnetic field
with rates betweef.1 — 0.5 Tmin~! at stabilized temperatures. The electric capacity was mea-
sured either with temperature-sweep rate$.6fKmin=' or with magnetic-field sweep rates of
0.1 Tmin~".

3.2.6 Measuring apparatus: low-temperature measurements

In the present work, the temperature range for dielectrrestigations was extended down to
300 mK by engineering an adequate sample holder fo?lteeinsert, already mentioned in sec-
tion 3.1. The usual temperature control of the Heliox systgoved to be inappropriate for
pyroelectric-current measurements, since it does nowvaikosweep the temperature satisfacto-
rily smoothly and linearly. Therefore, a second tempertantrol loop to control the sample
temperature independently from that of the Heliox systeuohtoabe integrated. In figure 3.5, a
schematic picture of the sample holder is displayed. It&ggdds essentially the same as that of
the already established sample holder for transport meamnts in the Heliox system, which was

5Due to the helium atmosphere within the VTI, the maximal agtile voltage without the occurrence of flashovers
is about 250 V.
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Figure 3.5: Schematic picture of the sample holder used for the digtertvestigations in the Heliox
system.

constructed by G. Kolland and O. Breunig. Only two additigrias in the so-called pin disc are
added for the coaxial cables, which are necessary for thectlie investigations. The actual al-
teration is the implementation of a second sample platfevhich is thermally decoupled from
the original one and on which the samples under investigatie mounted. This new sample
platform consists of a gilded copper plate, which is fittet ia gilded copper building block and
fixed by a headless screw, see figure 3.5. On the side of theecbppding block a Cernox ther-
mometer (CX-1030-SD, serial number: X75096, LakeShord)tam shunted SMD-chip heaters
(SMD 102,1 k2, 0.25W) are mounted. The copper building block is screwegettoer with two
cylinders, one made of Teflon and one made of copper, resphgtising a nylon screw. Finally,
the copper cylinder is fitted into the hole of the original gderplatform and fixed by a headless
screw.

The Teflon cylinder thermally decouples the new samplegiatffrom the original one. The origi-
nal sample platform serves as a heat sink for the new one asdadly kept at the base temperature
of the3He pot of the Heliox system. Both, the base temperature amdahmple temperature are
controlled independently. The base temperature contréh®fHeliox system is provided by a
temperature controller (ITC-501, OXFORD Instruments)e Bample temperature, which is read
out by an AC resistance bridge (LS 370, LakeShore), is ctattdy a virtual LabVIEW PID
controller driving the SMD-chip heaters on the copper bagdlock via a current source (Knick
DC-Calibrator J152 or Keithley precision current sourc@®2 The optimum PID settings for the
virtual PID controller turned out to b&’, = 3, 7; = 0.15min and7; = 0.005min at a max-
imum output current of 3mA. Because of the thermal decogplihe lowest achievable sample
temperature is2 300 mK. The sample temperature can be swept very smoothly andlime#h
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rates up to 4 K/min while the base temperature is stabilifmdekample at 0.25 K). The power of
the chip heaters suffices to achieve sample temperaturéalvesie the base temperature. Differ-
ences in temperature of about 30 K are possible, withoutt¢heroence of strong drifts of the base
temperature.

The samples under investigation can be attached by a dragndiucting silver paint on the sam-
ple platform and are contacted in the same way with i@ m thin manganin wires. For the
dielectric investigations in the Heliox system, the samasneement devices are used as for the
investigations in the VTI, see figure 3.4, and also the me&aseant process is the same, see sec-
tion 3.2.5.

3.2.7 Data analysis: background currents and noise

The electric polarization of multiferroic or linear magaelectric compounds is typically very
small. Therefore, pyroelectric or magnetoelectric-corraeasurements in these classes of mate-
rials are typically in the range of 0.1-100 $An this low-current regime, the accuracy of current
measurements can be strongly influenced and degraded tagkeakd offset currents. Leakage
currents are generated by stray-resistance paths withimé@asurement circuit in connection with
a voltage source. They can be reduced by guarding the highdance lead of the measurement
circuit [171], as was explained in the context of figure 3radldition, there exists a multitude of
different offset currents. First of all, there is always astant input offset of the used electrometer
(here: ~ 0.03pA), which is, however, less important because it is nearletindependent and
rather small. Secondly, the used coaxial cables can be aestaroffset currents as well due to
the so-called triboelectric effect [171]. Vibrations oetmotion of the coaxial cables can lead
to frictions between conductor and insulator and thereforthe creation of charge imbalances,
which are then compensated by a current flow. This explaisniportance of the reduction of
vibrations of the whole measurement apparatus. Espedalilge beginning of a measurement
directly after the motion of the coaxial cables, relativieyge offset currents emerge due to the
triboelectric effect. Thirdly, a finite electric condudtivof the sample under investigation in con-
nection with small input offset voltages of the voltage seuf the electrometer as well as thermo
or contact voltages in the measurement circuit can be adusiburce of offset currentsFinally,
charge carriers can be trapped within the samples duringdbkng cycles of the pyroelectric-
current measurements with applied electric poling fields ttuthe decrease of thermal energy
with decreasing temperature. These trapped charge sathien are released again during the

5The noise level during the pyroelectric-current measurgmamounted in this current range to about 0.01 pA in
the present work.

"The electric conductivity can either be intrinsic or exsith Extrinsic contributions to the conductivity of a sapl
can, e.g., be caused by contaminated sample edges in thefdaggroscopic compounds.
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heating cycles with increasing temperature and causeiadalibffset currents. Such currents can
be distinguished from real pyroelectric currents becalsg dccur only during the heating cycles.
In contrast, real pyroelectric currents arise both durlmgheating and cooling cycles, whenever
the electric polarization changes. More information alsmrhe of the offset currents mentioned
above can be found in [14], where also some measurementgnopdiy their characteristics are
presented.

3.2.8 Data analysis: background-current correction and itegration

In order to analyse pyroelectric- and magnetoelectricesurmeasurements it is essential to sepa-
rate the background currents from the real pyroelectric agmetoelectric currents. This is, how-
ever, often difficult because the temperature or magnetid-lependence of the background cur-
rents usually cannot be determined independently fromyhmatectric or magnetoelectric signals.
A further problem arises due to the fact that the backgrougukgs often drift with time and are
thus not reproducible. Therefore, the exact temperatuneagnetic-field dependence of the back-
ground currents is unknown in general. Nevertheless, int widbe cases an adequate correction
can be achieved by one of the following methods.

(1) Constant offset currents: In  the non-pyroelectric, paraelectric phase of a multifer-
roic/magnetoelectric material a temperature change dhaugeneral not lead to a current
flow. Detected current signals in the paraelectric phasetlvarefore be attributed to the
present offset currents. If these are assumed to be terapeiatiependent, the real py-
roelectric current is obtained by subtraction of the camstairrent signal detected in the
paraelectric phase.

Ireal(T) _ ]meaS(T) _ ]offs (310)

const

For pyroelectric/magnetoelectric signals, which aredamith respect to the background cur-
rents, this method leads to an adequate correction ever rae of temperature-dependent
offset currents.

(2) Completely invertible electric polarization: If the electric polarization of a magnetoelectric
or multiferroic material is completely invertible and ifetpresent background currents do
not drift strongly with time, another correction method ¢enapplied. In general, the back-
ground signals are independent from the poling directiaimeflectric polarization. There-
fore, they can be eliminated by subtracting the detecterentsignals of opposite poling
directions. The division by a factor of two finally leads tethverage real pyroelectric-
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] Figure 3.6: Temperature dependences of

1 E _ pyroelectric-current signals of LiFe%); along
the b axis for magnetic fields applied along A
constant heating rate of about 4 K/min was chosen
and the electrode surface areas amounted to about
10mm?. More information about the results of the
dielectric investigations of LiFe@Ds can be found
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(3) Magnetic-field induced electric polarization: For linear magnetoelectric materials, no
pyroelectric-current signal occurs in zero magnetic fiéfdthis case, the background cur-
rents and their temperature dependence can be determinge Hackground currents do
not drift strongly with time and if they are independent frone magnetic field, the real
magnetic-field induced pyroelectric-current signal isaiid by subtraction of the zero-
field background currents.

Lo (T) = Ipgs (T) — Iy (3.12)

The above described correction methods were implementdeinourse of the present work in
an analysis software written in LabVIEW. The different déitas can be loaded into the soft-
ware and the best correction method is chosen and appligdr #hie adequate correction of the
pyroelectric/magnetoelectric-current data the corredpw electric polarizations and their tem-
perature or magnetic-field dependences can be calculatadrbgrical integration, based on the
expression in equation 3.4. For that purpose, a secondsasalyftware was written in LabVIEW.
Using the so-called trapezoidal rule

b

/f(x)dx ~ M(b —a) (3.13)

a
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Figure 3.7:Temperature dependences of the electric polarizationfeé%i Os alongb for magnetic fields
applied along:. Different correction methods were applied before thegraon process. (a) Subtraction of
a constant background current from the pyroelectric-curdata. (b) Subtraction of the pyroelectric-current
signals of opposite poling directions divided by a factotved. (c) Subtraction of the current signals in zero
magnetic field from the pyroelectric-current data in magriglds.

for the numerical integration, the following algorithm wagplemented in the integration software.

tivo — ; tiv1 — 1 1 1(t; + 1(t;
P <%) _p <%) +Z (tit2) . ( +1)(ti+2 —ti) (3.14)

Here, t; denotes theé-th time entry in the input data file, which is used for the gregion, and
I(t;) the corresponding current entry. The variabledenotes the surface area of the sample
electrodes. The average tirﬁfé% is assigned to the calculated polarization vatueEach
time entryt; can be related to a corresponding sample temperdtur@ herefore, after the in-
tegration process, which leads to a time versus polarizaticay { ‘2"t p (f22lin) 1 the
temperature dependence of the electric polarization idyealstained by calculating%

for each polarization valuep(%). The resulting temperature-time-polarization array

{Ti“;Ti*l, bpatinn p (Giratin )} is finally saved by the software in a result file.

To conclude this section, the problems of an adequate datection, especially for very small
pyroelectric/magnetoelectric-current signals will bettier discussed using the example of the lin-
ear magnetoelectric compound LiFgS§, one of the investigated materials in the present work.
As example, the temperature dependences of the pyroelecinient signals detected along the
b axis for magnetic fields applied alongwith field strengths up to 2T were chosen, see fig-
ure 3.6. The non-zero current signals above the orderingeesture~ 18 K can be attributed

to the background currents. As can be seen in figure 3.6, &®y $0 be temperature indepen-
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dent at least within the paraelectric phase of LiE€gi The current signals at 2T are, however,
shifted with respect to the other ones, which indicates # dfithe background currents with
time. All three correction methods, described above, apdieghto the measured raw datél’)
and the corresponding polarizatiét{7’) is calculated by integration. In figure 3.7, the resulting
temperature-dependent electric polarizations are suimetarThe subtraction of a constant back-
ground current from the pyroelectric-current data caus#oag asymmetry between the different
poling directions of the resulting electric polarizatioata, see figure 3.7 (a). Therefore, the as-
sumption of a constant background current is apparentlyustified in this case. The subtraction
of the pyroelectric-current signals of opposite polingedtions yields a better result, as can be
seen in figure 3.7 (b). The obtained polarizatidms fully antisymmetric with respect to the pol-
ing field by construction. Thus, this antisymmetry cannoubed as a criterion to test the data
quality. In the present case, tlig7") data at the lowest field{ = 0.1 T) seem to change sign,
which appears rather unphysical. The third correction webthith a subtraction of the current
signals in zero magnetic field from the pyroelectric-cutidata in magnetic fields also leads to an
acceptable result, see figure 3.7 (c). However, here as vadiljlat asymmetry between the tem-
perature dependences of the electric polarization of afgpsling directions is visible, indicating

a not sufficiently adequate correction of the backgroundeecus. In conclusion, one can state
that an adequate correction of the pyroelectric/magnettrét-current signals is crucial to obtain
acceptable and reliable results of the electric polaorati
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Chapter 4

The pyroxenesAFeX>0g
(A =Na, Li; X =SI, Ge)

4.1 Introduction

The family of pyroxenes with the general formulal/ X;O4 (A = mono- or divalent metal,
M = di- or trivalent metal andX = tri- or tetravalent cation) is a very important group of min-
erals. More than 20 vol% of the earth’s crust and upper mala¥en to about 400 km consists
of pyroxene minerals. For that reason, they were intengistldied in geoscience for decades,
e.g., [199-203]. A large variety of different compositiomsgsts in the pyroxene family. The
site can, for example, be occupied by LNa", C&*, Mg?*, Mn?* or F&* and the)M site by nu-
merous transition-metal elements such &s,Tv3+, CP/Cr?T, Mn*t/Mn3t, Fet/Fe’t, Co*t or
Ni2*. This variety is further enlarged by different possiliesite elements, such as*Sior Ge'.
Depending on the composition, the pyroxenes crystallizerinorhombic or monoclinic symme-
tries. The members of the subgroup of monoclinic pyroxenesalled clinopyroxenes. The typi-
cal clinopyroxene crystal structure is displayed in figurke(d) using the example of NaFgS. It
consists of one-dimensional zigzag chains of edge-shf#ifQs] octahedra, which are connected
by chains of X O,] tetrahedra within th¢110) and(110) planes. Both chain systems are running
along thec axis. For the case of magneti¢?*/ M3+ cations, there are three relevant magnetic
exchange interactiong,, J, and J;, see figure 4.1 (b) [14, 15]. On the one han@,connects
neighbouringM?*/ M?3* sites within the zigzag chains visr—O-M super-exchange pathways.
On the other hand, the super-exchange interactigmsd./; connect\/2+/ M3+ sites of different
chains via one or twoX O,] tetrahedra, respectively. In this context, th&/ M3+ elements
form triangular lattices within thé110) and(110) planes, which can give rise to a magnetic frus-
tration potential if one exchange is antiferromagnetic ti@dothers are both either ferromagnetic
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Figure 4.1: (a) General room-temperature crystal structure of theoplimoxenes using the example of
NaFeSjOs. (b) Magnetic interaction pathways for the case of magnettfc / M3+ ions. J; runs along
the ¢ axis and connect8/>t/ M3 sites within the zigzag chainsl, and.J; connectM?*/ M3+ sites

of different chains via one or twaX]O,] tetrahedra, respectively. Hench,, J, andJs form a triangular
magnetic subsystem. The yellow pathways run along theweaétrahedra in the back, while the black ones
run along the grey tetrahedra in the front.

or antiferromagnetic, see figure 4.1 (b). Up to date only tys@pene compounds are known (ae-
girine of the composition NasFe) s3Ca 04Mng g2Al g 01 Tig.0s Sl O and NaFeGgl;), which show

a spiral magnetic ordering [204—-207]. In general, most effgliroxenes show collinear antifer-
romagnetic orders [17, 204, 208, 209], but there are alseptians, such as NaCrg@g, which
shows a ferromagnetic order [210]. In table 4.1, the roompierature space groups, lattice pa-
rameters and magnetic ordering temperatures of some merab#re clinopyroxene family are
summarized. An extensive compilation of magnetic and stratdata on clinopyroxenes can be
found in [211].

A few years ago, the pyroxene compound Nak@giwas identified as multiferroic mate-
rial [14,15]. In the same publication, LiFe®l; and LiCrSyOs were proved to be linear magneto-
electrics. This was the starting point for intense and syate investigations of the magnetic and
dielectric properties of plenty of compounds of the pyraxémily to clarify the mechanisms of
multiferroicity and linear magnetoelectricity in this skof materials [17,18,204,206,208-210].
As will be seen in the following discussion, it is importaatrtote that all the primary investiga-
tions of NaFeSIiO; reported in [14, 15] were performed on a natural single alyfsom Mount
Malosa (Malawi) with the composition Ng,Fe) s3Ca 04MnNg.02Al .01 Tig.0sSioOg. The mineral
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crystal space group alblc(R) () Ty (K) references
NaFeSjOq C2/c 9.658/8.795/5.294 107.42 8 [14,15,212]
NaFeGegOq C2/c 10.01/8.94/5.25 108 13 [207]

LiFeSho, C2/c 22 po /e 9.675/8.668/5.297 110.22 185  [14,15,212,213]

LiFeGeOs C2/c <™ p9 /¢ 9.893/8.836/5.379 108.83 20 [214-216]

Table 4.1. Room-temperature lattice constants, space groups and tbiégleratures of NaFe$ds,
NaFeGeOQg, LiFeS)L Oz and LiFeGeOg.

name aegirine is used for the natural compound of this coitipo$n the rest of the present work
to distinguish it from the synthetic one. Magnetic-susiteiitly measurements on this natural
compound revealed the onset of an antiferromagnetic ond@Kafollowed by a second mag-
netic transition at 6 K. Dielectric investigations gaved®ance for the occurrence of a spontaneous
electric polarization along the monoclinbcaxis (P, ~ 13 uC/m?) below this second transition.
Magnetic fields applied within thec plane suppress the electric polarization aldngpmpletely
around 4 T. Instead, a smaller electric polarization alemgjinduced [14, 15]. Based on a series
of single-crystal and powder neutron-diffraction meaments, the magnetic structure of aegirine
could be resolved [204].Below the first transition at 8 K the magnetic structure foamsncom-
mensurate transverse spin-density wave with the momentg\ithin theac plane. At the second
transition at 6 K the magnetic structure transforms intollptieal helix with the incommensurate
propagation vectok = (0,0.77,0) and the spin rotation axis being oriented aldnf04]. As
shown in [204], the onset of ferroelectricity in aegirinddve 6 K can be understood by a sym-
metry analysis of the helical spin structure analogous ¢oQhbrie principle. The symmetry of a
helical spin arrangement can be described by the magnetit gmup 22'2’, see section 2.2.2.
Therefore, the occurrence of the elliptical helix in thegamt case of aegirine leads to a lower-
ing of symmetry fromC2/c1’ to C'2’, which explains the simultaneous onset of the spontaneous
electric polarization along.?

Several investigations on synthetic powder samples of Babg gave evidence that the mag-
netic properties of synthetic NaFg6&y are different from those of the natural compound ae-
girine [16,204,206,217,218]. Specific-heat and muon-spiaxation measurements revealed
that synthetic NaFe8Ds; seems to undergo only a single transition at about 7 K [16]s Tésult

1The samples for the neutron-diffraction experiments wéeuafrom the same natural single crystal from Mount
Malosa, Malawi, which was used for the primary measurememtsrted in [14, 15].

2This symmetry is obtained by intersecting the magnetic tpgriaup22’2’ of the helical spin structure with that,
2/m1’ of the paramagnetic phase of aegirine.
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is consistent with comparative magnetic-susceptibiliggasurements of polycrystalline powder
samples of aegirine and synthetic NakR€giperformed in the present work, see appendix F. Neu-
tron powder-diffraction measurements gave evidence fecarsd commensurate magnetic struc-
ture in addition to the incommensurate magnetic structahesady observed in aegirine below
8K [204,206,217]. The proposed commensurate propagadicioks are, however, contradictory.
In conclusion, one may speculate that multiferroicity iigiaee could be caused by the natural
dopants present in that compound. In contrast, syntheti@8g0; could be linear magnetoelec-
tric only. However, a definite proof of this speculation il stissing because of the difficulties in
growing large synthetic single crystals of NaF&3;.

Apart from aegirine, up to date only one other multiferrommpound could be identified
within the pyroxene family, namely NaFe&®; [12]. The vast majority of the investigations
of this compound, reported in literature so far, were penfedal on polycrystalline powder sam-
ples [12, 206, 207, 219, 220]. Measurements of the magnesiceptibility revealed the occur-
rence of low-dimensional magnetic correlations around 38u€ceeded by the onset of a three-
dimensional antiferromagnetic order below 13K [12, 20&/]20Previous results of magnetic-
susceptibility and Mdssbauer-spectroscopy measurenmentandicated a slightly higher Néel
temperature of about 15K [219, 220]. Among the group oftFleased pyroxenes, NaFe&k
exhibits the most pronounced low-dimensional magneticasttaristics [206]. Specific-heat mea-
surements revealed a further phase transition at aboukK1P@7]. Dielectric investigations on
sintered polycrystalline pellets proved that this secaaddition coincides with the onset of a
spontaneous polarization of aboli xC/m?, whose absolute value can be decreased with in-
creasing magnetic-field strength [12]. Two different nentdiffraction experiments on powder
as well as on single-crystal samples of NaFgGieare reported in literature [205-207]. The
results of both studies indicate that the magnetic streatfiNaFeGgO; forms an incommensu-
rate cycloidal spin arrangement below the second tramnsitid 1.8 K with the spins lying mainly
within the ac plane. The reported propagation vectérs= (0.3357,0,0.0814) [205, 207] and
k' = (0.323,1.0,0.080) [206], however, are contradictory within the crystallqgné space group
C2/c. The magnetic structure between 11.8 K and 13K has not beeives yet.

LiFeSLO; is the best investigated linear magnetoelectric among yinexpnes. It undergoes a
structural phase transition at about 230 K with a loweringrafislational symmetry from@'2/c

to P2, /c [213]. Several neutron-diffraction studies have beengreréd to resolve the magnetic
structure of LiFeSIOg [204, 216, 221]. The results of these studies imply that Eif®; orders
antiferromagnetically below 18.5K. The more recent stadientify P2, /¢ as the most proba-
ble magnetic space group [204, 216]. The spins form a cantgfiti@omagnetic structure with
the magnetic moments being oriented mainly alongdlais. The spins are ordered ferromag-
netically within each of the zigzag chains aloagwhile the spins of neighbouring chains are
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ordered antiferromagnetically. The reported magnetic erasiV/ = (0.52, 0.05,4.83) [216] and
M’ = (0.58,0.69, 3.91) [204], both given in the crystallographic coordinate syste LiFeSiOg,
are contradictory. The magnetic space grdty /¢ is in accordance with the form of the lin-
ear magnetoelectric tensor of LiFeS§, which was determined by detailed dielectric investi-
gations [14, 15F. At 14K the absolute value of the largest tensor componentiBé$iOq
amounts tongs = 4.86 ps/m, which corresponds to a magnetic-field induced electri@zd-
tion of ~ 18 uC/m? in an applied magnetic field of 6 T [14]. Apart from the tensomponents,
which are allowed in the magnetic space graep /¢, also some for that symmetry forbidden
components were found to be non-zero. These "forbidden'netaglectric components were
attributed to experimental imperfections, as slightly anisnted sample surfaces or small mis-
alignments of the applied magnetic fields. Additionally ossibility of parasitic effects due to
not perfectly-matched electrode areas was discussedsioahiext [14].

4.2 Experimental details

All crystals of LiFeSpOs and NaFeGg), investigated in the present work were grown by
Prof. Dr. P. Becker-Bohaty from high-temperature soluioising a top-seeded solution-growth
process. For growing LiFegD, crystals, a melt solution of the systemMoO,—LiVO3; was used
and for the growth of NaFeG®©j crystals, a melt-solution of the systemN&oO,—NaVO;. The
morphological faces, which were indexed via X-ray diffrant were used as reference planes for
the sample orientation. Samples with faces perpendicoifart ¢, b andc were prepared.

In the course of the present work, the interpretation of sogsalts of the study of the magneto-
electric properties of LiFeJD;, reported in the PhD thesis of S. Jodlauk [14] were doubted. A
mentioned above, a strong linear magnetoelectric effestdedected with the components,
aq3, aig; andagg in accordance with the magnetic space grét®p/’ proposed in [204,216]. But
in addition, finite tensor componenis;, a2, as3 andas, were also observed with about one to
two orders of magnitude smaller absolute values comparéohse ofw,, a3, az; andass. These
latter results are inconsistent with the magnetic spacef@, /¢’. However, they were attributed
to experimental imperfections and therefore not takenantmunt [14]. A first hint that LiFe$0g
could be actually triclinic belowy ~ 18.5 K was found by M. Baum in his PhD thesis [204]. He
poled the antiferromagnetic domains of LiFgSj via the linear magnetoelectric effect by apply-
ing different combinations of electric and magnetic fieldd a&isualized the poling characteristics
via neutron diffraction. The antiferromagnetic domainslddbe poled not only via the compo-
nentsayq, aqs, az; andass as expected, but also via the componentsand as, forbidden for
the monoclinic symmetry, which suggests an actual tricky)mmetry. However, because sample

3The experimentally determined tensor form of LiF&Sj corresponds to the form (B) in appendix G.
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Figure 4.2:(a)-(b) Crystals of LiFeSOs (c) Crystal of NaFeGgO

misalignments with respect to the applied magnetic fielddccoot be excluded, the possibility of
a triclinc symmetry of the antiferromagnetic phase of Lik€g was not considered further.

In the present work, the magnetoelectric properties of &if@; were reinvestigated with a higher
accuracy and the focus on minimizing the extrinsic errorsesi reported in [14]. For that pur-
pose, the sample surfaces were completely metallized vivér $y evaporation for the dielectric
investigations to assure very well-matched electrodesar@dditionally, possible misalignments
of the samples with respect to applied magnetic fields coelohimimized to the order of°. Fur-
thermore, the influence of non-identical electrodes onélsalts of pyroelectric-current measure-
ments were systematically investigated using sampleseoiviil-known pyroelectric compounds
Sr[Sh{(+)-C4H20¢}2-2H,0] and LLSO,-H,0.

The high-accuracy dielectric measurements reveal unambgly that all magnetoelectric tensor
components apart from,, are present in the antiferromagnetically ordered phasakg3iO.
This implies that the low-temperature phase of Lik€gicannot be monoclinic with the magnetic
point group2/m’ as proposed in [204, 216], but has to be triclinic with the neg point group
1’. The transition from2/m1’ to 1’ at~ 18.5 K could directly be observed with a polarized-light
microscope in zero magnetic field, see section 4.3.5. Intiadclia new magnetoelectric phase
was discovered for magnetic fields alongbove~ 6 T and was further investigated by thermal-
expansion and magnetostriction measuremg&#sart from these fundamental findings, the tem-
perature dependence of all components of the magnetaelemtisor was determined. Finally,
magnetic-field versus temperature phase diagrams werederi

The multiferroic properties of NaFe@®8; and their anisotropy were characterized by dielectric
investigations, magnetic-susceptibility, thermal-engian and magnetostriction measuremeénts.
The magnetic-susceptibility measurements reveal thatlSafoO; orders antiferromagnetically at

4The thermal-expansion and magnetostriction measurememéesperformed together with L. Andersen.
Sparallel to the experiments in the present work, NaR&gavas proved to be multiferroic in a dielectric study of
polycrystalline pressed pellets [12].
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Tn =~ 13K with the spins being oriented mainly alobge. At Tc ~ 11.6 K, a second tran-
sition occurs with a spin reorientation after that the sgires lying mainly within theac plane.
The second transition coincides with the onset of an etegiiarization £ ~ 32 uC/m?) ly-

ing mainly within theac plane with a small component aloibg Detailed magnetic-field versus
temperature phase diagrams are derived. Depending onrdetidin of the magnetic field, up to
three different multiferroic phases are identified, which separated by a magnetically ordered,
but non-ferroelectric phase from the paramagnetic phase.

In the following, the investigations of the compound LiFg%i summarized in section 4.2 are
presented, analysed and discussed in detail.

4.3.1 Magnetic properties

The results of the magnetic-susceptibility measuremédiits-e Si,O; adopted from the PhD thesis
of S. Jodlauk [14] are repeated and shortly explained insiision as far as they are important for
the present work.

The temperature-dependent magnetic susceptibilitiesFa3i, O for magnetic fields up to 14T
(applied along thébxc, b andc axis) are displayed in figures 4.3 (a)-(c). The low-field @srv
signal magnetic ordering &ty ~ 18.5K. While x.(7") shows a well-defined kink &fy and
subsequently decreases with decreasing temperat€7’) andx,(7") hardly change belowy
indicating that the spins are oriented mainly alongdfaeis. Towards larger fields, the decrease of
x.(T) for T' < Ty systematically vanishes, and finally around 8 T the prirdphaviour ofy.(7')

is almost identical to that of,«.(7") and x,(T), see figure 4.3 (c). This suggests that B}ic

a spin-flop transition occurs, which is also visible in theitemperature measurements of the
magnetization as a function of the magnetic field, see figLB€d®. The spin-flop field amounts at
T = 5Kto~ 6T and is nearly constant with increasing temperature, seasbkein figure 4.3 (d).

The inverse susceptibilitids x; follow a Curie-Weiss behaviour from about 40 K up to room tem-
perature, which is illustrated falr/, in figure 4.3 (e) for a magnetic field of 1 T. Linear fits to
the data ofl/y; for T > 100K yield a negative Weiss temperatute~ —24 K and an effec-
tive magnetic moment..s ~ 5.9 ug. The negative Weiss temperature signals a net antiferro-
magnetic exchange interaction and the effective magneatimemt is close to the expected value

et = gppr/S(S + 1) = 5.92 ug of FET with S = 5/2 andg = 2.
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Figure 4.3:(a)-(c) Temperature dependences of the magnetic susitiptiy.., x, andx. of LiFeSkOg

for different magnetic fields. (d) Magnetization at 5 K asdtions of the magnetic field applied parallel to

b x ¢, b andc; the inset showd//B for B||c at different temperatures. (e) Temperature dependence of
the inverse susceptibility/ x1, together with a Curie-Weiss fit (line) in the temperaturegeafrom 100K to
300K (the inset shows a magnification of the low-temperatange). All plots are adopted from [14].

4.3.2 Dielectric properties

Figure 4.4 summarizes the temperature-dependent measuieai the electric polarizatioR,,. ..,

P, andP, of LiFeSL O in magnetic fields applied alortgee, b ande. The respective pyroelectric-
current densities can be found in appendix E.1. The datB.@F) for applied magnetic fields
alongbxc andc in figures 4.4 (g) and (i) were not achieved in the present wouk are adopted

from [14].

In zero magnetic field, no electric polarization occurs bele ~ 18.5 K. Applied magnetic fields
alongbxc, b or ¢, however, induce an electric polarization, which lineamiyreases with increasing
magnetic field for small field strengths confirming the preseof a linear magnetoelectric effect
in LiIFeSLOg in accordance to [14]. The transition temperature sligdgreases with increasing
magnetic-field strength. Apart fromy,.., which exhibits apparently a preferred direction, all
components were completely invertible by reversing thetgtepoling field. In figure 4.4, only
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Figure 4.4: Temperature dependences of the electric polarizalign., P, and P. (top to bottom) of
LiFeSiOs for magnetic fields applied parallel to thec, b or ¢ axis (left to right). The electric polarization
was completely invertible by changing the sign of the eledteld in all the cases, apart frol,y.. Only
one direction of the electric polarization is shown. Theadatpanel (g) and (i) are adopted from [14].

one poling direction is displayed for each polarization poment. ForB||bxc and Bl|c, the
induced electric polarization is mainly lying within the plane with a small component along
b. The maximum absolute values Bff*x and PP amount to~ 3.8 ;C/m? and~ 22.5 uC/m?,
respectively, at a magnetic field of 6 T. The induced polaiorefor B||b is one or two orders of
magnitude smaller than that for the other two field diretianth a maximum absolute value of
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aboutP?» = 0.45 uC/m? at a field of 6 T. It is exclusively confined to tle plane.

For B||c, the magnetic-field induced electric polarization reachdsoad maximum belowy
and approaches zero for — 0K, see figures 4.4 (c), (f) and (i). In the vicinity of the spiogl
transition around 6 T, both componeis,. and P. reach maximum values and then decrease con-
tinuously with further increasing magnetic-field strengdth contrast,P, proceeds to enlarge also
above 6 T with increasing magnetic fields. InterestinghylikenP,,. and P., this component is
sharply suppressed in that field range for lower temperatundicating the presence of a phase
transition, which has not been reported in literature yeg¢ figure 4.4 (f). This phase transition
curiously could not be observed in the magnetization da&ta figure 4.3 (d). Only the spin-flop
transition occurring around 6 T is visible. The emergencéhif new phase transition could be
confirmed, however, by magnetic-field dependent measursnoénthe componendt; of the di-
electric tensor foB||c, see figure 4.5. For low temperatures, a single anomaly is visible in the
magnetic-field dependent datadjfcoinciding with the spin-flop transition, already discubge
the context of figure 4.3. Above 11.1K, a second anomaly a;aunich coincides with the sup-
pression of?,(7") and thus can be attributed to the corresponding phaseticamaiith increasing
temperatures both anomalies converge.

For magnetic fields applied perpendicular to the magnesy aais, the temperature dependences

5Temperature-dependent measurements of the longitudimgbanents’ (i = bxc, b, ¢) of the dielectric tensor
were not performed in the present work, but can be found ih [14
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of all polarization components are very similar, see figude BelowT}, they first grow and then
saturate more or less for lower temperatures. The presegidtides from this characteristics, as,
for example, the strong increase Bf(T') for T — 0K at high magnetic-field strengths, see
figure 4.4 (h), are probably not real physical effects. ladtehey obviously reflect the general
problem in considering the background currents properfpreethe calculation of the electric
polarization, especially for very small pyroelectric-ant signals.

The results of the dielectric investigations reveal unambusly the presence &, PbBb“, PP
and PP+, Extrinsic error sources, such as mismatched electrodes anesample misalignments,
which could have led to parasitic contributions to the dateed electric polarizations, could be
eliminated as far as possilleAll four components are one or two orders of magnitude smalle
thanPlibC“, phre, PP and PP-. Interestingly, the componet®” seems to be completely zero.
The presence of,*, PbBb“, PP and PP is in contradiction with the monoclinic space group
P2,/ proposed in literature [14,204,216] and indicates thagagtin applied magnetic fields the
symmetry of LiFeSiOg below Ty is actually triclinic. Consequently, four magnetic spaceups
are in principle possible, namel1’, P1, P1 or P1’. The two space group81 and P1’ can be
excluded because they do not allow a linear magnetoelezftact, see appendix G. The space
group P1 can be (almost certainly) excluded as well because it wolddvahe occurrence of an
electric polarization in zero magnetic field. ThereforelyoR1’ remains to describe the triclinic
phase of LiFeSOq4 correctly. In order to investigate if the triclinicity isralady present in zero
magnetic field, the dielectric investigations were extehttevery low magnetic-field strengths
in the millitesla rangé. The corresponding results give no hint at possibly existimgshold
fields, see, e.g., figure 4.6 (f). This is confirmed by the figdiof a series of investigations with a

polarized-light microscop¥.

4.3.3 Magnetoelectric effect

All the components of the electric polarization of LiFgSj are depending linearly on the
magnetic-field strength for small magnetic fields, as memtibin section 4.3.2. This indicates
that LiFeS}Og is linear magnetoelectric. The linear field dependence @fthctric polarization

of LiIFeSLOg is illustrated in figure 4.6 by plotting the componeiis(i = bxc, b, ¢) as functions

of the magnetic field alongxc, b and c at representative temperatures. The data points were
obtained from the results of the temperature-dependensuneaents of the electric polarization,
displayed in figure 4.4. Linear fits to the magnetic-field dejant electric polarization data yield

’For more informations about these problems see section.3.2.

8In section 4.3.4, parasitic effects due to mismatched reldetareas are discussed and analysed in detail.
9The magnetic-field strengths in this low-field regime wertedained by a Hall sensor (LHP-NU, Arepoc).
10The results of these measurements are discussed in detadtion 4.3.5.
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Figure 4.6:Magnetic-field dependences of the electric polarizationilééSi, Oy at representative tempera-
tures for applied magnetic fields alohgce, b or c. The field-dependent data, presented here, were obtained
by resorting the temperature-dependent data of figure @dp&nel (g) and (i) the temperature-dependent
data from [14] were used. The solid lines indicate lineartéitthe data for small magnetic-field strengths.

the linear magnetoelectric tensor componenisl’) = duoP;(1)/0B; in Sl units, see figure 4.7.
For the representative temperatures, presented in figbirehé. fitted linear functions are displayed
as solid lines.

The absolute values af5, ay; andasz, as well as their exact temperature behaviour, see fig-
ure 4.7 (b), (d) and (h), have to be considered with someaautiihe corresponding components
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Figure 4.7:Temperature dependences of the components of the linearateggectric tensor of LiFeSDs.
Within the experimental uncertainty, is zero. All the other components have finite values.

of the magnetic-field induced electric polarization argngmall and hence noisy, see figure 4.6 (b),
(d) and (h). Therefore, the determination of the magnetbétstensor components in these direc-
tions by fitting linear functions to the field-dependent datknked to significant errors. In equa-
tion 4.1, the components of the linear magnetoelectricaieosLiFeSLOq4 at 14 K are displayed.
The components;;, a2, az; and aszz are within the experimental uncertainties in accordance
with those determined in [14]. The components, s, as3 andas, are one or two orders of
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magnitude smaller, than the componemts, a2, a3; andass.

0.52 0.14 3.44
@(14K) = | 002 0 014 % (4.1)
0.67 0.05 4.78

4.3.4 Influence of electrode-area mismatch on the results alfie dielectric
investigations

In the context of the study of the magnetoelectric propemieliFeS;Oq, S. Jodlauk already de-
scribed the problem of parasitic currents due to mismatekhextrode areas [14]. However, he did
not analysed the problem in much detail. During the reingaibn of the magnetoelectric proper-
ties of LiIFeS}Ogq in the present work the problem of such parasitic currents imeestigated and
analysed systematically to permit the discrimination lesttrue magnetoelectric and parasitic
effects. In the course of the present dielectric study medrout that even small misalignments
of electrode areas strongly influence the resulting pyodeteor magnetoelectric currents. This is
illustrated for two different series of pyroelectric-cemt measurements performed on a sample of
LiFeSLO; with the surface normal oriented aloh@nd a magnetic field applied paralleldo

In the first series of measurements the sample surfaces aghgmetallized by silver paint taking
care of well-matched electrode areas. The resulting tesyner dependences of the electric polar-
ization are displayed in figure 4.8 (a) for opposite polingdiions of the applied electric fields.
For small magnetic fields, the electric polarization growmearly with increasing field strength and
then reaches a maximum value of abbutC /m? at 6 T. In the low-field range a slight asymme-
try between opposite poling directions is visible. Above hE electric polarization decreases and
for very high magnetic fields a relative brought anomaly es@t lower temperatures. In addition,
the asymmetry disappears in the high-field range.

In the second series of measurements the sample surfacesorapletely metallized by silver
by evaporation, leading to nearly perfectly-matched etelet areas. The resulting temperature
dependences of the electric polarization are displayedjimdi4.8 (b) again for both poling direc-
tions of the applied electric field$.The electric polarization in this case is about a factor cé¢h
smaller than that for the not perfectly-matched electradas As before, it increases linearly with
increasing magnetic-field strength up to a maximum valuéofig.45 4 C/m? at 6 T. Obviously,
the asymmetry observed before has vanished here. In additie electric polarization behaves
completely different above 6 T. First of all, it does not dege with increasing magnetic field and

1The corresponding pyroelectric-current densities arsgureed in figure 7 in appendix E.1.
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Figure 4.8:Temperature dependences of the polarization compdneait LiFeSi Oy for an applied mag-
netic field parallel to the: axis. Both poling directions oP, are displayed. The presented temperature
dependences dp, in (a) resulted from measurements performed on a samplenoitjperfectly-matched
electrode areas, while those presented in (b) are basedasuneenents performed on a sample with nearly
perfectly-matched electrode areas. Note the differeriescd F,.

secondly instead of the broad anomalies described aboasy drops occur at lower temperatures.

The different results of the two series of measurementgitestabove can be qualitatively under-
stood as follows. For the nearly perfectly-matched eleldrareas, the measurements reveal the
real magnetic-field induced polarization alob@P;"*), see figure 4.8 (b). In the case of the not
perfectly-matched electrode areas, this true electriaration along is superposed by fractions
of the two other component’,,. and P.. Compared to the pure valug’"“, both P,,.. and P.

are about two orders of magnitude larger for magnetic fieklevo 6 T. Therefore, already small
fractions of P, and P. suffice to enlarge the apparent polarizatigfi°** detected along. The
preferred direction of the polarization alohgc, mentioned in section 4.3.2 probably leads to the
observed asymmetry df,""* for the not perfectly-matched electrode areas. For magfietds
above 6T, the real componeRf™* slightly further increases with increasing field strengthile
P, andP, strongly decrease. Finally above 12 T, all three polammratomponents have the same
order of magnitude, see figure 4.9. Hence, the influenc® of and P. on P,""® diminishes in
the high-field range, which explains the disappearancesaisymmetry there. The broadening
and weakening of the sharp drop, which is visible in the patanzation data along in the high-
field range, can also be attributed to the influenc&gf and P.. Adding P;"*(T") and fractions

of Py..(T) and P.(T) for a magnetic field of, e.g., 12T would indeed lead to a broagimum
comparable to that observed in the polarization data ofdigus (a) for that field strength. Similar
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Figure 4.9:(a)-(c) Temperature dependences of the three polarizatioiponents’, .., Py and P, of
LiFeShOq for an applied magnetic field parallel to thexis above 10 T.

effects to those discussed above were also observed far @thgonents of the magnetic-field
induced electric polarization of LiFefds such as for?” or PbBb“, whenever an electrode-area
mismatch was present.

The problem of parasitic pyroelectric currents due to mistmad electrode areas was further stud-
ied by investigating two well-known pyroelectrics Srp$)-C4H,04} 2-2H,O] and LL SO, -H, 0.

The pyroelectric effect of both compounds was examined faildey H. Schneeberger in his PhD
thesis [153]. Sr[SH(+)-C4H.0O4}--2H,0] crystallizes at room temperature in the space group
P6,4. Consequently, its pyroelectric vector is oriented patadl the sixfold rotation axis. At room
temperature and at constant mechanical stress its absalueamounts t6.3 xCm 2K ! [153].
Li»SO,-H,O crystallizes at room temperature in the space grB@p Therefore, its pyroelec-
tric vector is oriented parallel to the twofold rotation &xiAt room temperature and at constant
mechanical stress its absolute value amount87td pCm—2K~! [153]. Furthermore, it has a
sign change in the low-temperature range at around 110 Ktdsbipurposes of the continuous-
flow cryostat developed during the present work and predenteppendix D, the pyroelectric
effect of Li,SO,-H,O was reinvestigated down to a temperature of'4 Ror the study of parasitic
pyroelectric currents due to mismatched electrode are@$0(@ Sr[Sh{(+)-C4H>0g},-2H,0]
sample and g101) Li,SO,-H,O sample were used. Because the pyroelectric vector is par-
allel to the sample surfaces in both cases, no pyroeledifecteshould be detectable. While
Li»SO,-H,0O was investigated in detail, Sr[g+)-C4H2.0g}2-2H,0] was examined more qual-
itatively. Therefore, in the following the results of,90O,-H,O are presented in more detail. The
data of Sr[Sh{(+)-C4H>Og} - qualitatively confirm the findings of LEO,-H,O0.

There are three principal electrode-area configuratiohgware presented in figure 4.10 and dis-

12The corresponding results are presented in appendix D &s wel
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Figure 4.10:Schematic picture of different electrode-area configartifor a plate-like sample with the
pyroelectric vectop lying within the surface. (a) Perfectly-matched electradeas. (b) Misaligned elec-
trode areas perpendicularpo (c) Misaligned electrode areas parallepto

cussed in the following. First of all, the electrode areasmatch perfectly, see figure 4.10 (a). As
expected, no pyroelectric effect was detected in that cestiher for Sr[Sh{(+)-C,H,0s} 2-2H,0]
nor for Li,SO,-H,0, see figure 4.11 (a). Secondly, the electrode areas candadignied perpen-
dicular to the pyroelectric vectgr, see figure 4.10 (b). No pyroelectric effect was detectedan t
case again (not shown here). An electrode-area mismateligddo p, see figure 4.10 (c), finally
led to the occurrence of a parasitic pyroelectric efigét*". It was investigated in detail for
different strong misalignments of the electrodes parétlgl. The emerging parasitic pyroelectric
currents during the heating and cooling cycles were recbeasel the corresponding coefficients
PP were calculated, see red and black data points in figure B)14d) and (d). The dashed
lines in the same figures represent the temperature depemdéthe real pyroelectric effepi°®!

of Li,SO,-H,0 scaled on the parasitic effecfs.

For a 30% electrode-area mismatch, the temperature depemdéthe parasitic effect during the
cooling cycle (in black) coincides well with the scaled retiect0.19 - pie®!(T') above 110K, see
figure 4.11(b). Around 110K, however?™*'“*(T") does not change its sign a&* (T") does,
but has a kink and then follows0.05 - pi**(T). In the vicinity of 90K, the parasitic effect then
relaxes back on the.19 - pie®! curve with further decreasing temperature and finally essgn
follows this curve until the experimental low-temperatlineit is reached. A similar anomalous
hysteretic behaviour arises during the heating cycle. B0 K, pp™**"“(T) first follows the
—0.05 - pi°! curve and then at higher temperatures relaxes back dhthep;° curve. As in the
cooling cycle the parasitic effect does not change its sigarad 110 K, but first follows again the
—0.05 - i@l curve, proceeded at higher temperatures by a relaxatidndathe0.19 - pi¢#! curve.
The anomalous hysteretic behaviour of the parasitic eifettte vicinity of 4 K and 110K grows
in intensity with increasing electrode-area mismatchhadther temperature regions the parasitic
effect decreases, see figures 4.11 (c) and (d).

13The temperature dependence of the real pyroelectric efféds SO,-H,O can be found in figure 5 in appendix D.
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Figure 4.11: Temperature dependences of the parasitic pyroelectrifficeat of Li,SO,-H,O for
electrode-area configurations with different misaligntagoarallel to the real pyroelectric effect. 30%,
e.g., denotes an electrode-area mismatch, where 30% orfghe do not overlap. For more details see text.

In the following, a simple theoretical model for the occumee of parasitic pyroelectric currents
for mismatched electrode areas according to the configurani figure 4.10 (c) will be devel-
oped. Assuming that the sample with mismatched electrodg<dom at the beginning at a constant
temperature, the electric polarization will be compergsdtge free electric charges on the sample
surfaces and therefore the internal electric field will beozeA continuous temperature change
with the rate% leads via the pyroelectric effect to a continuous changbegtectric polarization

dP dT

— = — 4.2

a U (4.2)
oriented parallel to the sample surface. Accordingly, d@eriral electric fieldZ,, in the same
direction builds up with a continuous change

d Epol B prcal dT

dt € E

(4.3)

leading to an electric-potential differené¢é = &, — &, between the edges of the considered
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Figure 4.12:(a) Schematic picture of a pyroelectric sample with misimadcelectrode areas parallel to the
pyroelectric vector. A temperature change leads via thegdgctric effect to the occurrence of an internal
electric field and an electric-potential difference betwéee sample edges. (b) Dependence of the internal
electric field and the internal electric potential with respto the coordinate: in the idealized picture

of a parallel-plate capacitor. (c) Parasitic pyroelecticrent and its dependence on the electrode-area
misalignment’.

sample, see figure 4.12 (a). In the idealized picture of dip&mate capacitor, the internal electric
field is constant everywhere in the sample and the electtienpal changes linearly with, see
figure 4.12 (b). The shift’ of the mismatched electrode areas with respect to eachcdhses an
electric-potential differencé,,..sitic = Epoiz’ between both electrodes, which depends linearly
on the shiftz’. Due to the continuous temperature change this electtienpial difference changes
continuously according to

dUparasitic A prcal dT /
dt (l’) N € Em ’

(4.4)

The overlapping part of the electrode areas forms a secamadlgdgplate capacitor with the capac-
itanceC' = <= (I — 2')yo. Therefore, the parasitic pyroelectric current
prcaler dT

y Eyox/(l — 1) (4.5)

Iparasitic (.CL’/) =

flows to charge the capacitor as long as the electrode arethg @aerlap. The parasitic current
in equation 4.5 grows with increasing electrode-area misime up to a maximum value at half
overlapping electrodes, see figure 4.12 (c). With furthergasing mismatch the parasitic current
decreases again and reaches finally zero at zero overlap efdttrode areas.

In accordance to the above-developed model, the real mowiel effect of LSO,-H,O can be
scaled on the parasitic effect, see figure 4.11. Furtherntbeeparasitic effect first grows with
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increasing electrode-area mismatch and then decrease &ydiaccording to the model the par-
asitic effect for the 60% electrode mismatch should be laitgen that for the 30% electrode mis-
match, which is not reflected by the experimental data, seesfig.11. Furthermore, the observed
parasitic effect for the 90% electrode mismatch is too lafiges reason for the hysteretic anoma-
lous behaviour in the vicinity of the vanishing pyroelecteiffect observed in the experiments of
Li»SO,-H,0 is unclear as well. Therefore, further contributions te plarasitic effect apparently

exist, which are not contained in the present model. Neertis, at least qualitatively it seems to
be appropriate for the description of the parasitic effebtserved in the present work.

4.3.5 Polarized-light microscopy

As discussed in section 4.3.2, the dielectric investigatiof LiFeS}Oq indicate that the symmetry
of its antiferromagnetically ordered phase is triclinitiefefore, a symmetry-lowering phase tran-
sition from the monoclinic to the triclinic system has to occLiFeS,Og is an optically biaxial
crystal in the monoclinic phase above 18.5K. Its indicatosms a triaxial ellipsoid with three
different principal axes., > ng > n,.'* The semi axis:s corresponds in this case #d, and is
therefore fixed to thé axis by the monoclinic symmetry. For(a00) sample;ns coincides with
one of the semi axes of the corresponding elliptic sectioanséquently, the orientation of the
elliptic section is fixed as long as the monoclinic symmesgryniaintained. Two different polished
~ 100 um thin, plate-like (100) samples were investigated with aapeéd-light microscope in
zero magnetic field. Polariser and analyser of the micraseogre adjusted parallel to the semi
axes of the elliptic section of the optical indicatrix. Al®¥y ~ 18.5K, the orientation of the
elliptic section was found to be fixed as expected for the mbnic symmetry, but in the vicin-
ity of Ty it started to rotate continuously about thvec axis with decreasing temperature, which
is schematically shown in figure 4.13 (a). At the experimelaota-temperature limit~ 4 K the
elliptical section was rotated by abaitwith respect to thé axis, see figure 4.14. This result un-
ambiguously proves that a symmetry-lowering phase trianditom the monoclinic to the triclinic
system occurs at 18.5K in accordance to the results of tHeatlie investigations, presented in
section 4.3.2. The transition from the monoclinic to thelimic system was additionally visual-
ized by using the polarized-light microscope with the caogéc technique for 4001)¢ sample.
For this sample orientation, one of the two optic axes of BiEF®s and the temperature evolution
of its orientation could be observed, see figure 4.13 (b). dpte axes of LiFeSIOy are confined
to theac plane in the monoclinic phase becausgcorresponds tm?Q). Above Ty ~ 185K,
the orientation of the optic axis only changed within theplane as expected for the monoclinic
symmetry. Belowly the orientation of the optic axis then shifted out of thanglawhich is only
possible for a triclinic symmetry.

14A short introduction to the linear optical properties ofstals is given in appendix C.
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Figure 4.13: (a) Schematic picture of the elliptic section of the optitalicatrix in a plate-like(100)
sample of LiFeSiOs below and above 18.5K. (b) Schematic conoscopic interéergricture of g001)¢
sample of LiFeSIiOg with one of the optic axes below and above 18.5K.

Figure 4.14: Temperature dependence of the ro-
tation angled of the elliptic section of a plate-like
(100) sample of LiFeSDs.
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Summing up the results of the polarized-light microscopy tose of the dielectric investigations
one can state that in zero magnetic field Lik€gitransforms from the monoclinic space group
P2, /c1’ to the triclinic oneP1’ at Ty = 18.5 K. Surprisingly, in none of the investigated samples
ferroelastic domains could be observed belby althoughP2, /¢ — P1’ is a ferroelastic phase
transition. This indicates that in all cases only a singleoelastic domain formed during the
transition.

4.3.6 Thermal expansion and magnetostriction

As discussed in section 4.3.2, the compon@nif the magnetic-field induced electric polarization
of LiIFeSKLO4 shows an anomalous temperature dependence for a magridtpiiallel toc in the

high-field regime above 6 T, see figure 4.4. In this high-fiemimeP,(7T") is sharply suppressed at
lower temperatures, which suggests the presence of a plaaséion, that has not been reported
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Figure 4.15:Longitudinal thermal expansion and magnetostriction ¢fdS$Os along thec direction for

a magnetic field applied parallel to In (a) and (b), the temperature dependences of the thexxpalhsion
coefficienta,. and of the corresponding relative length chanyyds./ L° are displayed for various magnetic-
field strengths. The weak anomalies due to the new transti@ady observed during the dielectric inves-
tigations are well resolved in the. curves, but are hardly visible in th®L./L? curves. Therefore, they
are marked by open circles. In (c) and (d), the magnetic-fiefsendences of the magnetostriction coeffi-
cient)\. and of the corresponding relative length changds./L° are displayed for various temperatures.
For clarity, the curves are shifted with respect to eachrottith increasing field strength and temperature,
respectively, by constant offsets @B x 10~*K~! in (a),0.8 x 10~* in (b), 0.5 x 10~*T~! in (c) and
0.8 x 10~* in (d).
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in literature yet. Interestingly, it is not visible for théher component#,..(7") and P.(T'). Also

in the magnetization data presented in figure 4.3 (d) it coolcbe observed. However, anomalies
were detected in the magnetic-field dependent data of thgp@aoemte; of the dielectric tensor,
which coincide with the suppression Bf(7T"), see figure 4.5, supporting the presence of the phase
transition. In order to achieve a better understanding efphase transition, detailed studies of
the thermal expansion and of the magnetostriction for a mtégfield alonge were performed.

In a first series of measurements, the longitudinal therixéuesion along: and the longitudinal
magnetostriction in the same direction were investigated.

The thermal-expansion measurements performed with iscrgand decreasing temperature at
constant magnetic fields are summarized in figure 4.15 (ajl@nd he transition af y ~ 18.5 K

in zero field causes an anomaly in the thermal-expansionaatashifts continuously towards
lower temperatures with increasing field strength. In tr@nity of the spin-flop transition be-
tween 6-8 T a weak temperature hysteresis occurs. For exgar lzelds, the hysteresis disappears
again and instead an additional anomaly arises, which igesslved in thev.(7") data, but hardly
visible in the AL.(T)/L° curves® It can probably be attributed to the transition already fbun
in the dielectric investigations. However, there is a systeéc discrepancy of about 1 K between
the dielectric and thermal-expansion data with respediéaransition temperature. In contrast,
the onset of the antiferromagnetic order in LiFg€%i is detected at the same temperature in the
dielectric investigations and the thermal-expansion miegsents. Therefore, the systematic tem-
perature discrepancy of the new transition cannot be exgidy the differences of applied cooling
and heating rates or by the different thermometers usedre&ient, the origin of the temperature
discrepancy has not been understood yet.

In figure 4.15 (c) and (d), the magnetostriction measuresgetformed with increasing and de-
creasing field strength at constant temperatures are suradar For the lowest temperature
T = 4K, the magnetostriction curves show an anomaly around 6 Tchwtén be attributed to
the spin-flop transition occurring in this field range. Theresponding length chang&”./L°

is quite unusual, see figure 4.15 (d). One would expect tleaspin-flop transition should cause
either an elongation’ XL > 0) or a contractionf L < 0). Here, howeverA L shows a local max-
imum at the spin-flop field® Additionally, there is a large discrepancy between the updown
measurement in this case. With increasing temperaturgthdlsp field stays nearly constant and
the local maxima of the corresponding length chanfyés/L? reduce. Besides, the discrepancy
between the up and down measurement disappears. At 12 K adsacomaly occurs in the high-

15The corresponding temperatures are marked by open circtas AL.(T) /L2 curves.

epifferent measurements in the course of the present worlvstidhat samples of LiFeSDs with the ¢ axis
parallel to the magnetic field tend to rotate away from thatrdation in the vicinity of the spin-flop field. This
rotation could cause an additional, apparent positivettealgange in the magnetostriction measurements in this field
range.
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Figure 4.16: Transversal thermal expansion of LiFeS§ alongb for a magnetic field applied parallel
to c. In (a), the temperature dependences of the thermal-eiqraneefficienta; and in (b) those of the
corresponding relative length chang&g.;, /Lg are displayed for different magnetic-field strengths. Only
the transition in the antiferromagnetic phase of Lik€%iis visible. In (c) and (d), the magnetic-field de-
pendences of the magnetostriction coefficienand of the corresponding relative length changds. / LY

are displayed for various temperatures . For clarity, theasiare shifted with respect to each other with
increasing field strength and temperature, respectivglgphstant offsets df.3 x 10~ K~ in (a), (b) and

(d) and0.2 x 10~ T~ in (c).

field regime, which can probably be attributed to the newsitéon already found in the dielectric
investigations. The systematic discrepancy between tealric and thermal-expansion data with
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respect to the transition temperature mentioned abovedsaiserved between the dielectric and
magnetostriction data with respect to the transition fi€lke transition fields found in the magne-
tostriction data are systematically about 1 T lower thars¢habserved in the dielectric data. Well
aboveTy at 22 K, no anomalies are observed in the magnetostrictioreswas expected, see fig-
ure 4.15(c) and (d). There, the magnetostriction dependdratically over the entire field range
on the magnetic-field strength, which is typical for materisith a linear field dependence of the
magnetization. In conclusion, the results of the longitatithermal-expansion and magnetostric-
tion measurements seem to confirm the presence of a noved plaasition in LiFeSiOg for an
applied magnetic field > 6 T alonge. However, the origin of the observed discrepancies of the
transition temperatures and transition fields found in kiegrhal-expansion and the magnetostric-
tion measurements on the one hand and the dielectric igagisins on the other hand has not been
understood yet.

In the dielectric investigations the new transition coudcbimly observed for a transversal field con-
figuration, hence in the electric polarization componBnand the componerf of the dielectric
tensor forB||c. Therefore, in a second series of measurements the traasteermal expan-
sion and magnetostriction alomgor a magnetic field applied parallel towas investigated. The
thermal-expansion data in figure 4.16 (a) and (b) again slstimdt anomalies beloWy ~ 18.5 K
coinciding with the transition to the antiferromagnetigadrdered phase of LiFegDs. Curi-
ously, the second transition, which is visible in the loodihal thermal-expansion data at higher
magnetic fields, could not be detected in the transversdigroation of the thermal-expansion
measurements. Also in the magnetostriction curves of trestersal configuration displayed in
figure 4.16 (c) and (d) this transition is not visible. Onle tbpin-flop transition, which occurs
around 6T, is reflected by anomalies similar to those of thgitodinal configuration. Again the
corresponding length changesl.. /LY are quite unusual, see figure 4.16 (d). Additionally, dis-
crepancies occur between the up and down measurement atrieagmetic fields for 12K, 13K
and 15K. At 22 K the magnetostriction depends again quadition the magnetic-field strength
over the entire field range, as expected.

4.3.7 Toroidal moment

As discussed in section 2.4, certain antiferromagneticsgers with head-to-tail arrangements of
spins forming spin vortices can be described by a time ancespatisymmetric, axio-polar vector
guantityt called the toroidal moment. All the magnetic point groupsmh arrangements, which
allow a toroidal moment, are summarized in the tables 5 amda@pendix G. A toroidization ori-
ented along the monoclinieaxis with an absolute value @f = 0.00025(3) /A% was calculated
for LiFeSiLOg in the framework of the monoclinic space grobp; /¢’ [138,204]. For this calcula-
tion, the centrosymmetric phase of LiFeSj above~ 229 K with the space groug'2/c served as
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prototype phase. However, as discussed in the previoussecthe dielectric investigations and
the observations with a polarized-light microscope in thespnt work reveal that the symmetry
of the antiferromagnetic phase of LiFgSj is actually not monoclinic but triclinic with the space
group P1’." Therefore, the toroidization will have components alorgeaistallographic axes.
Although the deviation from the monoclinic symmetry willgirably be small, the toroidization
cannot be derived in the framework of the triclinic symmetefore the exact triclinic structure is
known. The switching of the antiferromagnetic domains ¢fd$,O4 via the linear magnetoelec-
tric effect was investigated by a spherical neutron-poédion analysis for different combinations
of electric and magnetic fields [138, 204]. In this contelxg antiferromagnetic domain switching
was interpreted as control of the corresponding toroidaiaias. But as mentioned in section 2.4,
the extension of Aizu’s classification to ferroic phaseat tilow a spontaneous toroidization, re-
veals that ferrotoroidic domains will always be identicahwthe corresponding antiferromagnetic
domains [25, 136]. Therefore, the introduction of a torbidament in the case of LiFegD; is,

at least at the macroscopic level, only an alternative wajesrcribe the antiferromagnetic order.
Thus, a possible distinction between the toroidal and thiéearomagnetic order as primary effect
would require the search for differences on the microscepéde.

4.3.8 Phase diagrams and conclusion

Based on the results of different neutron-diffraction sadthe monoclinic space grouge, /¢’
was proposed for the antiferromagnetic phase of Lif@sin literature [204, 216]. In contra-
diction to this proposal, the results of the present ingasions reveal that LiFe8Dg transforms
at Ty ~ 18.5K from the monoclinic space group2, /c1’ actually to the triclinic one”1’. The
reinvestigation of the magnetoelectric effect of LiFg%i proves that all components of the lin-
ear magnetoelectric tensor are present bélgw~ 18.5 K apart from the componenty,. The
induced electric polarization componei§’ , PbB”“, PP and PP are one or two orders of mag-
nitude smaller thamjlﬁbc“, P, PPe and PP:, which would be allowed already for a monoclinic
symmetry. A detailed analysis of the parasitic currentsegated by mismatched electrode areas
shows the importance of well-matched electrodes, espeaiahe case of only small pyroelectric
or magnetoelectric effects. A simple model for the desipdf parasitic pyroelectric currents
could be derived. As discussed in the previous section, mtiéeeromagnetic spin structure of
LiFeSLOq4 can be described in principle by the definition and calcatabf a toroidization. On
the macroscopic level this is, however, only an alternatrag to describe the antiferromagnetic
order. A discrimination of the toroidal and antiferromatio@erder would perhaps be possible on
the microscopic scale.

1"The space group1’ allows the presence of a toroidal moment as well, see tatdes B in appendix G.
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Figure 4.17:Magnetic-field versus temperature phase diagrams of LifgSbr B parallel tobxc, b or
c. The phase boundaries are based on the results of the dilagestigations b, ¢;), on the results of

the thermal-expansionx{) and magnetostrictior\() measurements and on the results of the magnetization
measurements(,).

By combining all the investigations of the present workafletl magnetic field versus temperature
phase diagrams could be derived Brparallel tobxc, b ande, see figure 4.17. On temperature
decrease in zero magnetic field LiFgS§ undergoes a phase transition7at ~ 18.5 K from

a paramagnetic monoclinic phase (PM) to an antiferromagailst ordered triclinic and linear
magnetoelectric phase (AF,ME). As shown in figure 4.17 (@) @), there is little influence of
magnetic fieldsB||bxc or B||b, which only cause a weak simultaneous decrease of the corre-
sponding transition temperatuf& (B). As expected for these field directions perpendicular to the
magnetic easy axis, the magnetization linearly increaststhe field, see figure 4.3, as well as
the magnetic-field induced electric polarizatian &« B), see figure 4.4.

A magnetic field applied alonge induces transitions to other magnetoelectric phases
(SF.ME/SF,ME’), see figure 4.17 (c). With increasing fietdesgth, a transition to a spin-flop
phase (SF,ME) occurs at about 6 T in the low-temperatureesangich extends up to the exper-
imental magnetic high-field limit of 15 T. Curiously, towartdigher temperatures aboxe 12 K

the course of the corresponding phase boundary, obtaioed thie dielectric investigations (in
blue) systematically differs from that, obtained from thagnetostriction and magnetization mea-
surements (in red). Below the spin-flop transition all comgras of the magnetic-field induced
electric polarization increase linearly with increasingldistrength. Above 6 T, the characteris-
tics of the magnetic-field induced electric polarizatiormmepes. On temperature decrease in the
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high-field regime between 7.5T and 15T, a further narrow retmgiectric phase (SF’,ME’) oc-
curs around 18 K with a temperature width of about 6 K, whick hat been known in literature
yet. Leaving that phase at lower temperatures causes a singppession of the electric polariza-
tion componentP,, while the other two components are not affected, see figurg(4) and fig-
ure 4.4. This phase transition is also connected with disinomalies in the thermal-expansion
and magnetostriction data, see figure 4.15. However, thet @aarse of the phase boundary,
which separates the magnetoelectric phase (SF’,ME’) flmmiagnetoelectric phase (SF,ME), is
not unique. The phase boundary based on the results of tleetiie investigations (in blue) is
systematically shifted by about 1 K to lower temperatures wespect to that based on the results
of the thermal-expansion/magnetostriction and magnesizaneasurements (in red). In addition,
all phase boundaries, which are based on the dielectristigations, seem to cross in one sin-
gle point at about1(.5 K, 7.5 T). In contrast, considering only the phase boundaries based
the thermal-expansion/magnetostriction and magnetizatieasurements a small magnetic-field
window between~ 6T and~ 8 T seems to exist, where a direct transition from the paramag-
netic (PM) to the spin-flop phase (SF,ME) takes place. Themes discrepancies of the phase
boundaries in the phase diagram of LiFg&%i for B||c cannot be explained at the moment. Be-
sides it is unclear, why the transition to the phase (SF’ MiBuld not be observed in the trans-
verse thermal-expansion and magnetostriction measutemé&herefore, more investigations of
the phase (SF’,ME’) are needed to clarify the open guestionaddition, the neutron-diffraction
data of [204,216] should be reanalysed in order to refine tiskear and magnetic structure within
the triclinic symmetry.

4.4 NaFeGgOg

In the following, the measurements of the compound NaE@®gsummarized in section 4.2 are
presented, analysed and discussed in detalil.

4.4.1 Magnetic properties

The temperature-dependent magnetic-susceptibility oreagents of NaFeG&®; for magnetic
fields up to 14 T (applied along tlexc, b andc axis) are summarized in figures 4.18 (a){tYhe
low-field curves are consistent with previous results [DB,207] and signal the onset of magnetic
ordering at/y ~ 13 K proceeded by a second transitiorifat~ 11.6 K, where apparently a spin
reorientation occurs. Whilg,..(7") shows a pronounced kink @k and subsequently decreases
with decreasing temperature in the temperature intéivallx|, x,(7") andx.(7") hardly change
in this interval belowly indicating that the spins are oriented at first mainly aldmgtixc axis,

18The magnetic measurements presented in this section weogmed in a VSM magnetometer, see chapter 3.1.
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Figure 4.18: (a)-(c) Temperature dependences of the magnetic susitieptiyy., x», andx. of
NaFeGeQy for different magnetic fields. The inset in (b) shows measured at 0.1 T in a wider tem-
perature range. (d) Magnetization at 8 K as functions of tagmetic field applied parallel o x c, b, and
c; the inset showd/1/B for all magnetic-field directions at the same temperatueg Qbserved hysteresis
of the magnetization exemplified f@||bxc at different temperatures.

which thus forms a magnetic easy axis. At the second trans#tt7 ~ 11.6 K, the magnetic
susceptibilities in all three directions show further lsnkBelow the transitiony,(7") increases
slightly with decreasing temperature wheregs.(7) and x.(7') both decrease indicating that
after the reorientation the spins are lying in theplane. The fact thay,... andy. of NaFeGegOq
behave very similar and none of them approaches zer@'fer 0K implies that there is no
magnetic easy axis within the: plane belowl-. Thus, the spins of NaFe@®@; show an XY
anisotropy in the low-temperature regime with theplane as magnetic easy plane. This result is
in accordance with two different neutron-diffraction segj which revealed that the spin structure
of NaFeGeO; forms an incommensurate cycloid within the plane below 5K [205-207]. The
magnetic structure between 11.6 K and 13K has not been exbght. x,(7) is presented up to
100K inthe inset of figure 4.18 (b). At around 35 K, a broad nraxn is visible indicating that the
antiferromagnetic ordering in NaFeg&®; at Ty ~ 13 K is preceded by low-dimensional magnetic
correlations in agreement to [206].
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Towards larger fields the decrease of bgth.(7") andx.(T') for T' < T systematically vanishes
and finally above about 9 T the principal behaviounefT") is almost identical for all three field
directions, see figures 4.18 (a)-(c). This suggests thatfigp transitions occur for eithdB||bxc

or B||c with a change of the spin orientation from lying within thegac plane to lying within the
plane that is perpendicular to the respective magnetid-figection. These spin-flop transitions
can also be seen in the low-temperature measurements ofafeetization as a function of the
magnetic field, see figure 4.18 (d). The spin-flop fieldsaET and~ 5 T atT = 8 K for B||bxc
and Bl||c, respectively. As will be seen in the following sectionse #pin-flop transitions are re-
lated to structural changes and as well to reorientatiottssodlectric polarization. The fact that the
transition field is larger foB||bxc than for B||c and that the transition faB||c is much sharper
illustrates that the magnetic properties of NaFgQyeare not completely isotropic within the easy
ac plane. Around 0 T, the magnetizatidn( B) shows a hysteretic behaviour for all magnetic-field
directions, which is exemplary illustrated in figure 4.1Bf@ B||bxc at different temperatures.
It is present in a wide temperature range also well above thgnetic ordering temperature of
NaFeGeOgz and the widths of the hysteresis is nearly temperature entgnt. This indicates
that the flux-grown NaFeG®; crystals contain an impurity phase, probably maghemite,O;,
which is ferrimagnetic. From the observed saturation magagon of 0.01 g a contamination
in the order of somé0~3 can be deduced. The magnetic-susceptibility and magtietizdata in
figure 4.18 is corrected by the ferromagnetic background.

4.4.2 Dielectric properties

Figure 4.19 summarizes the temperature-dependent measnie of the electric polarization
Pyv., P, and P. of NaFeGegOq4 in magnetic fields applied alonbxe, b and c¢. The respec-
tive pyroelectric-current densities can be found in appeid2. The electric polarization was
completely invertible by inverting the electric poling fisl In figure 4.19 one poling direc-
tion is displayed. NaFeG&; becomes ferroelectric beloW: ~ 11.6K in zero magnetic
field and develops a spontaneous electric polarization thithcomponent$,,. ~ 27 uC/m?,

Py ~ 2uC/m? and P, ~ 17 uC/m? at 3K. Thus, the spontaneous electric polarization has an
absolute value of- 32 uC/m? and is mainly lying within the:c plane with a small component
alongb. It is about a factor of 2.5 larger than the spontaneousréaeablarization of aegirine
(Nay g4Fey 33Ca 04Mng oAl .01 Tig.0sSOg), the second known multiferroic compound within the
pyroxene family [14, 15]. Assuming a point group symmetyyn (with cell setting unique axis
b) for the prototypic phase, see section 4.1, the crystadlolgc symmetry of the considered ferro-
electric phase would be triclinit. The fact that the polarization is apparently not confinethéo
ac plane is inconsistent with the results of the magnetic itigaons of the present work and with
those reported in literature [205-207] if the standard tégcal modelP o e;; x (S® x W)
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Figure 4.19: Temperature dependences of the electric polarizafign., P, and P. (top to bottom) of
NaFeGeQg for magnetic fields applied parallel to thec, b or ¢ axis (left to right).

according to equation 2.9 for an electric polarization el by a cycloidal spin structure is ap-
plied. Either the spins in the cycloidal phase of NaFg@eneed to have a finite component along
b, which was at least not excluded in [207], or the simple sdamkdheoretical model cannot be
applied in this case. Another possible explanation for theeoved inconsistency would be an
erroneous sample orientation of the (010) sample. A derniaif 3.5 ° from (010) would explain

the observed polarization ef 2 ©C/m? alongb. However, this is unlikely because the electric
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Figure 4.20: Representative temperature dependences of the longituctimponents of the dielectric
tensore; (i = b x ¢, b, c from top to bottom) of NaFeG&; for different magnetic fields parallel to<c, b

or c (from left to right). For clarity, the curves are shifted Witespect to each other with increasing field
strength by constant offsets of 0.01 in (d), (e) and (f), Gifh), 0.2 in (b), (g) and (j), 0.4 in (a) and (c).

polarization along was examined on two different (010) samples, which reveattsdlute values

for P, that only differed by).2 4C/m? from each other.

A magnetic field applied parallel th causes a weak systematic increase of the transition temper-
ature7c ~ 11.6 K and also slightly enlarges the magnitude of the electrianmation, but leaves
its orientation almost unchanged. In contrast, magnetiitsfi@pplied either alonfxc or ¢ have a
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much stronger influence on the electric polarization. Obsip magnetic fields in both directions
cause a strong suppression of both compon&ptsand P, in the vicinity of the respective spin-
flop fields Bsgp ~ 5T or Bsr ~ 2 T. For B||bxc, the componenb, is strongly suppressed in the
high-field range as well. However, this suppression seerhe ghifted to slightly larger magnetic
fields compared to the other two components. In the vicinitthe spin-flop field forBl||c, the
component, is first slightly suppressed as well, but then grows witheasing field up to a max-
imum value ofP, ~ 3 uC/m? at 15 T. In summary, the magnetic-field dependent (re-)tateoms

of the electric polarization of NaFe@@; can be described as follows: In zero magnetic field the
spontaneous electric polarization is mainly lying withie t.c plane with a small component along
b. A magnetic field applied alonlgxc causes a strong suppression of all polarization components
aboveBsr ~ 5T. For a magnetic field along, the polarization is rotated towards thexis in

the vicinity of Bsr ~ 2 T. This rotation is accompanied by a strong decrease of treipation

by about 90%. A magnetic field alordgdo not cause any reorientation of the electric polarization

The transitions to the ferroelectric phase also causendistinomalies in the temperature depen-
dences of the corresponding longitudinal componehtsf the dielectric tensor. This is shown
in figure 4.20, which displays representative measurenddritee temperature dependencesof

(t = b x ¢,b,c). Below the spin-flop transitions all componenfsshow spiky anomalies in the
temperature range between 9K and 12 K. Bitbxc, the anomalies of all componen{sessen-
tially vanish aboveBsr ~ 5 T. For Bj|c, the anomalies of;. . ande,, vanish aboveBsy ~ 2T as
well, while those of; stay present in the whole magnetic-field range. Bgjb finally, the spiky
anomalies of all component$ are present in the whole magnetic-field range. Interegtirnigé
anomalies ot} . have two maxima. An explanation for that behaviour is, haevestill missing.
From the data of the dielectric constants together with tlarjzation data above, it can be con-
cluded that the spikes signal the corresponding transigomperatures to the ferroelectric phase
with a spontaneous polarization lying either mainly witkie ac plane or being oriented nearly

along theb axis.

4.4.3 Thermal expansion and magnetostriction

In order to map out the temperature versus magnetic-fieldsglthiagrams of NaFeG®;
thermal-expansion and magnetostriction measurementg aldor magnetic fields applied par-
allel to bxe, b or ¢ were performed. Figure 4.21 displays a representativectsahe of
a.(T)=1/L%-0AL./OT curves measured as a function of increasing or decreasimggetature
at constant magnetic fields. Magnetic fields applied eitha@rgb or ¢ have only little influence.
In both cases the two transitions occurringlat~ 13K and7¢ ~ 11.6 K in zero field are just
continuously shifted towards higher temperatures withgasing field. Interestingly, the anomaly
at T ~ 11.6 K grows in intensity with increasing magnetic fields compauethe first anomaly
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Figure 4.21:Thermal expansion of NaFe@®s; alongc for magnetic fields applied parallel texc, b or

c. For clarity, the curves are shifted with respect to eacleroiith increasing field strengths by constant
offsets 0f).03 - 10~ K~ in (a), (b) and (c). Measurements with increasing and deargdemperature are
plotted as red and black symbols, respectively.

atTy ~ 13 K. The two transitions occurring &k and7¢ in zero field forB||bxc converge with
increasing field strength until above 7 T only one transit@mains, see figure 4.21(a). The cor-
responding anomaly gets stronger with further increasiagmetic field.

Figure 4.22 summarizes representative magnetostricteasarements alonrgfor magnetic fields
parallel tobxc, b or ¢, respectively. In this case, the relative length chanfyés(7y, B)/L°

for the three magnetic-field directions are displayed. Nbg&t although most of the data have
been studied up to a maximum field of 15T, the field scales ofdigu22 have been limited to
10T because there are no further anomalies at higher fielwsBRb, there is a quadratic mag-
netostriction AL,/L) « B?) in the entire field range, see figure 4.22 (b), which is tyjpfoa
materials with a linear field dependence of the magnetiratir B||c, the corresponding spin-
flop transition aroundBsr ~ 2T coincides with positive, almost discontinuous length cjen
of AL./L? indicating that the spin-flop transition is of first-order.itiVincreasing temperature,
the transition shifts towards higher magnetic-field stterand the intensity of the length changes
decrease. FaB||bxc, there is a phase transition with a blurred, positive lergthngeAL, /LY

at 3K, which again coincides with the corresponding spip-fl@ansition atBsr ~ 5T, see fig-
ures 4.22 (b) and 4.18. Already the magnetization as well@slectric polarization data indicated
that the spin-flop transition for this field direction is nary sharp. There is a slight discrepancy
between the up and the down measurements. With increasimgetature the transition shifts
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Figure 4.22:Magnetostriction of NaFeG&g alongc for magnetic fields applied parallel tee, b or c.

For clarity, the curves are shifted with respect to eachratlith increasing temperature by constant offsets
of0.1-10~%*in (a), (b) and (c). Measurements with increasing and dearganagnetic field are plotted as
red and black symbols, respectively.

towards higher magnetic fields and the corresponding lectgthges decrease in intensity.

4.4.4 Phase diagrams and conclusion

By combining all the investigations of the present work,afletl magnetic-field versus tempera-
ture phase diagrams are derived Bmarallel tobxe, b andc, see figure 4.23. The critical fields
and temperatures are based on the anomaliésZi 7', B)/L? from the thermal-expansion and
magnetostriction measurements, while the dielectric aadmatic properties of the various phases
are inferred from the electric-polarization and magnéitiradata. The polarization and magneti-
zation measurements show anomalies for most of the detpbtesk transitions as well and their
positions agree within the experimental uncertainties e anomalies oAL.(T, B)/L%. On
temperature decrease, NaFgQg undergoes a phase transitionZat ~ 13 K in zero magnetic
field from its paramagnetic and non-ferroelectric phasentaratiferromagnetically ordered, non-
ferroelectric phase. The magnetic-susceptibility measnts indicate a collinear spin structure
with the spins being oriented mainly along thec axis in this phase, see figure 4.18. On further
cooling, a spin reorientation occurs’Bt ~ 11.6 K leading to anX'Y" anisotropy and to the on-
set of ferroelectricity. The ferroelectric phase extenowm to the experimental low-temperature
limit of 2.5 K. The spontaneous polarization of this ferexttic phase | has an absolute value of
~ 32 uC/m? and is mainly lying within thezc plane with a small component alotg Based
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Figure 4.23:Magnetic-field versus temperature phase diagrams of NafaGer B parallel tobxc, b or
c. The phase boundaries are based on the thermal-expansgjoan@l magnetostriction\() measurements.

on two different neutron-diffraction studies, a cycloidgin structure with the spins lying within
the ac plane characterized by two inconsistent propagation veatbk = (0.3357,0,0.0814) or
k' = (0.323,1.0,0.080) was proposed for that phase [205-207].

Compared to aegirine (NasFe).s3Ca).04Mng.g2Al .01 Tig.0sSikOg) the second multiferroic com-
pound among the pyroxenes, there are some clear differémd¢aFeGeO;. First of all, the
spin structure of the multiferroic phase of aegirine fornspaal with a propagation vector along
the monoclinich axis [204]. In contrast, in the multiferroic phase of NaFeGgthe spins appar-
ently form a cycloid within the.c plane [205-207]. Secondly, the presence of all three compisn
of the electric polarization in NaFe@®; indicate a triclinic symmetry for its multiferroic phase.
The symmetry of the multiferroic phase of aegirine is momocl2. Finally, the electric polar-
ization of NaFeGgOg is about a factor of 2.5 larger than the spontaneous elgmtarization of
aegirine.

As shown in figure 4.23 (b), there is little influence of a magnield B||b, which only causes a
weak simultaneous increase of both transition tempermmfliféB) and 7y (B). As expected for
this field direction perpendicular to the magnetic easy @ldéime magnetization linearly increases
with field, see figure 4.18. Moreover, a weak increase of thetet polarization can be inferred
from figures 4.19 (b), (e) and (h).

Magnetic fields applied either alomgc or ¢ induce transitions, which are accompanied by strong
modifications of the electric polarization. In the vicini§ the spin-flop transition aBsp ~ 5T
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for B||bxc the electric polarization is continuously suppressed \witlreasing magnetic-field
strength. Interestingly, the suppressionfgfstarts at a slightly higher field strength around 7T
as that of the other two components. In the vicinity of thadfi&rength also the intermediate
antiferromagnetially ordered, non-ferroelectric phaaaishes, which is illustrated by the hori-
zontal dashed line in figure 4.23 (a). At the experimentahHigld limit of 15T the polarization
amounts to~ 1 C/m?. For Bl|c, only the electric polarization within thec plane is continu-
ously suppressed in the vicinity of the corresponding $laiptransition atBsr ~ 2 T, while the
polarization along slightly grows with increasing field strength. Thus, thectie polarization

is rotated by nearly 90 ° from mainly lying within the: plane towards an orientation pointing
nearly alongb for that field direction. This rotation is accompanied by sty decrease of the
polarization by about one order of magnitude. The interatedantiferromagnetially ordered,
non-ferroelectric phase stays present for the whole ifyegstd magnetic-field range. The general
orientation of the electric polarization found in this wanklicates the presence of a more complex
spin structure as reported in [205—-207] with a finite spin porrent along within the ferroelectric
phase I. In order to clarify the microscopic mechanismsitegatb multiferroicity in NaFeGg0g
and in order to resolve the inconsistencies discussed abume detailed information about the
magnetic structure are needed. Therefore, as a future eagkon-diffraction experiments should
be performed on single crystals of NaFeGg.
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Chapter 5

The erythrosiderite-type family
As[FeCl5(H20)] (A = K, Rb, Cs, NHy)

5.1 Introduction

The family of erythrosiderite-type compounds[FeCk(H,0)], whereA stands for an alkali metal
or ammonium ion, forms a series of antiferromagnets withl &aperatures ranging from 6 K to
15K [172]. The room-temperature crystal structuresigfFeCkL(H,O)] are orthorhombic with
the space groupnmafor A = (NH,), K, Rb andCmcmfor A = Cs, respectively [173—179]. Both
structure types are closely related but not isomorphicfigaees 5.1 (a) and (b). In both cases the
structure consists of isolateti units and isolated complex groups [Fel,0)]*~ of sixfold oc-
tahedrally coordinated iron(lll). The unit cells contaiglg symmetrically equivalenti™ cations
and four [FeCJ(H,0)]>~ octahedra. Besides ionic bonds between the structuralibgiblocks,
there is a H-bonding (via O—H-CI) between neighbouring [E&€0)]*~ octahedra, which fur-
ther stabilizes the crystal structures. These H-bondeahedra form zigzag chains, which run
alongb for A = (NH,), K, Rb or alonge for A = Cs. Along these chains the Fe—O bonds of ad-
jacent octahedra are oriented mutually antiparallel tdhexdber [176,177,180]. Fod = (NH,),

K, Rb, the Fe—O bonds of the octahedra are approximately lyarallel to thexc plane with al-
ternating angles in the order af40° relative to thea axis. ForA = Cs, these bonds are oriented
parallel tob. Taking the zigzag chains as the dominant feature of the tystal-structure types,
the axeg a, b, c} in the Pnma structure corresponds to the aXésc, a} in theCmem structure,
see figures 5.1 (a) and (b). The lattice constants are sumadan table 5.1.

The magnetic ordering phenomena in thgFeCk(H,O)] series have been subject of various in-
vestigations in the past. In this context, Néel temperatuaeging from 6K to 15K have been
derived from measurements of the magnetic susceptibiliig[180], see table 5.1. There are
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crystal: (NH,)s[FeCL(H.0)] K,[FeCkL(H,O)] Rby[FeCkL(H,O0)] Cs[FeCk(H,0)]

a (A): 13.706 13.75 13.825 7.426
b (A): 9.924 9.92 9.918 17.306
¢ (A): 7.024 6.93 7.100 8.064
Ref.: [175] [173] [176] [177]
Tx (K): 7.25 14.06 10.05 6.5
Ref.: [180] [180] [176] [176]

Table 5.1:Room-temperature lattice constants and Néel temperattiregFeCk(H, O)] with A = (NH,),
K, Rb, Cs.

some clear differences between (NHFeCk(H,O)] and the corresponding alkali-based com-
pounds withA = K, Rb, Cs. Susceptibility data of the alkali-based compouddstify the a
axis as the magnetic easy axis, while no easy axis can beaddrym the susceptibility data of
(NH,)2[FeCE(H,0)] [176, 180]. Moreover, heat-capacity measurementsatexesecond phase
transition at7 ~ 6.87 K for (NH,),[FeCk(H,0)] [180]. In contrast, for the alkali-based com-
pounds only single transitions are reported [180, 181]. sEh&bservations led to the suggestion
of a canted antiferromagnetic spin structure for (\WHeCk(H,0O)] with some kind of spin re-
arrangement a.87 K. Later on, there was some debate about the proposed spingantd the
occurrence of a structural phase transition around 240 Ksuggested [182, 183]. However, no
evidence for such a structural transition has been foundasddauer spectroscopy and powder
X-ray diffraction experiments within the relevant temgeara range [184]. The Mdssbauer spectra
also led to the suggestion of a more complex spin arrangem@dt,).[FeCl(H,O)] because the
interpretation of the spectra beldfiy was inconsistent with a simple canted spin structure [184].
A determination of the magnetic structure of (NKFeCk(H,O)] is still missing. In contrast, the
magnetic structures of the alkali-based compounds With K, Rb were determined via neutron
scattering [185, 186]. The antiferromagnetically ordgubdses of both compounds are described
by the magnetic space groupn'm’a’. The spin direction alternates between along the zigzag
chains of the [FeG(H,0)]*~ octahedra running alongand the spins of neighbouring chains are
in phase. The magnetic structure is illustrated, in figulg(®, where the spins in two planes at
y = 0.25b (grey octahedra) ang = 0.75b (yellow octahedra) are displayed and the five most
relevant magnetic-exchange interaction paths- J; are sketched [185, 186]. These magnetic-
exchange interactions are also important for the ammoniased compound (NphL[FeCk(H,O)]
because its crystal structure is isomorphic to those,fF&Cl(H,O)] and R[FeCl(H,0)].

The J;-exchange interaction runs along the H-bonded zigzag sluifFeCk(H,0)]*~ octahedra
parallel tob via super-exchange paths Fe-O-HCI-Fe. In addition to this intrachain-exchange
interaction J;, there are four other interchain-exchange interactions- Js. The interchain-
exchange interactions, and.J; connect iron ions of [FeG{H,0)]*>~ octahedra in differend
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Figure 5.1: Room-temperature crystal structures of (a) {)fFeCk(H-O)] and (b) Cs[FeCk(H,O0)].

The crystal structures ofs[FeCE(H,O)] with A = (NH,), K, Rb are isomorphic. (c) Magnetic-
exchange interaction paths and spin arrangement ffd¢Ck (H- O)] and Rb[FeCkE(H,O)] [185,186]. The
exchange-interaction paths for (NH[FeCE(H, O)] are the same. (c) Magnetic-exchange interaction paths
of Cs[FeCk(H,0)] [189].

planes via super-exchange paths Fe-CTl-Fe, while the interchain-exchange interactiohs
and .J; connect iron ions of [FeG(H,0O)]>~ octahedra within the samie plane via the super-
exchange paths Fe-C} CI-Fe and Fe-O - Cl-Fe. For K[FeCk(D,0)], fits to measured magnon
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dispersion curves revealed for the exchange-interacbostants/; ~ —1.55K, J, ~ —0.71 K,
J3~ —0.16K, J; ~ —0.24 K andJ; ~ —0.28 K [186]. The intrachain-exchange interactignis
the strongest one and all magnetic-exchange interactiensraiferromagnetic. This gives rise to
a frustration potential, sincé, and.J; would favour antiferromagnetic order within tiheplanes,
but cannot compete against the other three exchange ititlgracAnother interesting point is the
strong spin-density delocalization from the iron ion todsits ligand atoms in FeCk(H,O)]
and RB[FeCk(H,0)] [172,185]. This leads to the relatively strong supeckange paths in these
two compounds although they are very long in the order of 7#8cfuding two diamagnetic inter-
mediaries.

Based on Mdssbauer investigations, a structural phassitianat about 151.5K was proposed
for Cs,[FeCk(H;0)] [188], but no further investigations followed to confirtiis. Besides, as
for (NH,),[FeCk(H,0)], the magnetic structure of ¢JseCl(H,0O)] is still unknown. In fig-
ure 5.1(d) the relevant magnetic-exchange interactiohspbéetween the iron ions of different
[FeCl(H,O)]?>~ octahedra are displayed [189]. The grey octahedra areilyipignes at = 0.25¢
and the yellow ones in planesat= 0.75¢c. The J;-exchange interaction runs along the H-bonded
zigzag chains of [FeG{H,O)]*~ octahedra parallel te via super-exchange paths of the type
Fe-O-H - - Cl-Fe. The exchange interactiol connects iron ions of [FegH,0)]*>~ octahedra in
differentc planes, while the exchange interactidyconnects iron ions of [Fe@IH,O)]*~ octahe-
dra within the same plane. In both cases the super-exchange paths are of thEg¢ype- - Cl-Fe.

5.2 Experimental details

All crystals of the erythrosiderite-type family,[FeCk(H2O)] (A = K, Rb, Cs, NH) investigated

in the present work were grown by Prof. Dr. L. Bohaty from amussolution ofACI and FeC]
with a surplus of HCI by controlled evaporation of the solvé@rhe growth temperatures as well as
the starting compositions of the growth solutions for thitedent compounds are summarized in
table 5.2. After typical growth periods of 6-8 weeks opfigalear, red single crystals with dimen-
sions up to about 4030x 20 mm?® and well-developed flat morphological faces were obtaised,
figure 5.2. Using the morphological faces as reference plaw&nted samples with faces perpen-
dicular to thea, b or c axis were prepared. For all magnetic compounds of the eryitherite-type
family with space groupg’nma, isomorphic, diamagnetic In(lll) analogues exist [180]ne0of
these compounds, namely (NK[INnCl5(H,O)] was grown by Prof. Dr. L. Bohaty in an analogue
way to the other erythrosiderite-type compounds. Theistgagomposition of the growth solution
can be found in table 5.2 as well.

The crystals of the erythrosiderite-type family are hygaysc and disintegrate in contact with
a multitude of solvents. In order to clean the crystal s@$asopropanol was used. Although
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crystal growth temperature  starting composition of growth solution
(NH,)2[FeCl(H,0)] 311K 1INH,CI + 2FeC} (non-stoichiometric ratio)
K,[FeCk(H20)] 311K 1KCI + 2.5Fe( (non-stoichiometric ratio)
Rb,[FeCl(H,0)] 323K 2RDbCI + 1FeCl (stoichiometric ratio)
Cs[FeCk(H,0)] 323K 2CsCl + 1FeGl(stoichiometric ratio)
(NH,)2[InCl5(H;0)] 307K 2NH,CI + InCl; (stoichiometric ratio)

Table 5.2: Parameters for crystal growth from aqueous solutiod6f and FeGJ (InCls, respectively)
with a surplus of HCI by controlled evaporation of the solygmowth period: 8-12 weeks.

they can be stored some time in silicone oil, their surfacesdamaged after some weeks in
contact with it, as well. (NH);[FeCk(H,0O)] and K;[FeCk(H,O)] are even more damageable
than RB[FeCk(H,0)] and Cs[FeCk(H,0)], probably also because they dissolve isCHnon-
stoichiometrically. Besides, all four compounds are mpdsitioned to crack formation, when
cooled to temperatures far below room temperature. Meiadjithe crystal surfaces with silver or
gold electrodes by evaporation is difficult, too. It turned that silver electrodes adhere better than
gold electrodes on the crystal surfaces. In summary, thetalsyof the erythrosiderite-type family
have to be handled with a lot of care. A lot of practice was agagy until adequate measurements
could be performed.

All compounds were characterized by dielectric investagget and measurements of the magnetic
susceptibility. The results of these measurements eskafiH,),[FeCk(H,O)] as a new multi-
ferroic material with coupled magnetic and electric ordeloly ~ 6.9 K. (NH,)2[FeCk(H2O)]
was further investigated by measurements of thermal expansagnetostriction and specific
heat. During the thermal-expansion and magnetostrictieasurements the temperature and the
magnetic field were varied continuously with ratestef.05 to £0.1 K/min or £0.1 T'/min, re-
spectively. These measurements were partially perforngddl. Briining during his bachelor the-
sis [157]. Combining all data from the different examinaspdetailed magnetic-field versus tem-
perature phase diagrams are derived. Depending on theidiret the magnetic field up to three
different multiferroic phases are identified, which areasaped by a magnetically ordered, but
non-ferroelectric phase from the paramagnetic phase.dBgshese low-temperature transitions,
an additional phase transitionat79 K was observed, which probably is of structural origin. To
gather more information about this phase transition, teatpee-dependent powder X-ray diffrac-
tion measurements as well as measurements with a poldrggednicroscope were performed.
Furthermore the In analogue of (NH[FeClk(H,0)] was investigated to obtain more information
about its structural properties independently from the meéig ones.

The results of the dielectric and magnetic measurementshef akali-based compounds
As[FeCE(H,0)] with A = K, Rb, Cs prove that they are, in contrast to (NHFeCk(H,O)] only
linear magnetoelectrics. For each compound, all the limeggnetoelectric tensor components and
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H.,),[EeCL(H.O .
g K[FeCl(H,0) oo Figure 5.2: Crystals of

(a) (NHy):[FeCE(H2O)],

(b) K2[FeCk (H2O)],

(c) Rb[FeCk(H, O)],

(d) Cs[FeCE(H2O)].

Typical morphology of

(e) Ax[FeCk(H,O)]

with A = (NHy4), K, Rb,

(f) Cs:[FeCE(H. O)].

The well-developed morphology
was used for the preparation of
oriented samples.

Rb,[FeCl(H,0)]

their temperature dependences were determined from tlegimgntal data. A symmetry analysis
of the magnetoelectric effect of the Cs-based compounevalto determine the magnetic point
groupmmm’ and to develop a model for its magnetic structure. In addidietailed magnetic-field
versus temperature phase diagrams are derived.

5.3 (NH,)2[FeCl5(H20)]

In the following, the results of the measurements of (NHreCk(H;O)], summarized in sec-
tion 5.2 are presented, analysed and discussed in detadt diohese results were already pub-
lished in [190]. Therefore, apart from some complements thiapter, including the figures, is
basically adopted from this publication.

5.3.1 Phase transitions in zero magnetic field

By measuring the heat capacity of (Nk[FeCl;(H,O)], the occurrence of the magnetic phase
transitions at~ 6.9 K and~ 7.3 K already reported in literature [180] could be confirmed, see
figure 5.3 (a). In addition, the heat capacity data reveaird fthase transition dfyr ~ 79 K.
These three phase transitions are also seen in the meassenhall three thermal-expansion
coefficientsq;, see figures 5.3 (e) and (f). However, neither the specifit-tiata nor they;(7")
curves give any hint to a phase transition around 240 K, wthereccurrence of a structural phase
transition had been supposed for (NHFeCl(H,O)] [183]. The fact that no anomalies were
found in the magnetic-susceptibility measurements ardgnd(see below, Fig. 5.5 (e)) led to the
conjecture that the transition around 79 K might be of stradtorigin. Therefore, temperature-
dependent X-ray powder diffraction measurements wereopagd, but surprisingly the patterns
above and below};r are identical within the experimental uncertainty. Paiticly, no peak split-
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Figure 5.3:(a) Heat capacity of (NI.[FeCk(H>O)] in a wide temperature range; the inset is a magnifi-
cation of the low-temperature region. (b)-(d) Temperatigpendences of the lattice constamtd, andc
obtained by X-ray powder diffraction measurements (céicle comparison to the respective macroscopic
length changes (lines) measured by capacitance dilatpniel)rand (f) Thermal-expansion coefficieiats
along all three axea, b andc below 10K and over the entire temperature range, where dat shows
an expanded view around the transitiorral 9 K. (g)-(j) Ferroelastic domains, which were observed for
a plate-like sample with faces oriented perpendiculat toelow the transition at- 79K indicating the
occurrence of a ferroelastic phase transition.

tings or violations of systematic extinctions of the spawaig Pnmaof the high-temperature phase
could be found belovi}; . In the figures 5.3 (b)-(d) the temperature-dependent&ationstants

obtained from the X-ray diffraction are compared with theresponding results obtained from the
measured macroscopic length changes via capacitancerdé#ty. There is an overall agreement

85



5.3 (NH,):[FeCk(H,O)|

300

250 | b

a, (104 K1
[y}
()
(=]
T
1

" 1 "
C, (I mole K™
[

[}

T
1

—_
(=3
(=}
T
1

0 L 1

1 L 1 L L 1 L 1 L 1 L L 1 L 1 L 1 L 1 L 1 L
0'00 20 40 60 80 100 120 140 50 100 150 200 250 300 350
Temperature (K) Temperature (K)

Figure 5.4:(a) Thermal-expansion coefficiemtalong thea axis of (NHy),[InCl5; (H,O)] in the temperature
range 4-120 K. (b) Heat capacity of (NH[InCl5(H,O)] in the temperature range 2-300 K. (c) Ferroelas-
tic domains, which were observed for a plate-like samplé idtes oriented perpendicular below the
transition at~ 110 K, indicating the occurrence of a ferroelastic phase triamsit

between both methods over the entire temperature range,gethe anomalous negative thermal
expansion of thé axis. The shape of the specific-heat anomalyiat suggests a second-order
phase transition, but the thermal-expansion curves, wihéste been studied with a much higher
temperature resolution arouflgr, clearly show rather sharp peaks of positive signs, whieh ar
present for all three directions, see the inset of figurefh. Btegrating over these peaks reveals an
almost discontinuous length changé./ L° of all three directiong, b andc of ~ 0.5 —1.5-1073,
indicating that the transition &t is of first order.

In order to get more information about the transitiofgt thin, plate-like samples of thicknesses
of ~ 100 um with polished surfaces, oriented perpendiculantd and c were examined with
a polarized-light microscope. For the samples with facepemlicular toc the occurrence of
ferroelastic domains with two different domain states whseoved below the transition @,
indicating that it is a ferroelastic transition, see figuse3(g)-(j). In all cases the polariser and
analyser of the microscope were adjusted parallel to the-pantipal axis of the elliptic section
of the optical indicatrix of one of these two present domadates, leading to stripe-like dark-
bright domain patterns. The dark domain stripes in figurgd.8orrespond to the bright ones
in figure 5.3 (h). The same holds true for figures 5.3 (i) andl)all pictures presented, a tem-
perature gradient was present due to a large crack, whidtiedithe sample under investigation
into two parts. In each picture, the temperature of the laft,wwhere a domain pattern with two
different domain states is visible, was below 79 K and theperature of the right part without a
domain pattern was above 79 K. For the samples with facegpédiqular toa or b no ferroelastic
domains were observed. The domain walls, visible in figuB{-(j) are running along and

b and in company with the ferroelastic transition a crackeaystwith the cracks oriented mainly
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parallel to thebc plane occurred (in the right part of the sample above 79 K acksrarose). These
cracks arise probably due to the distortions connectedtéHlerroelastic transition. Combining
the informations about the ferroelastic domains, one caitlade that the orthorhombic crystal
structure of (NH),[FeCk(H,O)] with the space group’2 2L 2L transforms aflyr via a ferroe-
lastic transition to a monoclinic one with the space gr(m;i%l (speciesnmm1’F2/m1’) The
crystal structure of (NH).[FeClk(H,0)] was redetermined independently by Dr. P. Heddd by
Dr. M. Fleck at room temperature, to clarify the question if the oridntabf the (NH,) groups
within the crystal structure is fixed or not. Both investigas gave strong evidence for a random
orientation of the (NH) groups. Therefore, the monoclinic distortion beldw; is probably small
and only caused by a reorientation of the Ndftoups (disorder-order transition).

These interpretations are further supported by the restittiermal-expansion and heat-capacity
measurements, performed on the isomorphic, diamagndtit) lanalogue (NH),[InCl5(H,0)]

in combination with observations by polarized-light miscopy. The results are summa-
rized in figure 5.4. Both the temperature-dependent spdufat and thermal-expansion data
show pronounced anomalies &% = 110K, see figure 5.4(a), (b). Besides, such as in
(NH,)2[FeCk(H,O)], ferroelastic domains with two different domain statesild be observed
below T} in samples with surface normals oriented parallektavhile for samples with sur-
face normals oriented parallel toor b no domains could be detected, see figure 5.4 (c). Hence,
(NH,),[InCl5(H,0)] undergoes af’®. = 110 K a structural phase transition from the orthorhom-
bic systemPZ2 2121 to a monoclinic one with the space grodtil2, as its Fe(lll) analogue
at 7ie, = 79K. The assumption that the structural transitions in (NHFeCk(H,O)] and
(NH4)2[InCl5(H2O)] are caused by an ordering of the orientation of the {Ngtoups would also
explain, why the powder X-ray data do not indicate a loweohthe orthorhombic symmetry to
the monoclinic system. Consequently, the room-tempegattystal structure still can serve as a
good approximation at lower temperatures, at least comggethe positions of the non-hydrogen
atoms. Therefore, all results presented in the followingisas are referred to the orthorhombic
system.

5.3.2 Magnetic properties

The results of the temperature-dependent magnetic-stilsiigp measurements of
(NH,),[FeCk(H,0)] for magnetic fields up to 7T (applied along tlag b and ¢ axis) are
summarized in the figures 5.5 (a)-(c), respectivelyfhe low-field curves are consistent with
previous results [180] and signal magnetic orderingd@at~ 7.3K. While x, and y. show

LInstitut fiir Kristallographie, Universitat zu KéIn
2Institut fiir Mineralogie und Kristallographie, Univer&itwien
3The magnetic measurements presented in this section wéagrped in a squid magnetometer, see section 3.1.
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Figure 5.5: (a)-(c) Temperature dependences of the magnetic susitiptify,, x, and x. of
(NH4),[FeCE(H,O)] for different magnetic fields. The arrows mark the dim@atof increasing field
strength. (d) Magnetization at 2 K as functions of the magrfetld applied parallel ta, b andc; the inset
showsM /B for B|la andBl||c. (e) Temperature dependence of the inverse susceptibjlity together
with a Curie-Weiss fit (line) in the temperature range frond Ko 300 K (the inset shows a magnification
of the low-temperature range).

well-defined kinks affy and subsequently decrease with decreasing temperat{f€) hardly
changes beloWY, indicating that the spins are lying in tlhe plane. The fact that, andy. of
(NH,).[FeCk(H,0)] behave very similar and none of them approaches zerd fer 0 K implies
that there is no magnetic easy axis within theplane. This is further supported by additional
low-field susceptibility measurements (not shown) with metg fields along other directions
within the ac plane. Thus, the spins of (Nl[FeCk(H;O)] show an XY anisotropy with the
ac plane as magnetic easy plane. As already mentioned in segtlg there have been different
speculations about possible spin orientations withindh@lane earlier [180, 182-184], but no
definite magnetic-structure determination has been regamtil now.

Concerning the magnetic anisotropy, (NHFeClk(H,O)] differs from the analogous potassium-
based and rubidium-based compountiFeCkL(H,0)] (A = K, Rb). According to low-field
susceptibility measurements [176, 180, 194],0f both alkali-metal compounds approaches zero
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for T — 0K, while y, and y. hardly change, identifying. as the magnetic easy aXisThis

is confirmed by magnetic-structure determinations gfF€CkL(D,0O)] and RB[FeCk(D,0)] by
neutron-scattering investigations, which in additionei@ed the magnetic space-group symmetry
Pn'm’a’ for these compounds [185, 186]. These neutron studies dseed to determine five
relevant exchange couplings — J5, which were explained in detail in section 5.1. They are all
antiferromagnetic and the stronger onés{ J;) enforce an antiferromagnetic ordering between
the spins lying in neighbouringc planes aty = 0.25 andy = 0.75. However, the spins lying
in the sameuc plane are ordered ferromagnetically, despite of the anbifieagnetic, but weaker
exchange interactions, and.J; within these planes [185, 186]. Thus, there exists a cedagnee

of magnetic frustration in thel,[FeCl(H,0)] structure, which might be the reason for the more
complex spin arrangement in the compound witk= (NH,), compared to those with = K, Rb.

As shown in figure 5.5 (a) and (c), towards larger fields theetese forl” < Ty of both, x,(T")
andy.(7T), systematically vanishes and finally above about 6 T thecjgrah behaviour ofy;(7) is
almost identical for all three field directions. This suggebat for eithetB||a or Bl|c, there are
spin-flop transitions, with a change of spin orientationrirlying within the easy:c plane to lying
within the plane that is perpendicular to the respectivemetig-field direction. These spin-flop
transitions can also be seen in the low-temperature measuats of the magnetization as a func-
tion of the magnetic field, see figure 5.5 (d). The spin-floplfeltl = 2 K are~ 5T and~ 3.5T

for B||a andB||c, respectively. Besides the spin-flop transitions, the retigation curves display
additional anomalies for both field directions, which arédreresolved in a representatidn/ B
versusB, see the inset of figure 5.5 (d). Corresponding anomaliebea®en in the temperature-
dependent susceptibility data in figure 5.5 (a) and (c)Hcee 4 T and 2 T, respectively. As will be
seen in the following sections, both types of transitiomsratated to structural changes and as well
to reorientations of the electric polarization. The faettthoth transition fields are larger fé#||a
than for B||c illustrates that the magnetic properties of (NHFeCl;(H»O)] are not completely
isotropic within the easy.c plane. This is supported by the slight, but systematic adifiees
between the,(T) andx.(7") curves in the intermediate field range, see figures 5.5 (aj@nd

Figure 5.5 (e) displays the inverse susceptibility, for a magnetic field of 0.1 T applied along
b, which follows a Curie-Weiss behaviour from above about 4@9kio room temperature. Here,
only the data ofy;, are shown because almost identical values are obtaineg. for this high-
temperature range, whilg, is slightly larger ¢ 1 — 2 %). Almost isotropic high-temperature
susceptibilities may be expected fos& high-spin configuration of the Fé ions, as was already
stated in [180]. Linear fits to the data bfx, for T > 100 K yield a negative Weiss temperature
6 ~ —35K and an effective magnetic momemnt;y ~ 6 ug. The negative Weiss temperature

4The results of detailed magnetic-susceptibility measergsof both compounds, performed in the present work
are presented in section 5.4.1.
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signals a net antiferromagnetic-exchange interactiontb@ceffective magnetic moment is close
to the expected value.s = gup+/S(S + 1) = 5.92 up of FE¥T with S = 5/2 andg = 2.

5.3.3 Dielectric properties

Figure 5.6 summarizes the results of the temperature-depémeasurements of the electric po-
larization P,, P, and P. of (NH,)2[FeCl;(H,O)] in magnetic fields applied along b andc. The
respective pyroelectric-current densities can be foundppendix E.3. In zero magnetic field,
(NHy4),[FeCl(H,0)] becomes ferroelectric beloW.; ~ 6.9 K and develops a spontaneous elec-
tric polarization, with the component$ ~ 3 ,C/m?, B, ~ 0.3 uC/m? andP, ~ 0 uC/m? at 3K.
Thus, the spontaneous electric polarization is lying indhglane with an angle relative to the
axis of<(P, a) ~7°. Assuming a point group symmet2ym (with cell setting unique axis) for

the prototypic phase, see section 5.3.1, the probableatiygtaphic symmetry of the considered
ferroelectric phase would be or even triclinic,1.

A magnetic field applied parallel tocauses a weak systematic reduction of the transition temper
ature (}i" ~ 6 K) and also slightly reduces the magnitude of the electrianurdtion, but leaves
its orientation almost unchanged. In contrast, magnetidsiapplied either along or ¢ have a
much stronger influence on the electric polarization. Mdstiausly, for both directions a field
of about 4-6 T causes a complete suppression of both comfgReand P,, and simultaneously
induces a finite polarizatio®||c, which continuously increases with further increasing neiig
field. In the figures 5.7 (a) and (b), these magnetic-field @eduabrupt reorientations d? for
Bl|a andB||c, respectively, are shown exemplarily fbr= 4.9 K by plotting the components,,

P, and P, as functions of the magnetic fietdThe open symbols are taken from the temperature-
dependent polarization data of figure 5.6, while the sohédiwere obtained by integrating the
magnetoelectric currents during a magnetic-field sweepeasribed in section 3.2.1. Fét,(B)
and P.(B), the results of both methods agree to each other, while tleipation P,(B) is too
small to induce large enough magnetoelectric currents) éuhie magnetic-field sweep rate is
increased to 1 T/min. A comparison of tif¥ B) data with the magnetization curvad (B) dis-
cussed above reveals that the magnetic-field dependegntaiions of the electric polarization
coincide with the spin-flop transitions for both field directs B||a and B||c. In addition, the
data of figure 5.7 show that the electric polarizatférabove the critical field grows linearly with
increasing magnetic field. AB = 14T, P. ~ 19 uC/m? or ~ 25 uC/m? is reached foB3||a or
Bj||c, respectively, i.e., the absolute value of the polarizaisoenhanced by a factor of about 6 to
8 compared to its zero-field value. If the field-induced iase of the electric polarization above
the transition is eliminated by linearly extrapolatify B > B..;) back to the critical field, the

5The respective magnetoelectric-current densities asepted in appendix E.3.
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Figure 5.6:Temperature dependences of the spontaneous electrizptitan P,, P, andP, (top to bottom)
of (NH,):[FeCk(H,0O)] for magnetic fields applied parallel to the b or ¢ axis (left to right). In all
cases, single-domain phases were obtained by cooling theles with an applied electric field of at least
200 V/mm. Besides the electric polarization is completalyeitible by changing the sign of the electric
field. The directions of increasing magnetic fields are natkearrows.

absolute value of the polarization, e.g. at 4.9K, changes fP| ~ P, ~ 2 uC/m? below B
to |P| = P. ~ 5.2 uC/m? for B||a and to|P| = P. ~ 5.6 uC/m? for B||c, respectively, above
B..i:- As already discussed above, besides the spin-flop tramsite magnetization data for both

field directions,B||a and Bl||c, signal another phase transition, which is located aboub&ldw
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and P.(B) obtained by integrating the magnetoelectric currents oredsduring magnetic-field sweeps.
The latter method is not possible f6%(B) due to its small absolute value. Note the different scales us
for P; (i = a,b) and forP..

the spin-flop fields and is seen as small step-like incredsés/@, see the inset of figure 5.5 (d).
These additional transitions also cause small changesirldcttric polarization, which can be
best seen by considering the turquoise curves in the figuégg)sand (d). FoiB = 3T alongc,
the polarization?,(7") shows a distinct increase around 4 K, while the polarizafigfi’) has an
additional increase around 4.5K f6r= 4T alonga .

In summary, the magnetic-field dependent (re-)orientation the electric polarization of
(NH,)2[FeCE(H;0O)] can be described as follows: In zero magnetic field thenspweous polar-
ization is lying in theab plane and almost pointing along theaxis (P, a) ~7°). A magnetic
field applied alongs first (at~ 4 T) causes a slight reorientation of the polarization indhplane
towards theb axis (P, a) ~9°). At a larger field of about 5T the polarization then comgiete
rotates by 90from theab plane to thec axis. For a magnetic field along the first transition (at
~ 3T) causes a reorientation of the spontaneous polarizatibreiopposite sense(( P, a) ~ 5°),
but is also followed by an analogous©9¢hange of the polarization to theaxis, occurring at
about 4.5T. For both field directions, the first transitiors accompanied by weak anomalies in
the magnetization, while the 90eorientations of the electric polarization from thk plane to
the ¢ axis coincide with spin-flop transitions from the magnetsuc plane towards the plane
perpendicular to the respective magnetic-field directiaterestingly, for both magnetic-field di-
rections the 90reorientation of the electric polarization is accomparibgdn abrupt, significant
enhancement of its absolute value by about a factor of 2.%arfdrther increasing the magnetic
field the polarization linearly grows. Loosely speaking, agmetic fieldB||c has a "stronger ef-
fect" than a magnetic field||a: The high-field slop&P./0B, ~ 1.7- 107 A/V is larger than
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Figure 5.8:Representative temperature dependences of the longituimponents of the dielectric tensor
e; (i = a, b, c from left to right) for different magnetic fields applied péel toc. For clarity, with increasing
field strength the curves are shifted with respect to eaatr &ty constant offsets of 0.02 in (a) & (c) and by
0.002 in (b).

0P,/0B, ~ 1.2-107° A/V and in order to induce the phase transition smaller fielcdhgtres are
needed foB||c than for B||a.

The transitions to the ferroelectric phases, discussedealadso cause distinct anomalies in the
temperature and magnetic-field dependences of the condsgplongitudinal component$ of
the dielectric tensor. This is shown exemplarily f|c in figure 5.8, which displays representa-
tive measurements of the temperature dependencégof= a, b, ¢). Below 5T,¢/(7") ande; (T)
show spiky anomalies in the temperature range between 6 K7 &dvhich essentially vanish
for larger fields, while such spiky anomalies of growing gty occur ine.(7°) in this higher
field range. From these results, together with the polacmadata above, it can be concluded
that these spikes signal the corresponding transitioneeatpres to the ferroelectric phases with a
spontaneous polarization lying either in tifeplane or being oriented along tleeaxis. There are
additional anomalies, e.g. the step-like increasé (") for 4 T and 5T, which are more difficult
to interpret.

5.3.4 Thermal expansion and magnetostriction

The discussion in the sections above has mainly focusedeodigéhectric and magnetic proper-
ties of (NH,);[FeCk(H,0O)], which are obviously most sensitive to transitions veheither the

polarization or the magnetization changes. In order to magle temperature versus magnetic-
field phase diagrams of this multiferroic material, it is @m@onvenient to study thermodynamic
properties, which are sensitive to both types of phaseitrans, such as the specific heat or the
thermal expansion, see figure 5.3. In the present case|edetdiidies of the thermal expansion
and of the magnetostriction for all three magnetic-fielegdilonsa, b andc were performed. As
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Figure 5.9: Thermal expansion of (NH,[FeCk(H>O)] along thea, b andc direction for representative
magnetic fields applied parallel to, b andc, respectively. For clarity, with increasing field strergjthe
curves are shifted with respect to each other by constasetsfbf).6 - 10~ in (a) & (b) and by1.2 - 10~*

in (c). Measurements with increasing and decreasing teatymer are plotted as red and black symbols,
respectively. The weak anomalies due to the continuousitiams atlrr, andTy (see the zero-field data

in figure 5.9) are hardly visible in thAL;/LY curves, but can be better seen in the thermal-expansion
coefficientsa;; shown in the insets. The corresponding transition tempeatare marked by open circles
on theAL;/LY curves.

will be seen, (NH);[FeCk(H,O)] shows various first-order phase transitions with rathage,
almost discontinuous changes of the sample dimensions, Tihthe following the relative length
changesAL;(T, B)/L? with B||L; for i = a,b andc will be presented. Figure 5.9 displays
a representative selection ofZ; (T, B)/L{ curves measured as a function of increasing or de-
creasing temperature at constant magnetic fields. Mordtsesan be found in the bachelor the-
sis of D. Bruning [157]. FoiB||b, there is only little change. The two transitions occurratg
Trr ~ 6.9K andTy ~ 7.3 K in zero field are just continuously shifted towards lower pena-
tures with increasing field. As shown in the insets of figu@(b), the corresponding anomalies
are resolved in the thermal-expansion coefficigntout are only faintly visible i\ L, (T, B) /LY.
Thus, these transitions are marked by open circles in the pexel of this figure. Additional
anomalies occur foB||a and for B||c. For both field directions, there is a sharp, almost discon-
tinuous decrease dfZ;(T, B)/L? on decreasing the temperature around 4 K in the field range of
3-4T, indicating that the corresponding phase transisaf first order. Moreover, there is a weak
temperature hysteresis, but its width partly arises alsm fihe finite temperature sweep rate (see
section 5.2). With a further increase of the fid]|a or B||c above about 5T, this discontinu-
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Figure 5.10: Magnetostriction of (NH);[FeCk(H>O)] along thea, b or c direction for magnetic fields
applied parallel tax, b andc, respectively. For clarity, with increasing temperature ¢urves are shifted
with respect to each other by constant offset®.8f- 10~4, 0.6 - 10~* and2.5 - 10~* in (a), (b) and (c),
respectively. Measurements with increasing and decrgasiamgnetic field are plotted as red and black
symbols, respectively. The open circles onthe;(B,T = 6K)/L? curves in (a) and (c) mark continuous
phase transitions, which can better be seen in the corrdsmpderivatives with respect tB (not shown).
The inset in (b) showA L,/ LY versusB?.

ous anomaly disappears again and also the continuous anantak transition temperatufie g
vanishes, but another first-order phase transition ocdthi latter transition is characterized by
a more pronounced hysteresis and a discontinuous lengtiyeial; (7', B) /LY, which is signif-

icantly larger and of the opposite sign than that of the difooious transition occurring below
5T.

Figure 5.10 summarizes representative magnetostricteasarements along tlae b or ¢ direc-
tion for magnetic fields applied parallel tg b andc, respectively. As already mentioned above,
more results can be found in the bachelor thesis of D. Bruffibd]. Again, the data foB||a

or Bl|c are rather similar. At the lowest temperatufe-£ 0.27 K) there are two hysteretic first-
order phase transitions with (almost) discontinuous lergianges\ Z; / LY of opposite signs for
both directionsa andc. Both transitions are also present at 2.5K, but the hyssevadths are
considerably smaller. At an even higher temperature of %K, ttansitions at the lower critical
fields have vanished, while those at the larger fields arepsékent and their hysteresis widths
are wider again. Finally at 6 K, the discontinuous lengthngjes have vanished. Instead, there
are kinks inAL; /LY around 4-5 T, which can be better seen in the correspondirigpatiees with
respect taB; (not shown). These anomalies signal second-order phasstioas and are marked
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by open circles on thé\L; /LY curves. Note that although most of the data have been stugied
to a maximum field of 15T, the field scales of figures 5.10 (a) @pdhave been limited to 6.5T
because there are no further anomalies in the higher fielgeralRigure 5.10 (b) displays charac-
teristic longitudinal magnetostriction curves fB||b. As can be inferred from the inset, in the
paramagnetic/non-ferroelectric phase, i.e. abbye- 7.3 K, as well as in the multiferroic phase,
i.e. well belowTrg ~ 6.9 K, there is a quadratic magnetostrictiah(, /L) o< B?) in the entire
field range studied, which is typical for materials with aelm field dependence of the magneti-
zation. The curves taken at 6 K deviate from this simple caiaalfield dependence above about
10T, which is related to the fact that the field dependent@basindarylxx(B) is approached.

5.3.5 Phase diagrams and conclusion

The B-T phase diagrams of (Nph[FeClk(H,O)] for magnetic fields applied along, b or c
are displayed in figure 5.11. The critical fields and tempeest are based on the anomalies
in AL;(T, B)/L? from the thermal-expansion and magnetostriction measememwhile the di-
electric and magnetic properties of the various phasesnéeged from the electric-polarization
and magnetization data. The polarization and magnetizatieasurements also show anomalies
for most of the detected phase transitions and their positagree well with the anomalies of
AL(T, B)/L? and also with those found in specific-heat measurementshwieére performed
for B||a (not shown), see bachelor thesis of D. Bruning [157]. On terafure decrease in zero
magnetic field, (NH).[FeCl(H,O)] undergoes a phase transitiorfat~ 7.3 K from its paramag-
netic and non-ferroelectric phase to an antiferromagakfiordered non-ferroelectric phase. On
further cooling, ferroelectricity occurs dr ~6.9 K. The ferroelectric phase extends down to
the experimental low-temperature limit of 0.25 K. The spo@ous polarization of this ferroelec-
tric phase | is oriented along the directiahin theab plane with a small deviation from theaxis

of <(a,a’) ~ 7°. The detailed magnetic structure of this phase (as well afi tie other phases)
is not known, but from the magnetization data it can be catedithat the spins are lying within the
ac plane without a magnetic easy axis. As mentioned above iioses. 1, neutron-scattering data
revealed a certain frustration potential for the analogmumspoundsi;[FeCk(D,O)] with A = K,

Rb [185, 186]. Assuming similar magnetic-exchange intgvas for (NH,),[FeCk(H,O)], one
may speculate that small structural changes due to theitsuiost with A = NH, could further
enhance this magnetic frustration and lead to the occugrehepin spirals in thec plane. This
then could act as the underlying mechanism of multifertpiof (NH,),[FeCk(H,O)] via the in-
verse Dzyaloshinskii-Moriya interaction [93,97]. In tliase, the fact that the spins are lying in
the ac plane would imply a spin current = S; x S; alongb. Therefore, the observed electric
polarization, pointing nearly along (in low magnetic fields) would require a propagation vector
r of the spin spiral (nearly) alongdue toP ~ r x j,, see section 2.2.2.
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Figure 5.11:Magnetic-field versus temperature phase diagrams of,[{§FeCk(H,O)] for B parallel to

a, b andc, respectively. The phase boundaries are based on the dasrofthe relative length changes
AL;(T,B)/LY (i = a, b or c) obtained from measurements of the thermal expansignof the magne-
tostriction (o) with increasing temperature or magnetic field, respelgtiimost discontinuous (and hys-
teretic) first-order phase transitions are marked by bghitigrey lines. For each of the different ferroelectric
phases, the direction of the spontaneous electric potamizéa denoted. All the vectors', a” anda’ lie
within theab plane with small deviations from theaxis & (a,a’) ~ 7°, <(a,a”) ~ 9°, <(a,a™) ~ 5°).

As shown in figure 5.11 (b), there is little influence of a magnield B||b, which only causes a
weak simultaneous decrease of both transition tempessifufg B) and7y(B). As expected for
this field direction perpendicular to the magnetic easy @ldéime magnetization linearly increases
with field (see figure 5.5). Moreover, a weak decrease of tbeteét polarization can be inferred
from figures 5.6 (b) and (e).

Magnetic fields applied either alongor ¢ induce discontinuous transitions to other multiferroic
phases. With increasinB||a and at lowest temperatures, first a ferroelectric phasedhisred,

in which the polarization tilts td?||a” with <((a, a”) ~ 9°. At a larger field of about 4.5 T another
discontinuous transition to a ferroelectric phase Il ascwhere the spontaneous polarization in-
creases by about a factor of 2.5 and rotate®tf@. The ferroelectric phase Il only occurs below
about 4.7 K, and in a small temperature window around 5K tidescontinuous transitions be-
tween the ferroelectric phases | and Ill take place. Finalbhove about 5.3 K continuous phase
transitions between the ferroelectric phase | and the eaivédlectric, antiferromagnetic phase are
observed in the field range below about 5T, while for highdd$ieliscontinuous transitions be-
tween the non-ferroelectric, antiferromagnetic phasetb@derroelectric phase Il take place. The
transitions between the ferroelectric phases | and Il ceather weak anomalies in the magnetiza-
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Figure 5.12: (a) Temperature dependence of the linear magnetoeleatéffigentsa., anda.. in S|
units in the ferroelectric phases Il and 11’ of (NK [FeCE(H>O)]. (b)-(c) Magnetic-field dependences of
the electric polarization of (N [FeCk(H,O)] at representative temperatures for applied magnetitsfie
alonga andc above the spin-flop transitions. The field-dependent dat® wbtained by resorting the
temperature-dependent data of figure 5.6. The solid lindigdte linear fits to the data to determine the
linear magnetoelectric coefficients.

tion, whereas those to the ferroelectric phase Il are apemed by a spin-flop transition. Most
of the features described fd@||a are also present faB||c, but there are some significant differ-
ences. First of all, at the transition from the ferroelecpihase | to the intermediate phase II’ the
polarization rotates in the opposite senséiva” with <(a,a”) ~ 5°. Secondly, the transition
fields are somewhat smaller f&||c and the phase II” only exists up to about 4 K. Consequently,
the temperature window for a direct transition between éneotlectric phases | and Il is wider
than for B||a. Finally, for B||c, in the entire field range studied here, no direct transitivom
the non-ferroelectric, paramagnetic phase to any of thdifeubic phases take place, whereas
between 2 and 3T foB||a there seems to be a small window for a direct transition tseha

A direct transition of this type would require two differemider parameters to be involved simul-
taneously. A similar case has been debated recently for @a@-{194], where a direct transition
from the non-ferroelectric, paramagnetic phase to theifarrbic phase had been reported origi-
nally. But more recently a sequence of two second-orderegptiassitions with very close critical
temperatures, instead of one first-order phase transitaanfeund in CuO [195, 196]. At present,
it cannot be excluded that this might also be the case in,J)NFHeCk(H,O)], but the actual data
of both, thermal expansion and specific heat do not give amtyfor the presence of two phase
transitions in the field range of 2to 3T f@||a.

Among all ferroelectric phases of the phase diagrams givdigure 5.11 the ferroelectric phases
[l and 1lII' possess the most pronounced magnetoelectfecefwith a clear linear magnetic-field
dependence of the polarization. From the slop¥/0B; = 10a;; derived in the context of figure
5.7, see section 5.3.3, the linear magnetoelectric cosffigiv., ~ 1.5 ps/m anda,. ~ 2.1 ps/m
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result. For a comparison of these values with literature aditother magnetoelectric crystals
it is more convenient to use dimensionless linear magnettat coeﬁicientsfyfj- as introduced

by [109, 117], see section 2.3.1. Her€, ~ 4.6-10"* andal ~ 6.4 - 10~*. According to

equation 2.20, from these values the dimensionless rditedaGaussian coefficients];’ can
easily be determined:

A S Y 5.0-107°, forij = cec

These values lie within the typical range @f¢ of 1076 to 102, as can be seen in a compila-
tion of data given in [114]. The magnetoelectric effect oHN,[FeCl;(H,O)] in the ferroelectric
phases Ill and 1lI’ was also calculated for other tempegguby fitting linear functions to the field-
dependent polarization data between 3.5K and 7 K. The reguémperature dependences of the
linear magnetoelectric coefficients, anda.. are presented in figure 5.12 (a). In figure 5.12 (b)
and (c) the magnetic-field dependences of the electric igatésn alonga andc in the ferro-
electric phases Il and III" for representative temperasuare displayed, including linear fits to
the data. Note that the non-ferroelectric, antiferromégrEhase of (NH),[FeCk(H,O)] shows
no linear magnetoelectric effect, in contrast tgkeCk(H,O)], which is linear magnetoelectric
in its antiferromagnetically ordered phase, see sectidn Gonsequently, the point group of the
non-ferroelectric, antiferromagnetic phase of (NfFeCkL(H,O)] must be a non magnetoelectric
subgroup of the point groupy'm.

The results of the present investigations of a series ofirtbdynamic properties reveal that
(NH,)2[FeCE(H,O)] is a new multiferroic material. Multiferroicity in thisompound arises at
~ 6.9 K, with preceding AFM ordering at 7.3 K. While for low applied magnetic fields an elec-
tric polarization of about 3C/nm? is lying within theab plane, it can be significantly enhanced and
rotated toc for magnetic fields above about 5 T. The rather complex teatper versus magnetic-
field phase diagrams of (Nhb[FeCk(H,O)] show several multiferroic/magnetoelectric phases,
that differ in orientation and magnitude of the electricgr@ation and also in the orientation of
the magnetic moments of iron. In order to characterize tfferdnt multiferroic/magnetoelectric
phases of (NH),[FeCk(H,0O)] on the microscopic scale, and thus to enable an undelisof
the underlying mechanism of multiferroicity of this commpaly a detailed determination of the
magnetic structures by means of neutron scattering is #akas a future investigation. However,
because of the high content of hydrogen atoms (10 H per f@amnit), this will require the use
of the analogous deuterium compound (NPFeClk(D,0O)]. Of course, a substantial influence of
the isotope exchange on the relevant crystal propertiegpisoted and will need a detailed inves-
tigation. Such studies could also help to clarify a possibileience of the system of hydrogen
bonds on the phase transition at 79 K and on the mechanismgrietaelectric multiferroicity in
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(NH,),[FeCk(H20)].

5.4 A,[FeCls(H,0)] with A =K, Rb, Cs

In the following, the results of the measurementslegfFeCk(H,O)] with A = K, Rb, Cs summa-
rized in section 5.2 are presented, analysed and discussiedkiil.

5.4.1 Magnetic properties

The magnetic-susceptibility measurementsdgfFeCk(H,O)] with A = K, Rb, Cs are summa-
rized in figure 5.13. The magnetic properties of all three compounds are rathglasi The low-
field curvesy(T") show well-defined kinks aff ~ 14.3 K, TR#* ~ 10.2K and7$® ~ 6.8 K for

A =K, Rb and Cs, respectively, in agreement with previous te$ui¥6, 180,185, 189,191, 197].
In all three casesy, decreases beloWy with decreasing temperature and approaches zero for
T — 0K, while x, and x. hardly change, indicating that the spins are oriented |ehred
the a axis, the magnetic easy axis. Note, however, that with @sjpethe zigzag chains of
[FeCL(H,0)]*~ octahedra the axis is oriented differently in the two structure types, fige
ure 5.1. Therefore, the magnetic easy axis in the Cs-basedaand is perpendicular to that in the
K-based and Rb-based compound. In the K-based and Rb-basgmbandl ¥ andTE> slightly
decrease with increasing magnetic field independently tiwarfield direction. In contrast, in the
Cs-based compourifl{® strongly decreases for all three field directions with iasiag magnetic
fields, which is in agreement with results of a MéssbauensfLgg].

For larger magnetic fields parallel tg the decrease of,(7") below Ty systematically vanishes
for all compounds. Above the critical fields{. ~ 3.5T, B8 ~ 1.5T and B$s ~ 1.2T the
characteristics of,;(7") become nearly identical in all the compounds for all thregmegic-field
directionsa, b andc, see figures 5.13(a), (d) and (i), respectively. Therefspa-flop transi-
tions occur atBs., with a rotation of the spins from being oriented along thexis to lying
within the plane that is perpendiculardo These spin-flop transitions can also be seen in the low-
temperature measurements of the magnetization as a forafttbe magnetic field, see the insets
in figure 5.13(a), (d), (i). Note that the field-dependent nedgation of the K-based compound
was obtained by resorting the temperature-dependent rtizginen data.

The inverse susceptibilities follow a Curie-Weiss behavimom about 50 K up to room temper-
ature for all three compounds, see the insets in figure 5)13€h (g). Here, only the data of
1/xs are displayed because the data pf, and1/y. for all the compounds are almost identical
in the high-temperature regime. Linear fits to the datd of! for T > 100K yield negative
Weiss temperatures' ~ —39K, —31K, —12K for A = K, Rb and Cs, respectively, and an effec-

5The magnetic measurements presented in this section wdogmed in a squid magnetometer, see section 3.1.
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Figure 5.13:Temperature dependences of the magnetic susceptibilitx,, andy. of As[FeCk(H,0)]
for A = K (a)-(c), A = Rb (d)-(f), A = Cs (g)-(i) for different magnetic fields parallel &g b andc. The
insets in (a), (d) and (i) show the magnetization at 2 K for gnegic field parallel ta. The insets in (b), (e)
and (g) show the temperature-dependent inverse susdgptipi,, together with Curie-Weiss fits (lines) in
the temperature range from 100K to 300 K. Note that{ifagh, ¢} axes in thePnma structure forA = K,
Rb correspond to thgb, c, a} axes in theC'mem structure forA = Cs, see figure 5.1.

tive magnetic moment.s ~ 6 ug. The negative Weiss temperatures signal net antiferroetagn
exchange interactions, whose magnitude roughly scalds &t With increasing ionic radius
of the alkali ions the sum of the exchange interactions dshis, most probably due to the in-
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creasing distance of the magnetic ions. The value of thetefiemagnetic moment lies close to
tet = g/ S(S + 1) = 5.92 ug, as expected for a 3dhigh-spin configuration of the Fe ions
andg = 2.

5.4.2 Dielectric properties

Figure 5.14 displays the temperature-dependent measatenoé the electric polarization
P = (P,, P, P.) of Ay[FeCk(H,0)] with A = K, Rb and Cs in magnetic fields applied paral-
lel to a, b ande. The corresponding pyroelectric currents can be found peagix E.4. In none
of the three compounds, an electric polarization arisesvb#ie corresponding Néel temperature
in zero magnetic field. Applied magnetic fields, howeveruicel an electric polarization in all
cases, which implies the presence of a magnetoelectrictefflae magnetic-field configurations,
where no electric polarization is induced, are not presehtre. The induced components of
the electric polarization of FeCk(H;O)] and RB[FeCk(H,O)] behave very similar with re-
spect to their temperature and magnetic-field dependendes.induced electric polarization of
Cs[FeCk(H,0)] has slightly different characteristics.

As can be seen in figure 5.14 (a) and (8}% and PR" reach broad maxima around 12K and 9K,
respectively, forB||a and then approach zero f@r — 0K. With increasing field strength the
components’X and PEP grow linearly in the low-field range until they are suppressempletely

in the vicinity of the spin-flop fields aBL. = 3.5 T and B = 1.5 T, respectively. Above the
spin-flop fields, electric polarization’. parallel toc occur and then also grow linearly with fur-
ther increasing magnetic fields, see figures 5.15 (a) and~fy)both compounds, the temperature
dependences df, and P. for B||b and B||c, respectively, are very similar to each other, but dif-
ferent fromP, for B||a, see figure 5.14 (b), (c), (e) and (f). In both cases the indlpodarizations
depend again linearly on the field strength dfds about one order of magnitude larger thian

In Cs;[FeCl;(H,0)], a magnetic field parallel ta induces an electric polarization alohgwhile

a magnetic field parallel tb causes an electric polarization alomgsee figure 5.14(g), (h). The
temperature dependenceRf* for B||a is very similar to that of?X and PR" for B||a. It reaches
a broad maximum around 5K and then approaches zerd fer 0 K. In the vicinity of the spin-
flop field B$: = 1.2T, PS is suppressed completely and instead an electric polemizatith
the component®“s and P arises, see figure 5.15 (c) and (d). b, an electric polarization
alonga is created, which saturates quickly with decreasing teatpez and forB||c no electric
polarization at all emerges.

The occurrence of the magnetic-field induced electric jmaéions forl” < Ty also causes anoma-
lies in the temperature and magnetic-field dependence®afdivesponding longitudinal compo-
nentse; of the dielectric tensor. To illustrate this, representateasurements of the temperature-
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Figure 5.14: Temperature dependences of the electric polarizatiBy P, and P. of
(a)-(c) K.[FeCE(H20)], (d)-(f) Rb[FeCk(H,0O)] and (g)-(h) Cs[FeCk(H,Q)] for magnetic fields
applied parallel to the, b or ¢ axis, respectively. The magnetic-field configurations, neheo electric
polarization is induced, are not presented here.

dependent dielectric constanfs(i = a, b, c) of Ko[FeCk(H,O)] for B parallel toa, b andc are
displayed in figure 5.16. The zero-field curves show onlytfkinks at7y, but in finite magnetic
fields, spiky anomalies occur at the transition temperatwich grow in intensity with increas-
ing magnetic field in all cases. F@||a, above the magnetic spin-flop field, the spiky anomaly

103



5.4 A,[FeCk(H,0)] with A = K, Rb, Cs

18 T T T T T T T T 04 T T T T T T T T
| (@) K,[FeCl5(H,0)], B |a, B>Bg 27%% - (c) Cs,[FeCls(H,0)l, B | |a, B> Bgp H
15 3T 4 I 6T —
§1 10T
I 12T 03 T — ]
12F 15T — o
“— L “—
£ £
o 9 . o 02F .
2 L 2
a” oL i n® |
I 0.1}f J
1 1 1 1 | 0.0 1 \l‘ i [r— -]
3 6 9 12 15 3 6 9 12 15
18 T T T T T T T T 04 T T T N T T T
| (b) Rby[FeCls(H,0)], B||a, B>Bgg | %% - (d) Cs,[FeCl5(H,0)], B |a, B> By 421%
154 3T i 6T —
81~ 10T
I 2T 031 1T -
12 I5T - H
Ng - ~g
o 9 1 o 02F i
2 L \ 2
o° oL \ ] o°
- \
o=~ . |
1 " 1 " 1 " 1 1 1 " 1
3 6 9 12 15 6 9 12 15

Temperature (K)

Temperature (K)

Figure 5.15: Temperature dependences of the electric polarizaflprand P. of (a) Ky[FeCk(H2O)],
(b) Rby[FeCk(H,O)] and (c)-(d) Cs[FeCkE(H,O)] for magnetic fields applied parallel to theaxis above

the spin-flop transitions.

11.44 T T T T 14.41 T T T T T T
r — 2 - r S T
(a) & ' (b) € i 123} (o) €. -
3 2T I 8T
3T — 12T —
4T 15T —
11.42 14.40 | 1 120F .
0T —
4T
8T
_ 1439 7k 31
11.40 ’ I S, B
11438 { 14k L
1138 . ]
/_
- . Blla 11437 - . AL Blle ]
10 12 14 10 12 14 10 12 14

Temperature (K)

Temperature (K)

Temperature (K)

Figure 5.16: Representative temperature dependences of the longitucimponents of the dielectric
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disappears again, while for the other field directions thanaalies stay present up to the maximum
field of 15 T. In the vicinity of the spin-flop field, a second anomaly osguvhich coincides with
the suppression of the electric polarization comporgnt

5.4.3 Magnetoelectric effect

For magnetic fields well below or above the spin-flop fieldg, tagnetic-field induced electric
polarization inA;[FeCk(H,O)] with A = K, Rb, Cs depends in all cases linearly on the magnetic-
field strength. This indicates that all three compoundsiasatl magnetoelectrics. The linear field
dependence of the electric polarization of all compoundHBustrated in figures 5.17 and 5.18,
by plotting the component8X, PRP and P** (i = a, b, c) as functions of the magnetic field at
representative temperatures. Linear fits to the magnelit-fiependent electric polarization data
yield the linear magnetoelectric tensor component&l’) = oo (1) /0B, in Sl units.

The linear magnetoelectric tensors o keCl(H,0)] and R[FeCk(H,O)] have a diagonal form
with the non-zero components,, aiss andass. This result is compatible with the magnetic point-
group symmetrym/m’m’, determined by neutron-diffraction measurements [186],18ee ap-
pendix G. The temperature dependences and absolute vélc@sesponding tensor components
a;(T) of both compounds are very similar to each other, as can beisdegure 5.19 (a), (d).
Below the Neel temperatures,(7") andass(7') grow strongly and then saturate with decreas-
ing temperature, whilev,;(7) first reaches a broad maximum and finally approaches zero for
T — 0. In contrast to the K-based and Rb-based compoungF€ESI;(H,O)] has only off-
diagonal tensor components; andai,. The componend,; (7") has an analogous temperature
dependence as,;""(T) and the component;,(7) behaves similar tad; " (T) and oy > (T),
see figure 5.19(g). The linear magnetoelectric tensord,ffFfeCk(H,0)] with A = K, Rb, Cs
calculated at representative temperatures are displayatle 5.4.3.

The spin-flop transitions foB||a lead to a modification of the magnetoelectric responseslin al
As[FeCl(H,0)] compounds. Fod = K or Rb, the component;; is suppressed angs; occurs.
For A = Cs, the component,, is suppressed ang; as well asas; occur. Their temperature
dependences are very similar to each other, see figuresc,1®(and (i). The behaviour of
the other tensor components in the spin-flop phases couldendetermined because in the used
experimental setup it was not possible to apply a constaghete fieldB > Bgr parallel toa,
while applying a variable magnetic field paralleltor c.

For collinear antiferromagnetic magnetoelectrics, tinegerature dependences of the linear mag-
netoelectric tensor components @ parallel ;) and B perpendicular ¢, ) to the magnetic
easy axis are characterized by the product of the correspgpmeagnetic susceptibilitieg (1)

and y, (T with the sublattice magnetizatio$(7") according to equation 2.22 in section 2.3.2.
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Figure 5.17: Magnetic-field dependences of the electric polarization (@F-(c) Ky[FeCk(H2O)],
(d)-(f) Rb,[FeCE(H,O)] and (g)-(h) Cs[FeCE(H, Q)] at representative temperatures. The field-dependent
data were obtained by resorting the temperature-depemtdgatof figure 5.14. The solid lines are linear
fits to the data for small magnetic-field strengths. Note thahe case of GgFeCk(H>O)] no electric

polarization is induced foB)||c.

As is shown in figure 5.19 the determined temperature-degpend,(7') well agree to the ex-
pected behaviour according to equation 2.22. For magnetutsfperpendicular to the magnetic
easy axis B||b or B||c), the temperature dependences of the magnetoelectricmespare dom-
inated by that of the sublattice magnetizati®iecause the corresponding magnetic susceptibil-
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Figure 5.18: Magnetic-field dependences of the electric polarization (af Ky[FeCk(H;O0)],

(b) Ry [FeCkE(H,0O)] and (c)-(d) Cs[FeCk(H,0)] at representative temperatures for applied magnetic
fields alonga above the spin-flop transition. The field-dependent datee vedtained by resorting the
temperature-dependent data of figure 5.15. The solid Imdisdte linear fits to the data for small magnetic-

field strengths.

ities stay nearly constant belol;, see figure 5.13. Thereforeg,(7T'), as3(T") for the K-based
and Rb-based compound ang(7") for Cs,[FeCk(H,O)] have the form of an order parameter.
For magnetic fields parallel to the magnetic easy alg4¢), the temperature dependences of the
magnetoelectric responses are dominated by the corresygontgnetic susceptibilities, which
approach zero fof' — 0. Thereforeny; (T') for the K-based and Rb-based compound and?’)

for Cs,[FeClk(H,0)] approach zero as well far — 0. The different temperature characteristics of
the magnetoelectric responses are further illustrateduimds 5.19 (b), (e) and (h), where the ratios
/x| anda, /x . are displayed. In most of the cases the expected temperature dependence of
an order parameter is nicely reproduced. Partially, sligviations occur in the low-temperature
limit. These can be explained by problems in determiningabeurate absolute values of the
electric polarization from the results of pyroelectricv@nt measurements, when the respective

"For the calculation of the ratias/, the magnetic volume susceptibilities in SI unitd = 4rCESmel /v

are used.
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compound T (K) (] ar (PS/M) [a;]sr (pS/m)
[ 0.71 ~0 ~0 ] ~0 - =

K,[FeCk(H,0)] 11K ~0 008 ~0 ~0 - -
| ~0 ~0 117 ] o071 - -

[ 063 ~0 ~0 ] ~ 0 — —

Rb,[FeCk(H,0)] 8K ~0 0.02 ~0 ~0 - -
| ~0 ~0 098 o - -

~0 045 ~0 0.03 — —

Cs[FeCk(H,0)] 5K 335 ~0 ~0 ~0 - =
~0 ~0 ~0 0.02 - -

Table 5.3:Linear magnetoelectric tensors 4t[FeCk(H,0)] with A = K, Rb, Cs at representative tem-
peratures. The tensors in the right column refer to the 8pmphases foB > Bgsr alonga, where only
the componenta;; could be determined.

pyroelectric currents hardly exceed the background ctsreee section 3.2.7.

As mentioned in the introduction, the magnetic structur€€sffFeCk(H,0)] is still unknown.
With the knowledge of the anisotropy of the linear magnetcteic effect of CglFeCkL(H,O)] it
is, however, possible to deduce its magnetic space groupedpliowing symmetry analysis.

Starting with the point-group symmetr)%%% for the prototypic, paramagnetic phase of
Cs[FeCk(H,0)], the only possible magnetic point groups, compatibléhihe form of the lin-
ear magnetoelectric tensor, aren2, 2'mm/, 2’2’2 andmmm/’, see appendix G. The magnetic-
susceptibility measurements reveal that the spins areeda@mtiferromagnetically below the Néel
temperature witla as the magnetic easy axis. In addition, the results of tHealréc investigations
show that in the antiferromagnetically ordered phase nctrédepolarization occurs in zero mag-
netic field. Therefore, the two polar groupsn2 and2’mm’ can be (almost certainly) excluded,
as well as the ferromagnetic grogf2’2. Hence, the only remaining possibility is the magnetic
point groupmmm’ = 22 2 "Including the information about the space gratimem = C' 222

of the room-temperature crystal structure of[EeCl(H,O)], the (only possible) magnetic space
group for its linear magnetoelectric phase’lg Z 2t which corresponds to the magnetic space
group number 63.5.515 according to [187]. With this knowlkeda model for the magnetic struc-
ture of Cs[FeCk(H,O)] can be derived. Starting with a spin at an arbitrary Fe gitented along
a, the orientations of all the other spins within the struetfallow by applying all the symmetry
elements of the magnetic space gratl %fn—l In figure 5.20 the resulting magnetic structure of

Cs[FeCk(H20)] belowTy = 6.8 K is displayed for one unit cell. The spin direction alterisdie-
tween+a along the zigzag chains of the [Fg(#,0)]*>~ octahedra running alongand the spins

108



Chapter 5. The erythrosiderite-type family[FeCk(H,O)] (A = K, Rb, Cs, NH)

K,[FeCL(H,0)] Rb,[FeCL(H,0)] Cs,|FeCl(H,0)]
— T r 1 1 1 1T 1 — T T T 1 T 1 4 L L B R B R |
oL @ 1 Lo i )
Ol33 SX 0,
E E
5—2 1_10><oc22 i vc; 2r Oy T
3 3
!
!
0 L 1 I; 1 1 1 1
T T T T T T 06 T T T T T T T
()
033/ X33 |
30X 007/ %2p
1 . 04 1
g 1415><(X11/x11 -3 g
g g
g 5
- - - 02_ -
O3z / Y33 ~*
B 122X 0y / 1y
14 X 055 / X9y
/
117 X0y /% Oo1 /% =
0 " 1 " 1 " 1 " 1 " 1 " " 1 " d 1 0.0 " 1 " 1 " 1 " 1 " 1
2T T T T T T — 7T T 1 T T 1 006 ——T————T T T T 71
© ® ) I
I 031
g 0Ol3q ,é\ %
I 1 1z |
g
0.02
oL—+ .0 PR IR IR B OOO"";’;»—‘"""'
2 4 6 8 10 12 14 2 4 6 8 100 12 14 U2 4 6 8 100 12 14

Temperature (K) Temperature (K) Temperature (K)

Figure 5.19:Magnetoelectric properties df;[FeCk(H,O)] with A = K, Rb, Cs. (a), (d), (g) Temperature
dependences of the linear magnetoelectric coefficientsiamtiferromagnetic phases. (b), (e), (h) Temper-
ature dependence aof /x| for B parallel to the magnetic easy axis anchaf/x | for B perpendicular to

the magnetic easy axis. (c), (f), (i) Temperature deperslefthe linear magnetoelectric coefficients in the
spin-flop phases.

of neighbouring chains are in phase. Therefore, the magsieticture of the Cs-based compound
is of the same type as that of the K-based and Rb-based comgpoilihe direction of the AFM
zigzag chains is equivalent in thénma-type andCmem-type structure, but the orientations of
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Figure 5.20:Magnetic structure of G§FeCk(H>O)] below Ty = 6.8 K, deduced from a symmetry anal-
ysis of its linear magnetoelectric tensor. The spin dicetiare along-a as indicated by versusx in the
view alonga (left) and by arrows in the view along Along the zigzag chains running alorghe spin
direction alternates betweerm, whereas the spins of neighbouring chains are in phase.

the magnetic easy axes differ by*90

5.4.4 Phase diagrams and conclusion

The present investigations reveal that all compouAg&eCkE(H,0)] with A = K, Rb, Cs are
linear magnetoelectrics. By means of their magnetic-fieldus temperature phase diagrams for
Bl|a, their properties are summarized and compared in the follpveee figure 5.21. The phase
boundaries are based on the results of the dielectric iigetgins and the magnetic-susceptibility
measurements. The three phase diagrams are very similactoaher. For each compound
there exists a paramagnetic phase (PM), a linear magnetoelantiferromagnetically ordered
phase (AF, ME) and a linear magnetoelectric spin-flop ph&se ME). With increasing ionic
radius of the alkali metal in the crystal structure( > rr, > 7k), the zero-field transition
temperature decreases frafff = 14.3 K and7¥" = 10.2K to 7%{* = 6.8 K. In the same way the
magnetic spin-flop transition fields reduce frdg. = 3.5 T and B& = 1.5 T to B§E = 1.2'T.
The phase boundaries of the K-based and Rb-based compotwmeebethe paramagnetic and
the magnetically ordered phases hardly change with fieldevithat of the Cs-based compound
is strongly bent towards lower temperatures for increasmagnetic-field strength. Figure 5.21
only displays the phase diagrams #Brparallel toa because, apart from the absence of spin-flop
transitions, the respective phase boundariedqrarallel tob andc essentially coincide with the
phase boundaries fd8 parallel toa for all three compounds.

The magnetic point group’m’'m’, determined for K[FeCk(D,0)] and RB[FeCk(D,0)] via
neutron scattering [185, 186] is consistent with the rasoftthe present magnetoelectric inves-
tigations. For both compounds, the linear magnetoeletdnisor has a diagonal form with the
componentsy;;, asy andass. This tensor form would also allow the point-group symmeXz§g
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Figure 5.21:Magnetic-field versus temperature phase diagrams éCk (H, O)], Rb,[FeCk(H,O)] and
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romagnetic phases fd8 parallelb andc coincide within the experimental uncertainty with the iestive
ones forB parallela. The phase boundaries are based on the dielectric and nagregtsurements.

andm’m’2. Becausen'm'2 is polar and no electric polarization is observed in zerome#ig field

for both compounds, it can be excluded. The point grekibhowever, is likem'm'm’ consistent
with the results of the present study. For[E£Ck(H,0)], the linear magnetoelectric tensor has
only the off-diagonal elements;, andas;, which leads after a symmetry analysis to the magnetic
point groupmmm’ and magnetic space groﬂb%%’% for the magnetoelectric phase of this com-
pound. Based on this result, the model shown in figure 5.2fbisgsed for the magnetic structure
of Cs,[FeCk(H,0)], which is of the same type as that of the K-based and Rbebasmpound.

However the orientations of the magnetic easy axes in baibtste types are different.

Although the alkali-based compounds investigated in tiesgmt work are structurally closely re-
lated to (NH),[FeCk(H,O)], their magnetic properties are less complex and coresgtyuthey
are only linear magnetoelectrics. The spin structure of {MHeCk(H,O)] exhibits anXY
anisotropy with a magnetic easy plane. Interestingly,¢asy plane corresponds to the plane that
is spanned by the two different orientations of the magredgy axes found in the K-based and
Rb-based compound on the one hand and in the Cs-based cotnpothre other hand. Therefore,
already slight crystal-chemical modifications within thgtherosiderite-type structure can change
the orientation of the easy axes either by 80 even transform the easy-axis anisotropy into an
easy-plane anisotropy. The fact that the easy-plane aosadllows the occurrence of a spiral spin
structure suggests that such spin spirals may induce thigendicity in (NH,),[FeCk(H,O)] via
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the so-called inverse Dzyaloshinskii-Moriya mechanisi[9
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Chapter 6

Explorative studies of potential multiferroic
compounds

6.1 NaFe(WQ,),

6.1.1 Introduction

The discovery of spin-driven multiferroicity in MnW{14, 19-21] some years ago led to the
search for other multiferroic materials in the tungstataifa [14]. Especially NaFe(WQ; was
investigated in more detail and the results of first dieleetreasurements indicated that this com-
pound could be another new multiferroic [14]. The crystalcture of NaFe(WQ), is a modifi-
cation of the well-known MnW@ structure by a coupled substitution of Nand Fé* ions for
the Mr?* ions. NaFe(WQ), crystallizes in the monoclinic space groia/c with the lattice pa-
rametersy = 9.88A,0 = 5.72A, ¢ = 4.94A ands = 90 + 0.5° at room temperature [222)].
The crystal structure consists of one-dimensional zigkagns of edge-sharing [FePoctahedra,
[WOg] octahedra and [Nag) octahedra running along theaxis, see figure 6.1 (a). The three dif-
ferent chain systems are arranged in neighbouring plangsipaicular to thex axis, leading to a
layered structure with a sequence of [E&{WO;]-[NaOg]-[WOg] layers.

Although the distance between the [R¢®lanes is rather large with about 10A, a three-
dimensional collinear antiferromagnetic order sets inbaiud 4 K in NaFe(WQ), with the spins
being oriented along the axis [14,223,224]. The results of magnetic-susceptihiieasurements
indicate that the three-dimensional magnetic orderingesguded at around 13 K by the onset of
low-dimensional magnetic correlations [14]. In a first meuntdiffraction study in zero magnetic
field [223] a commensurate propagation vectokof (0.5,0.5,0.5) was found, while a second
one [224] revealed a slightly incommensurate propagatextork’ = (0.5 + 9,0.5,0.5 + ¢)
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[FeO] [NaO,][WO,] b

Figure 6.1:(a) Room-temperature crystal structure of NaFe(W@b) Magnetic structure of NaFe(W®
below 5K.

with § ~ 0.03. According to this latter study a commensurate magnetigcgire forms with
k = (0.5,0.5,0.5) in finite magnetic fields above 1.5T [224]. In figure 6.1 (b)e thagnetic
structure reported in [223] is displayed.

6.1.2 Experimental details

All crystals of NaFe(WQ), investigated in the present work were grown by Prof. Dr. RKBe
Bohaty from high-temperature solution using a top-seed¢uation-growth process (TSSG). A
melt solution of the system N&/O,-WO; was used. With the morphological faces as reference
planes, oriented samples with faces perpendiculaxtg b andc were prepared.

The dielectric properties of NaFe(W}Y2 were investigated by performing pyroelectric-current
measurements on different samples with faces perpenditutec, b or c. Because of the very
low magnetic-ordering temperature of about 4 K, the stashdatup with the variable temperature
insert ([, = 2 K) could not be used for these measurements. Instead, a kgktem was used,
which expands the temperature range down-t800 mK. In this context, a new sample holder
for dielectric investigations was engineerfetihe results of the dielectric investigations reveal that
NaFe(WQ), is neither multiferroic nor magnetoelectric. Small cutsesimilar to those already
reported in [14], which occurred below 4 K, could be attrédalito frozen charge carriers. Thermal-
expansion and magnetostriction measurements, which Wsoeparformed in a Heliox system
for magnetic fields applied parallel tece, b or ¢, reveal glass-like transitions below 42Based

For details, see section 3.2.6.
2All the thermal-expansion and magnetostriction measungéseere performed by Y. Sanders.
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on the results of the thermal-expansion and magnetosiniatieasurements, magnetic-field versus
temperature phase diagrams are derived.

6.1.3 Thermal expansion and magnetostriction

In order to derive magnetic-field versus temperature phaggams of NaFe(WQ-,, a thermal-
expansion and magnetostriction study aléngas performed fo3 parallel tobxe, b or c.? Fig-
ure 6.2 displays a representative selectiom\df,(7, B)/L? curves measured as a function of
increasing or decreasing temperature at constant magrets. Problems with the tempera-
ture controller around 2 K caused perturbations in the spowadingL, (7, B) /LY curves in some
cases, which is typical for a heliox system because in thipazature regime théHe-dominated
cooling changes to #He-dominated cooling.

The down measurements show a rather strong continuousasgecof\ L, (7) /L) between about
3K and 2K in zero magnetic field without the occurrence of aimkksee figure 6.2. In contrast,
the up measurements exhibit two well-defined kinksvaR K and~ 3 K, respectively, which
indicate the presence of two different phase transitiorigsatsight. However, combining the in-
formations about the up and down measurements leads toliwifgy interpretation. During the
cooling cycle a smeared, glass-like phase transitionsstamerge dfy ~ 3 K, which is not ac-
complished at lower temperatures (the transition proaegzés). This transition can probably be
attributed to the onset of the antiferromagnetic ordegudised in section 6.1.1. During the heat-
ing cycle the thermal energy grows again with increasingpnature until atv 2 K it apparently
suffices to accomplish the magnetic ordering, which causefirst kink. Finally, with further in-
creasing temperature a transition from the magneticatlgi@d to the paramagnetic phase occurs
at~ 3 K, which causes the second kink.

For small magnetic fields alonly the glass-like transition stays present until abevd.5 T it
transforms to an ordinary second-order phase transitidgheanagnetically ordered phase. For
7T and 11T the corresponding spontaneous contractionsispkayked in figure 6.2 (b). Finally
above 15T, no transition at all occurs. The length changeagplied magnetic fields alorigkc

or ¢ have similar characteristics below 4.5 T as those in the low-field range fd@||b, indicat-
ing the occurrence of analogue glass-like transitions,lee figures 6.2 (a) and (c). For higher
magnetic fields alongxc or ¢ another type of transition emerges between.5 T and~ 10.5T.
The corresponding rather sharp length changes have aveosigin and show a weak tempera-
ture hysteresis. For even higher fields between0.5 T and~ 13.5 T, the characteristics of the
ALy(T, B)/LY curves change again. The hysteretic abrupt length changsspgar and instead
well-defined kinks occur at lower temperatures. Finallythi@ high-field limit no transitions at all
emerge, such as fdB||b.
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Figure 6.3 summarizes representative magnetostricticmsaorements along thie direction for
magnetic fields applied parallel #o<c, b or ¢. The magnetic-field dependetZ;/L{ curves
are very complex, especially fdB||bxc or B||c. In some cases it is very difficult to interpret
them. Therefore, the discussion will focus first on the sesptase foB||b. The initial phase
at~ 0.5 K in zero magnetic field is the mixed, partially ordered phaiseussed above in the
context of figure 6.2 (b). With increasing field strength atw@ty} T a sharp drop oA L,/ L} arises
indicating the completion of the frozen phase transitionh® magnetically ordered phase, see
figure 6.3 (b). ThenA L,/ LY continuously grows until around 14 T a kink occurs, whichgess

a transition to the paramagnetic phase. In the down meagumtehs kink is reproduced indicating

a re-entrance in the magnetically ordered phase, whichdk&mds down to zero magnetic field.
With increasing temperature the principal charactessbicthe observed length changes stay the
same. The sharp drop &7,/LY in the up measurements is shifted to lower field strength and
slightly broadens. At 3K finally, an abrupt length changeseaisible in the down measurement
at~ 2T, indicating that the magnetically ordered phase is lefiraga

For B||bxc or Bl|c, the magnetic-field dependert’,/L) curves show up to four different
anomalies. One of them is only visible in the down curves,figpges 6.3 (a) and (c). This indi-

cates the presence of two more phases compar8d|to The initial phase foB||bxc at 0.3K in
zero magnetic field is again the mixed partially ordered phakeady discussed above. With in-
creasing field strength L,/ LY continuously grows until at 5 T an abrupt positive length change
takes place indicating a direct transition from the pdstiatdered phase to another magnetically
ordered phase, see figure 6.3 (a). With further increasitdy fie., / L) stays nearly constant up to
~ 10.5 T, where a sharp drop occurs indicating another phase ti@msiinally, a kink emerges at
about 13T, which can probably be attributed to a transitainé paramagnetic phase. In the down
measurement this kink is reproduced, while the anomalyoatrat~ 10.5 T is slightly shifted to a
lower field strength, which proves a hysteretic behaviouhisftransition. The anomaly at 5 T is
broadened and finally below 2 T apparently another phase transition occurs, which couléé@o
observed in the up measurement. With increasing temperttarcharacteristics of the transitions
above~ 4T stay essentially the same. The characteristics ofthg/ LY curves in the low-field
regime, however, change in a way, which is difficult to intetp For B||c similar anomalies are
observed as foB||bxc, see figures 6.3 (a) and (c). As before, especially in thefleld-regime
the characteristics of th& L,/ L) curves are difficult to interpret.

Based on the results of the thermal-expansion and magretiost measurements, magnetic-field
versus temperature phase diagrams were derived, see figur@mi temperature decrease in zero
magnetic field, NaFe(Wg, undergoes a glass-like phase transitiomlat~ 3 K from its para-
magnetic phase to a partially antiferromagnetically cedemnixed phase. The suppression of the
complete magnetic ordering is probably caused by a fregaiogess. On a subsequent temper-
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Figure 6.4:Magnetic-field versus temperature phase diagrams of NaBgNor magnetic fields applied
parallel tobxe, b or c. The phase boundaries are based on the anomalies of theatfexpansion and
magnetostriction curves.

ature or magnetic-field increas®(|b) the magnetic ordering is accomplished above K or

~ 1.5T, respectively, see figure 6.4 (b). The freezing of the magmetering of NaFe(WQ),

for low magnetic-field strengths and the completion of theeoing process in magnetic fields
alongb for field strengths above: 1.5T could perhaps also explain the results of the neutron-
diffraction studies, reported in literature [223, 224]. eT&lightly incommensurate propagation
vectork’ = (0.5 + 4,0.5,0.5 + §) with § ~ 0.03, found in zero magnetic field, could perhaps
be attributed to the frozen, mixed ordered phase and the emsuate vectak = (0.5, 0.5,0.5)
above 1.5T to the complete magnetically ordered phase [2D4@ fact that in the second study
the commensurate propagation vedtor= (0.5,0.5,0.5) was already observed in zero magnetic
field [223] could reflect the strong history dependence ofidhetemperature zero-field phase of
NaFe(WQ),.

In contrast toB||b, an increase of magnetic fields applied aldng: or ¢ apparently does not
lead to a completion of the magnetic ordering but causesitrans to other magnetically ordered
phases (M1/M1’) around 4.5T, see figure 6.4 (a) and (c). Witkther increasing field strengths
other transitions to differently ordered magnetic phab&/{12’) seem to occur around 10.5T. At
about 13.5T a transition to the paramagnetic phase occeauBe of the very complex tempera-
ture and magnetic-field dependences of the thermal-expaasd magnetostriction measurements
and their strong history dependence, the phase boundariiggire 6.4 and the corresponding in-
terpretations have to be considered with a lot of cautions itecessary to perform much more
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Figure 6.5:Pyroelectric-current densities of NaFe(W@alongbxc recorded during heating and cooling
cycles (top, bottom) foB||b (left) andBl||c (right).

detailed investigations to corroborate the interpretegtiof this section.

6.1.4 Dielectric properties

The pyroelectric-current measurements of NaFe()Y@longbxc andc are summarized in fig-
ures 6.5, 6.6 and 6.7. Because no currents were detectegltgltre results of the measurements
for this direction are not presented here.

In accordance to previous findings [14], a current flow cowddietected in zero magnetic field
alongbxc with two maxima at about 2 K and 3 K during the heating cycles,figures 6.5 (a) and
(b). The sign of the current flow could be inverted by invegtihe electric poling field during the
preceding cooling cycles. However, no significant curremw flvas observed during the cooling
cycles with applied electric poling fields, see figure 6.5(@)l (d). This indicates that the detected
currents during the heating cycles are not caused by thegehaina spontaneous electric polar-
ization as proposed in [14]. It is rather probable that cea@riers are frozen during the cooling
cycles, which then cause a current flow during the heatingesyd~or B||b and B||c, the two
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(a) the heating cycles and (b) the cooling cycles.

current maxima converge with increasing field strengthl only one maximum remains, which is
shifted to lower temperatures with further increasing fetgngth, see figures 6.5 (a) and (b). All
observed maxima coincide with anomalies of the thermakegn data of corresponding field
directions. As in zero field no significant currents could bedted during the cooling cycles, see
figure 6.5 (c) and (d). A reanalysis of the pyroelectric-eatrdata of [14] proves that also in these
measurements no significant currents emerged during tHangarycles, which further supports
the present interpretation.

Pyroelectric-current measurements alangvhich were performed by S. Albiez and O. Heyer
in applied magnetic fields alony revealed the occurrence of current signals above 2T with a
maximum around 4 K, see figure 6.6. In contrast to the measmalonghxe, these currents
arose not only during the heating cycles, but also in ap@liectric poling fields during the cooling
cycles. This indicates that they are probably not causedhé&watorementioned freezing process.
However, the sign of the emerging currents could not be tedeoy inverting the electric poling
field. Furthermore, the absolute values of the observegrotimaxima are not dependent on the
magnetic-field strength within the experimental uncettaimherefore, the presence of a linear
magnetoelectric effect can probably be excluded. In thegmework, the pyroelectric-current
measurements along were repeated in applied magnetic fields alédngnd ¢ using the same
sample as in the investigations of S. Albiez and O. Heyer. ¢él@wn the previous results could
not be reproduced. No comparable currents were detectedjgsge 6.7. During the cooling
cycles no currents at all emerged and during the heatingesyahly very small current signals
were observed, which were independent from the magnetdisength.

120



Chapter 6. Explorative studies of potential
multiferroic compounds

ol .
olr—rTT—T——T——T—

oob——
Ol—r—T—7——T——T——T—

L
—
© g% (d)
4T
8T 1
—C.,\,, ]
% me A
P
< 00
= x
':; " } oo g W)
A,;‘HJ“L!_(,,‘N ‘)1’,‘-':“» u:q J"”"""’f“’l{ ;—e\r‘-ﬂ " ,‘\.{;
B||b, E=%200 V/mm B||c, E=+200 V/mm
-OlolllélélilgléllléIQ_OloliléléliléléllléIQ
. 1 7 . 7
Temperature (K) Temperature (K)

Figure 6.7: Pyroelectric-current densities of NaFe(W@along c recorded during heating and cooling
cycles (top, bottom) foB||b (left) andBl||c (right).

6.1.5 Conclusion

The thermal-expansion and magnetostriction measurermmrdal that NaFe(W(), undergoes at

~ 3K a glass-like transition to a probably mixed partially magpedly ordered phase. Previ-
ous results of magnetic-susceptibility measurementsatdithat the three-dimensional magnetic
ordering is preceded at around 13 K by the onset of low-dimeas magnetic correlations [14].
Based on the findings of a neutron-diffraction study, a nebir antiferromagnetic spin structure
for temperatures below 3 K with the a axis as magnetic easy axis and a commensurate prop-
agation vector ot = (0.5,0.5,0.5) was proposed [223]. In contrast, another study found a
slightly incommensurate propagation veckdr= (0.5 + §,0.5,0.5 + §) with 6 ~ 0.03, which
could perhaps be attributed to the frozen, mixed orderedef224]. The inconsistency of the
two different neutron-diffraction studies could reflece tstrong history dependence of the low-
temperature zero-field phase of NaFe(WWQwhich was observed during the thermal-expansion
and magnetostriction measurements. With increasing fiedtdgth forB||b a transition occurs at
around 1.5 T, where the magnetic ordering is completed. Bi¢bxc and Bl||c, with increasing
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field strength direct transitions from the mixed partiallggnetically ordered phase in two other
magnetically ordered phases occur.

The pyroelectric-current measurements prove that NaFgW® neither multiferroic nor linear
magnetoelectric. The observed currents could be attdbistecharge carriers frozen during the
cooling cycles, which discharge during the subsequentrigeaycles. Thus, apart from MnWQ
up to date no other multiferroic material is known within thegstate family.

6.2 CuBr,

6.2.1 Introduction

The discovery of spin-driven multiferroicity in cupric crlde CuC} some years ago [225, 226],
which is an antiferromagneti€ = 1/2 chain compoundiy ~ 24 K), led to the search for mul-
tiferroicity in other related dihalide materials. In 20X8ultiferroicity was also found in poly-
crystalline samples of CuBibelow Ty ~ 73.5K [13]. As CuCl}, cupric bromide CuBris a

S = 1/2 chain antiferromagnet. At room temperature it crystaflirea distorted”'d/, type struc-
ture with space group’2/m and with the lattice parameteis= 7.2096(5) A,b = 3.4742(2) A,

c = 7.0475(6) A and3 = 119.610(5) ° [227], see figure 6.8 (a). Ribbons of edge-sharing GuBr
squares are running along thexis. Neighbouring ribbons are connected via longer Cudsids
perpendicular to the ribbon planes leading to a layerecttsire with the layers being oriented
parallel to thead plane. Neutron-powder diffraction and magnetic-susbdfi}i measurements
revealed at about 200K the onset of one-dimensional maguoetrelations, proceeded below
Tn ~ 73.5K by the occurrence of an incommensurate cycloidal spin stre@ropagating along
the b axis and with the plane of the spin helix slightly inclined ag angle ofi3° from the
CuBr,-ribbon planes [13,228]. Therefore, a spontaneous etgatiarization within thewc plane

is expected according to equation 2.9 withx e;; x (S©® x SW).

6.2.2 Experimental details

All crystals of CuBg investigated in the present work were grown by Prof. Dr. Lh&ty from

a Cu-Bg, solution at 40 °C. After typical growth periods of 6-8 weelkadk, shiny single crys-
tals with a tabulak001) morphology and dimensions up to about3®x2 mm? were obtained,
see figure 6.8 (b). The CuBcrystals are plastically deformable, hygroscopic anchtigrate in
contact with a multitude of solvents. Because of their fléixyh a scalpel or a razor blade can be
used for the preparation. A slight humidification of the lgadvith isopropanol helps to prevent
the generation of plastic deformations. Metallizing thestal surfaces with silver or gold elec-
trodes by evaporation is difficult. It turned out that CuBttacks silver, gold but also other metals.
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(a) (b)

Figure 6.8:(a) Room-temperature crystal structure of Cu@r) Grown crystal of CuBy.

Therefore, at the end graphite powder mixed with vacuumsgreas used for the creation of the
electrode areas.

CuBr, was characterized by dielectric investigations, whicheed\wthe onset of ferroelectricity
below Ty ~ 73.5K in agreement to [13]. Because of the tabular morphology of CuBthe
electric polarization and relative dielectric constantildoonly be investigated alon@01). In
order to sustain a single-domain state during the pyrastectirrent measurements, the electric
poling field had to be applied both during the cooling and ingatycles, which indicates that
the ferroelectric domains in CuBare metastable even at low temperatures far away from the
transition temperature.

6.2.3 Dielectric properties

Figure 6.9 summarizes the temperature-dependent measuieaf the electric polarizatiaFgg1)

of CuBr, in magnetic fields applied parallel and perpendicular tostiméace norma{001) . The
respective pyroelectric-current densities can be foundppendix E.5. Py emerges below
~ 73.5K in zero magnetic field and reaches at lower temperatures amaaxvalue of about

3 uC/m?, which is more than a factor of two smaller than the maximuragimation observed
on polycrystalline samples of CuBf13]. This result is in accordance with the theoretical pre-
diction based on the magnetic structure that the electi@rization is lying within theuc plane,
see section 6.2.1. With increasing magnetic-field stretigghelectric polarization grows for both

3The dielectric investigations, presented here were pedrby L. Andersen.
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investigated field directions in accordance with the restgported in [13]. At 15T the elec-
tric polarization reaches maximum values of abdwjC/m? and 22 uC/m? for B||(001) and
B 1 (001), respectively.

The transition to the ferroelectric phase of CuBtso causes distinct anomalies in the tempera-
ture dependences of the corresponding component of tkm:ﬁieltensoﬁ(”om) for magnetic fields
applied parallel and perpendicular(fi1), as can be seen in figure 6.10. At the transition temper-
ature 73.5K the dielectric constant shows a sharp rise ieesgent to [13].

6.2.4 Conclusion

The dielectric investigations of CuBreveal the onset of a spontaneous electric polarizatiawbel
Ty ~ 73.5 K in accordance to [13], which is probably lying within the plane in zero magnetic
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field. The investigated component alofi@1) grows with increasing field strength. No evidence
was found during the investigations for a rotation of the&le polarization out of thec plane in
applied magnetic fields or the occurrence of further phasesitions. Because of the tabular mor-
phology of the grown single crystals of CuBthe full anisotropy of its dielectric properties could
not be investigated in the present work. In addition the GudBystals are plastically deformable,
hygroscopic and disintegrate in contact with a multitudsa¥ents and metals. Therefore, further
investigations will be in any case very challenging.

6.3 Mn3A| Q(Geo4)3

6.3.1 Introduction

At room temperature, the spessartite type garneiA{GeQ,); crystallizes in a cubic structure
with space grouga3d and with the lattice constants= b = ¢ = 11.894(2) A [229]. It is iso-
morphous to its Si analogue MAI(SiO,);, which occurs in nature as the mineral spessartite.
Neutron powder-diffraction and magnetic-susceptibilitycombination with specific-heat mea-
surements revealed beldliy ~ 6.65 K the onset of an antiferromagnetic ordering [229—-231]. The
magnetic structure belo®y can be described by the magnetic space gdje and forms spin
vortices within the (111) planes with the spins being oeerarallel or antiparallel t11], [121]

or [112] [229,232]. The space group3’c allows a perfectly antisymmetric linear magnetoelectric
effect with the components,; = —ay,, See appendix G. Since the antisymmetric part of the
linear magnetoelectric effect can be related to the tofeiaanent, this compound could be inter-
esting for the search for fingerprints of toroidal order om thicroscopic scale, which are distinct
from the antiferromagnetic order, see section 2.4. In tieedture no evidence was found for the
occurrence of other phase transitions apart from the megoetering at/y ~ 6.65 K. There-
fore, the onset of the magnetic ordering in M, (GeQ,); probably coincides with a ferroelastic
transition with the species3m1’F3'm. Therefore, MpAl,(GeQ,); is probably a magnetoelastic
multiferroic with four ferroelastic domain states.

6.3.2 Experimental details

The Mn;Al,(GeQ,); crystals were grown by M. GroRB in the laboratory of the EEdEipervised by
Dr. D. Rytz and Dr. habil. L. Ackermann. The starting compiosiof the growth melt wa3MnO+
Al; O3 + 3GeOs in a stoichiometric mixture. The crystals were grown using@seeded growth
method in a crystal-puller furnace with resistance hedi8). An undoped YAG (YAl;Al;0,5)
rod with [111] orientation, serving as seed, was dipped théomelt at a temperature of 1376 °C.

4Forschungsinstitut fiir mineralische und metallische \&trie Edelsteine/Edelmetalle GmbH, Idar-Oberstein

125



.lﬂ% Figure 6.11.Grown Mn;Al;(GeQ,)s crystal. The
e top surface is oriented along [111].
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Figure 6.12:(a) Temperature dependence of the electric polarizatiadrafAl, (GeQy); along a general
crystallographic directiohkl) for a perpendicularly applied magnetic field. (b) Magnédigdd dependence
of the electric polarization of MyAl;(GeQ,)s at representative temperatures.

The pulling was started after 7 hours from dipping with a sesdtion rate of 5rpm and with a
pulling rate of 0.15 mm per hour. After a growth period of 23utea large single crystal with a
weight of 42.34 g was obtained.

Some explorative dielectric investigations were perfatma Mn;Al,(GeQ,);, which prove the
presence of a linear magnetoelectric effect in this comgolmerestingly, the magnetoelectrically
induced electric polarization seems to occur above a tbidsield of about 1.5T.

6.3.3 Dielectric properties

Figure 6.12 summarizes the results of the temperaturenrdepe measurements of the electric
polarization of MRAl,(GeQ,);. The dielectric measurements were performed on a sample ori
ented along a general crystallographic directi@®!). The magnetic field was applied per-
pendicular to the measurement direction. In zero magnedld fio electric polarization oc-
curs belowTy ~ 6.65K. Then above a threshold field of about 1.5T an electric prdari
tion arises, which grows linearly with increasing field sgth, see figure 6.12(b). This indi-
cates that MpAl,(GeQ,); is a linear magnetoelectric as expected for the magneticesgeoup
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R3'c [229,232]. The observed threshold field is quite unusuabftinear magnetoelectric. Be-
cause the measurements were probably performed on a Bsticgloly-domain sample, the pres-
ence of this threshold field should be considered, howevidr,s@me caution. For more detailed
dielectric investigations, an appropriate way to pole #redelastic domains by clamping the sam-
ples under investigation should be found. However, duedddtv transition temperature this will
be a challenging task and the poling process should be addity monitored with the help of a
polarized-light microscope to check if a single-domainests obtained.

6.4 TbyTaO;

6.4.1 Introduction

Some years ago the crystal structures and magnetic prepeartia series of rare earth tanta-
lates RE3TaO; (RE = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were investi-
gated [233]. The results of temperature-dependent magsesiceptibility and specific-heat mea-
surements indicate that the Nd and Th compound undergeeamwtifiagnetic two-step transitions
atTN = 26K, Tod = 21K andT™ = 3.6 K, T,f* = 2.9K, respectively. At room temper-
ature, both compounds crystallize in the orthorhombic sgaoup(C'222, [233]. For HgTaG;,
two different phases were found depending on the anneatoaeps, one orthorhombic with space
groupC222; and one cubic with space grodpn3m [233]. Therefore, the orthorhombic phase of
HosTaO; is probably ferroelastic with the cubic phase as prototppiase.

6.4.2 Experimental details

Because two-step magnetic transitions have often proveaitzide with the occurrence of mul-
tiferroicity, explorative pyroelectric-current measonents were performed on a polycrystalline
sample of ThTaO;, which was synthesized by Dr. M. Pelz in the laboratory off&€. Tantalum
oxide TgOs and terbium sesquioxide FO in a stoichiometric mixture were used as starting ma
terials. After fusion in a rhenium crucible at temperatuabsve 2300 °C polycrystalline ThaO;
was obtained after a controlled cooling process, see figli&(6). Polarized-light microscopy at
room temperature on polished thin sections of TR, reveals that its orthorhombic phase is ap-
parently ferroelastic. The results of the pyroelectricrent measurements give first evidence for
the occurrence of multiferroicity in Bda0; in a small temperature and magnetic-field window.

SForschungsinstitut fiir mineralische und metallische \&trtte Edelsteine/Edelmetalle GmbH, Idar-Oberstein
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Figure 6.13:(a) Solidified, polycrystalline flux of THTa0; in a rhenium crucible. (b) Temperature de-
pendence of the pyroelectric current of a polycrystalliamgle of TBTaO; in zero magnetic field and a
field of 2 T. (c)-(d) Ferroelastic domains, observed in twitedént polished thin sections of polycrystalline
Tbs TaO; with a polarized-light microscope.

6.4.3 Results and discussion

The pyroelectric-current measurements are presentedurefy13 (b). In zero magnetic field a
pyroelectric-current signal emerges betw&gh = 2.9 K andT ' = 3.6 K, which can be inverted
be reversing the electric poling field. This indicates theatrof an electric polarization coinciding
with the occurrence of antiferromagnetic ordering belgi¥. At the second magnetic transition
atT.'® the electric polarization is suppressed again. In magfietits perpendicular to the surface
normal of the sample under investigation, no pyroelecuiitants were detected, as is exemplified
in figure 6.13 (b) for the case of 2T.

The results of polarized-light microscopy at room tempe®iare displayed in figures 6.13(c)
and (d). A multitude of different ferroelastic domains witlferently oriented domain walls is
visible, indicating that the orthorhombic phase o TaO: is ferroelastic. In analogy to HdaO;,
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which apparently undergoes a ferroelastic phase trandition cubic to orthorhombic in the high-
temperature regime [233], a similar transition can be asslimoccur at even higher temperatures
in ThsTao,.

In conclusion, the present results of the pyroelectricantrmeasurements give first evidence for
the occurrence of multiferroicity in Eda0; in a small temperature and magnetic-field window.
The critical magnetic field for the suppression of the elegiolarization has not been determined
yet. More detailed dielectric investigations are needediagle crystals to better characterize
the multiferroic properties of Ta0O;. In addition, a ferroelastic phase transition from cubic
to orthorhombic seems to occur in the high-temperaturemmegiThe transition temperature is,

however, not known yet and should be determined in high-egatpre experiments.

129



6.4 Th TaC;

130



Chapter 7
Summary

The objective of the present work was the search for new facriic and magnetoelectric crystals
with strong magnetoelectric couplings and their basicattarization by investigating the dielec-
tric and other thermodynamic properties. The used expatmhenvironment for the dielectric
investigations, that was already established by S. Jodlatikg his PhD thesis [14] was partially
enlarged and improved. The construction of a sample hotatethe HelioxVL sorption pumped
3He insert extends the low-temperature limit of the expenitadown to 0.3 K and the development
of a new continuous-flow cryostat, operated with cold nigrogas extends the high-temperature
limit up to 550 K.

The pyroxene family, which was established by S. Jodlauk eass of multiferroic and linear
magnetoelectric materials [14] was further studied in tlesent work. In this context, NaFegi;
was characterized as first prototype multiferroic withia lyroxene family. Multiferroicity arises

at ~11.6 K with preceding AFM ordering at 13 K. The electric polarization®{ ~ 32 ;C/m?)

lies mainly within theac plane with a small component alomg It can be strongly modified by
magnetic fields. The general orientation of the electri@poation found in this work indicates
the presence of a more complex spin structure as reporte2DB+-R07] with a finite spin com-
ponent alongb within the ferroelectric phase I. In order to clarify the moscopic mechanisms
leading to multiferroicity in NaFeG&®;; and in order to resolve the inconsistencies discussed in
section 4.4, more detailed information about the magnétictire are needed. Therefore, as a
future task neutron-diffraction experiments should bégrared on single crystals of NaFeg&g;.

In addition, LiFeSjOs another member of the pyroxene family was reinvestigateddefailed
analysis of the anisotropy of the magnetoelectric effedtibeSi,LOg proved that all components
of the linear magnetoelectric tensor are non-zero withingkperimental uncertainty, apart from

Iparallel to the investigations in the present work, muitdieity in NaFeGeOg was also found by another re-
search group in polycrystalline samples [12].
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the components,,. The electric polarization componerfs” , PbBb“, PP and PP, induced via
the linear magnetoelectric effect, are one or two orders agmitude smaller thai”>x, P/,

bxe !

PP and PP:. This result is in contradiction with the monoclinic spagewp P2, /¢ proposed
for the antiferromagnetic phase of LiFgSj in literature [204, 216] and indicates that LiFeSi
actually transforms afy ~ 18.5K from the monoclinic space grouf2;/c1’ to the triclinic
one P1’. Because of the partly very weak magnetoelectric respanse&eSi,Og, an intensive
analysis of parasitic currents generated by mismatchexretke areas was necessary to exclude
parasitic effects as error sources. The analysis showathffwtance of well-matched electrodes,
especially in the case of only small pyroelectric or mageletctric effects, respectively. In addi-
tion, a simple model for the description of parasitic pyea#lic currents could be derived. Finally,
a new phase was detected for magnetic fields parallelaiod investigated by thermal-expansion
and magnetostriction measurements. Further examinarenseeded to explain the observed dis-
crepancies of the transition fields and temperatures detantthe dielectric investigations and
thermal-expansion and magnetostriction measurementsoriclusion, the results of the present
work show that the pyroxenes are still an interesting classaterials for further studies of multi-

ferroicity and magnetoelectric coupling phenomena.

The erythrosiderite-type compounds[FeCk(H,0)] (A = K, Rb, Cs, NH) could be established
as a new family of non-oxide multiferroic and linear magméatric materials. Multiferroicity in
(NH,),[FeCk(H,0)] arises at- 6.9 K, with preceding AFM ordering at 7.3 K and a preceding
structural ferroelastic phase transition at 79 K. Whileltaw applied magnetic fields an electric
polarization of about C/n? is lying within theab plane, it can be significantly enhanced and
rotated toc for magnetic fields above about 5 T. The rather complex teatpes versus magnetic-
field phase diagrams of (Nhb[FeCk(H,O)] show several multiferroic/magnetoelectric phases,
that differ in orientation and magnitude of the electricgr@ation and also in the orientation of
the magnetic moments of iron. In order to characterize tfferdnt multiferroic/magnetoelectric
phases of (NH);[FeCk(H,0O)] on the microscopic scale, and thus to enable an undelisgof

the underlying mechanism of multiferroicity of this commpaly a detailed determination of the
magnetic structure by means of neutron scattering is aatasta future investigation. However,
because of the high content of hydrogen atoms (10 H per famnit), this will require the use
of the analogous deuterium compound (NPFeCk(D,O)]. Of course, a substantial influence of
the isotope exchange on the relevant crystal propertiegpisoted and will need a detailed inves-
tigation. Such studies could also help to clarify a possibileience of the system of hydrogen
bonds on the phase transition at 79 K and on the mechanism griet@electric multiferroicity

in (NH,)2[FeCk(H20O)]. In contrast to (NH),[FeCk(H,0)], the alkali-based compounds of the
erythrosiderite-type familyl,[FeCk(H,O)] are only linear magnetoelectrics. From the K-based
to the Cs-based compound the transition temperature t@Hpective magnetoelectric phase de-
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creases frof¥¥ = 14.3K and7T¢® = 10.2K to T{® = 6.8K. For all three compounds the
complete magnetoelectric tensors and their temperatyrendience were determined. A symme-
try analysis of the linear magnetoelectric effect of[EeCk(H,O)] allowed to derive a model
for its magnetic structure with the magnetic space grﬁl%i?%'%. At the moment mixed crys-
tals (NH,)._.K,[FeCk(H,0)] are grown for a further investigation of the mechanise&ling to
multiferroicity in pure (NH);[FeCk(H;O)]. In addition, the examination of other members of the
erythrosiderite-type family is planned for the future.

Detailed investigations of NaFe(W, which is a slight crystal-chemical modification of the well
known multiferroic compound MnWQand a member of the tungstate family, revealed that the
claim of multiferroicity in this material [14] is apparegtivrong. Although a multitude of different
phases were detected in the low-temperature limit and ihegpmagnetic fields, neither multifer-
roic nor magnetoelectric properties were found in this coomal. More explorative work led to
the discovery of magnetoelectric properties in some otberpounds. With CuBra non-oxide
multiferroic with a rather high transition temperature i tvicinity of the boiling point of liquid
nitrogen was discovered and first dielectric investigatimere performed.Because of the tabular
morphology of the single crystals of CuBithe full anisotropy of its dielectric properties could
not be determined in the present work. In addition, the GuBystals are plastically deformable,
hygroscopic and disintegrate in contact with a multitudeaftents and metals. Therefore, fur-
ther investigations will be very challenging. With the spatite-type garnet Mi\l,(GeQ,); a
perfectly antisymmetric linear magnetoelectric matesias found, which could be interesting for
the study of the toroidal moment. Dielectric investigat@m polycrystalline samples of TtaO,
gave first evidence for multiferroicity in that compound ismall temperature interval between
TP = 29K andT™ = 3.6 K. Furthermore, polarized-light microscopy revealed thatrioom-
temperature phase of Tta0; is apparently ferroelastic.

2Parallel to the investigations in the present work, muitdiity in CuBr, was also found by another research
group in polycrystalline samples [13].
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Appendix

A Tensor formalism for the description of macroscopic physi
cal properties of crystals

Many macroscopic physical properties of crystals show @ndisve anisotropy and therefore can-
not be described by scalar quantities but only by tensoreireal. A tensor is defined via its
transformation properties with respect to space-timedioate transformatiodgmirroring, rota-
tions, space inversion, time reversal). Four classes ebtamesulft;; ,]* [26,161,234]:

Polar c tensors:

t

ijo.q — Ruirujs < Ugw trs...w = <_1) UirUjs - - - Uguw trs...w (1)

Axial c tensors:
tl

ij...q = R |uij| UZ'TU]'S P qu trs...w = (—1) |U”| Uiru]'s P qu trs...w (2)

Polar i tensors:
t

ijo.q Ruirujs < Ugw trs...w == (+1) UjrUjs - - - Uguw trs...w (3)

Axial i tensors:

t;j...q =R |uij| UZ'TU]'S P qu trs...w = (—|—1) |uij| Uiru]'s P qu trs...w (4)
Here, (u;;) designates a transformation matrix, which transforms aeS&mn coordinate system
{e;} into another onge}}, |u;;| stands for the determinant ¢f;;) and R is the time-reversal
operator. A tensoft;;. ,| of the rankn hasn indices and3™ components.

3In the following only space-time coordinate transformasibetween Cartesian coordinate system are considered.
4Here, the Einstein-summation convention is applied.
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B Transformation properties of axial vectors

The so-called crystal-physical principal system is a Giate coordinate systerfel'}, which
serves as areference system for crystal-physical tenamtitjes. The Cartesian coordinate system
is defined by a fixed relation to the crystallographic sysf{esy} [235].

e§I||a3, e§||a§ =asz X a, e{l = ey X €3 (5)

In non-polar crystals this definition is not unique. An aduigl definition of the positive-axes
orientations is necessary. For that purpose, for exantesign of special tensor components of
the piezoelectric effect is used.

B Transformation properties of axial vectors

In figure 1, the transformation properties of axial vectarder application of different space-time
symmetry operations are summarized.

Llle HTH S
4 |0 9+ Sl
Lld BT Led
Q)6 0|0 e

Figure 1: Effects of different symmetry elements on axial vectorsmed symmetry elements are com-
bined with the time reversal operator. More informationdticansformation properties of axial vectors, as,
e.g., magnetic moments can be found in [29].
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C Linear optical properties of crystals

The phase velocity of electromagnetic waves, propagatimgpn-cubic crystals depends on their
polarization and propagation directions. An electromégneave, entering in such crystals acti-
vates in general two linearly polarized modes with perpeudr oscillation directions. The two
modes propagate with different phase velocities withindtystal because of two different active
refractive indices. Therefore, the polarization of theresponding wave is in general modified
during the propagation through the crystal. The oscilfatirections of the modes and their re-
spective refractive indices as a function of their prop@agatlirection (their wave vectak) are
represented by the so-called optical indicatrix, the regméation surface of the inverse of the ten-
sor of the relative permittivity;jlxixj = 1.° The indicatrix forms an ellipsoid with three mutually
perpendicular principal axes oriented alogfge) andel. In this coordinate system, the optical
dielectric impermeability tensdr;;] has diagonal form and the componeuafson the diagonal
correspond to the principal refractive indices For an electromagnetic wave with wave vector
k in a general direction, the oscillation directions and tbeesponding refractive indices of the
two activated modes are obtained by intersecting the itrifoaith the plane perpendicular te.
This leads to an elliptic section, where the orientatiorhef $emi axes determines the oscillation
directions of the activated modes and the lengths of the ages their refractive indices, and
no. A direction, where the elliptic cross section of the indtcix degenerates into a circle is called
optical axis. In such a direction, the crystal seems to beedp because the active refractive in-
dices are equal to each other. In the most general case odi@atrx with three different principal
axese!?, €3 andel with n; < ny < ng, there are two optical axes in the plane perpendiculah to

Orthorhombic Monoclinic
c
T
T b T,
\ [ o
T
a a fﬁ 2
K j N/ T
ab elevation

ab elevation

ac elevation ac elevation

Figure 2: Orientation and temperature dispersion of the indicatriorthorhombic (left) and monoclinic
(right) crystals.

For triclinic, monoclinic and orthorhombic symmetries tihdicatrix forms a tri-axial ellipsoid.

5The inverse of the tensor of the relative permitti\,{iigl] corresponds to the so-called optical dielectric imperme-
ability tensor{a;;] (e;jla:ixj = lis equivalent tay;;z;x; = 1).
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While for orthorhombic symmetries all three prinicipal seames of the indicatrix?, € and e
are fixed to the crystallographic axasb andc, for monoclinic symmetries only one semi axis
is fixed to the monoclinid axis. In this case, the other two axes possess a rotatioga¢ele
of freedom within thezc plane. The orientation and temperature dispersion of theatrix in
orthorhombic and monoclinic crystals is illustrated in fig2. For triclinic symmetries, all axes
of the indicatrix are completely free. For trigonal, hexagloand tetragonal crystalg(;| has only
two independent components), the optical indicatrix foamgllipsoid of rotation with the rotation
axis of the ellipsoid being fixed by symmetry to the respextivfold rotation axis §, 3,4, 4, 6, 6).
Here, only one optical axis along thefold rotation axis exists. More details about the linear
optical properties of crystals can be found, e.g., in [236].
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D Continuous-flow cryostat for dielectric investigations n a
temperature range of 100-580 K

D.1 The measuring apparatus

In the following the design and functionality of the contius-flow cryostat will be discussed,
which was engineered in the context of this work for dieledtmvestigations in the temperature
range 100-580 K. Sectional views of the main part of the dgtosre displayed in figure 3. The
sample chamber made out of brass has four access vacuunmsfladge hosts the sample wires
(see (1) figure 3), one is for the thermometer wiring (see @ré 3), the third one contains
two stainless steel capillary tubes fitted in the sample droéthd serving as inlet pipes for the
cold nitrogen gas (see (6) figure 3) and finally the fourthafi@mnge can be used for possible
experimental add-ons of the cryostat. The vacuum flanged@sed by blind flanges with sockets
(two four-pin thermometer sockets and two coaxial sockets)jo). The complete inner chamber
of the cryostat can be evacuated to a pressure of approxjntatel 0~ mbar, in order to insulate

it thermally from the environment. For the sample and themei@r wiring inside the cryostat
100 pm thin gold wires are used. The thermometer wires were meilterthe contacts of the
platinum thermometers with the help of a gas torch. They lactrécally insulated from each other
by inserting them into two four-wireway ceramic capill&ié he sample wires are fed through two
other one-wireway ceramic capillaries. All the ceramiciltapes are fixed in the cryostat by thin
Teflon discs. Cold nitrogen gas is generated with the help ledrae-built evaporator insert in
a liquid nitrogen storage vessel. Due to the pressure witierstorage vessel, the nitrogen gas
flows via an evacuated transfer tube through the stainles$ capillary tubes shown in figure 3
and the electrolytically gilded copper sample holder. Ohthe stainless steel capillary tubes of
the sample holder is connected with the inner line of thesfintube by a silicon flexible tube.
The other stainless steel capillary tube is connected isdhnge way with an exhaust tube, which
conducts the nitrogen gas out of the cryostat. The samptiehd fixed by a thin stainless steel
ring and is electrically insulated from the cryostat itdsifa Kapton foil. Below the sample holder
in the bottom of the cryostat a fused silica glass window tedifsee (11-13) in figure 3). Thus,
the sample holder can be heated by radiation with a 250 W ldaltagnp. Samples and one of the
platinum thermometers are fixed and thermally coupled tcstmaple holder by Cu-Be springs.
The second thermometer is inserted into a bore hole at tieeo$ithe sample holder and delivers
the temperature data for the temperature controller. THés wéthe cryostat are cooled by a
cooling water coil.

Between 100K and 580K a precise temperature control is aethiey two virtual LabVIEW PID
controllers. They are integrated into a software, that igtenw in LabVIEW as well. One of
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(1) pyro-current input leads (7) stainles steel ring
(2) Pt-100 thermometers,

(3) crystal sample (8) water cooling

(9) brass ring,
(10) Kapton insulation

(4) thermometer input leads

(11) rubber seal,
(12) fused silica window,
(13) threaded brass ring

(14) tungsten halogen lamp

7

(6) inlet pipes for gaseous N,

Figure 3: Sectional views of the continuous-flow cryostat for digliecinvestigations in the temperature
range 100-580 K.

the PID controllers controls the cooling power via a cursmrce (Voltcraft PPS-16005, power
360 W), which is wired to the nitrogen evaporator insert. Dpgmum PID settings during the
cooling cycles turned out to b€, = —5, 7, = 1 min and7; = 0 min. During the heating-cycles
the PID control of the cooling power is switched off and irste constant heating power for the
nitrogen evaporator of approx. 40 W is set. The second Pl@raiber, which is linked to an addi-
tional current source (Agilent N5768A) connected to the\@4Balogen lamp, controls the heating
power. In this case, for the heating cycles as well as thamgalclesk, = 15, T, = 1 min and

T, = O0min have proved to be ideal. It should be mentioned that the maximchievable tem-
perature is not limited by the power of the halogen lamp (&K 8e maximum irradiated power
amounts only to about 80% of the maximum possible power). Mrimum achievable temper-
ature is limited by the disintegration temperature of théorediscs, which are mounted in the
access ports of the cryostat (all other components of thestay can stand much higher tempera-
tures). If the Teflon discs were replaced by, e.g., ceramsicsgimuch higher temperatures could be
achieved. The signal of the thermometers is recorded by tulonmreters (Keithley 2000, Keithley
193A). For the pyroelectric measurements, a picoampeggr(i€tithley 6485) is used to short cir-
cuit the metallized sample surfaces. For the poling of tmepas a high-voltage amplifier (Trek
2220,U,..x = £2kV) in connection with a function generator (Tektronix AFG 20 used. The
measurements of the relative dielectric constant can bempezd by a LCR-Meter (HP 4275A) at
ten different test frequencies between 10 kHz and 10 MHz.gur & 4, the complete apparatus is
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o g P Figure 4:Schematic picture of the apparatus for the
limeter ] bt measurements of pyroelectric currents in the temper-
continuous flow ature range of 100-580 K.
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shown schematically.

D.2 Measuring process

The measuring process of the dielectric investigationfopmied in the continuous-flow cryostat is
in principle the same as that of the dielectric investigatiat lower temperatures, see section 3.2.5.
All the devices are connected to a computer via an IEEE-488-Bhe LabVIEW software, in-
cluding the two PID controllers is continuously recordirgjal points (time, control temperature,
sample temperature, current/capacity, the heating duofehe halogen lamp and the heating cur-
rent of the nitrogen evaporator) while the sample tempegatiswept at rates between 1 K/min
and 4 K/min. The time difference between two data points arstypically to~ 600 ms.

D.3 Test measurements

During the master thesis of L. Andersen [155] the contindftaws cryostat has been put into
operation and was tested and improved by means of differelitkmown pyroelectrics and fer-
roelectrics. In addition, the pyroelectric properties afaltitude of monoclinic crystals were
investigated. Here, exemplary results of the test measmenof the pyroelectrics 50,-H,0
and BiB;Og are presented and discussed. For that purpose, the tenmeedapendences of the
pyroelectric coefficienp, of both compounds are shown in figure 5 (red data pdinBiB;0; and
especially LSO,-H,O are well known in the literature and belong to the monoclpoint group
2 at room temperature. Among the known non-ferroelectrio@hectrics LySO,-H,O exhibits
one of the largest pyroelectric effects at room temperatuhgch has additionally a very strong
temperature dependence [237-239]. In contrast, the pawi effect of BiBOg; above 150K is
nearly constant [153]. The temperature dependences ofytteelpctric coefficients reported in
literature are included in figure 5 (black data points). Eptasf small deviations there is a very

5The pyroelectric coefficients illustrated in figure 5 weré&atated from the measured pyroelectric currents with
the help of equation 3.2 in section 3.2.1. The pyroelectiicents are not presented here.
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Figure 5: Temperature dependences of the pyroelectric coefficigntof the two pyroelectrics
(a) Li,SQO,-H, O and (b) BiBOs. Literature data from different authors (Ackermann [233Jadkii [238],
Lang [239], Schneeberger [153]) (black points) are congbarigh the data from measurements in the VTI
(blue points) and with those from measurements in the coatig-flow cryostat (red points). There is an
overall agreement between the different data sets.

good consistency between the test measurements and th&atatthe literature. For a further
control, the pyroelectric effect of L50O,-H,O and BiBOg was investigated also at lower temper-
atures in the VTI between 4 K and 250 K, see blue data pointgumdi5. Above 100 K they nicely
reproduce the results of the test measurements in the counigAflow cryostat.

It can be concluded that the continuous-flow cryostat, thed designed in this work, delivers
reliable results in the case of the pyroelectric investiget of Li,SO,-H,O and BiBOg, which

are consistent with the data from the literature and theltefom the VTI measurements. Thus,
the continuous-flow cryostat is suitable for pyroelecticrent measurements in the temperature
range 100-580 K. Therefore, it could be used for dielectri@stigations of multiferroic crystals
at higher temperatures.
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E Pyroelectric-current measurements

E.1 LiFeSkOsg

In figure 6, the temperature-dependent pyroelectric-otimeeasurements of LiFe®); are pre-
sented. The data in figure 6 (g) and (i) are adopted from thetRagls of S. Jodlauk [14]. Some
informations about the used samples are summarized in1afdlee sample jo1211’ was used by
S. Jodlauk. Its surfaces were metallized with conductilesiAll the other samples were metal-
lized with silver electrodes by evaporation. In the sampé 811, there was a preferred direction
of the magnetic-field induced electric polarization. Fotiqg voltages of an absolute value of
200V, applied opposite to this preferred direction durimg tooling processes, no single-domain
state was obtained. In all other cases, the magnetic-fielaced electric polarizations could be
completely inverted, by cooling the samples from the pa@et phase down to the magneto-
electric phase with applied poling voltagesd200 V. For the measurement processes during the
heating cycles, the electric poling voltages were remolretigure 6 only the pyroelectric-current
densities for one poling direction are presented.

In figure 7 (a), the temperature-dependent pyroelectniceat measurements, performed on sam-
ple mal210 with not perfectly-matched electrode areas foagnetic field applied parallel to the
c axis, are presented. In figure 7 (b) the temperature-depépygeelectric-current measurements,
performed on the same sample in the same configuration, Butdmost perfectly-matched elec-
trode areas, are displayed. In the first case the magndtiasicuced current densities are about a
factor of two larger, and for the two poling directions thesast a slight asymmetry. In addition,
the anomalies occurring for magnetic fields above 6 T beloW i2figure 7 (b) are only faintly
visible in figure 7 (a). The reasons for that are analysedctiae4.3.4.

sample A (mm?) d(mm) ey es B (T) heating rate (K/min)
mal2ll 15.2 0.62 (100) (100),[010],[001] O-14T 4
mal210 18.3 0.55 [010] (100), [010],[001] O-14T 4
jol211’ 6 0.7 [001] (100),[010],[001] O-14T 4
mal21l’ 6.6 0.7 [001] (100),[010],[001] O-14T 4

Table 1: Overview of the samples of LiFgS§, used in the pyroelectric-current measurements,
which are presented in figure 6. The sample jo1211’ was us&l bydlauk for his measurements,
already presented in his PhD thesis [14]. The sample-sideEasA, sample thicknesses sur-
face normals 4, directions of applied magnetic fieléds;, magnetic-field ranges and heating rates
are specified.
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Figure 6: Temperature dependences of the pyroelectric-currenttiens .. ., j, andj. (top to bottom) of
LiFeSKLOs for magnetic fields applied parallel to tlex ¢, b or ¢ axis (left to right). The pyroelectric-
current densities for only one poling direction of the aledields are presented. The used heating rates are
displayed in table 1. The data in figure 6 (g) and (i) are adbfitam the PhD thesis of S. Jodlauk [14].
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Figure 7: Temperature dependences of the pyroelectric-currentityejisof LiFeShOg for a magnetic
field applied parallel to the axis. In the left panel, the results of the pyroelectricrent measurements,
performed on sample mal1210 with not perfectly-matchedrelée areas are displayed. In the right panel,
the results of the pyroelectric-current measurementsppred on sample mal210 with nearly perfectly-
matched electrode areas are presented. The pyroeleatrent densities for both poling direction of the
electric field are presented. The used heating rates anaykshin table 1.

E.2 NaFeGegOg

In figure 8, the temperature-dependent pyroelectric-atimeeasurements of NaFeg&® are pre-
sented. Some informations about the used samples are siradhar table 2. They were met-
allized with conductive silver. In all cases, the measumaaere performed on single-domain
phases, which were obtained by cooling the samples fromaheejectric phase down to the fer-
roelectric phase with applied poling voltagesde200 V. For the measurement processes during
the heating cycles, the electric poling voltages were resdov

sample A(mm?) d(mm) e4 ep B (T) heating rate (K/min)
mal4ll 22.5 0.95 [010] (100),[010],[001] O-14T 3
mal4l2 35.6 0.85 (100) (100),[010],[001] 0-14T 3
mal4l4d 22.1 1.09 [001] (100),[010],[001] O-14T 3

Table 2: Overview of the samples of NaFeGg, used in the pyroelectric-current measurements,
which are presented in figure 8. The sample-surface atgsample thicknesses surface normals
e, directions of applied magnetic fielés;, magnetic-field ranges and heating rates are specified.
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Figure 8: Temperature dependences of the pyroelectric-currenttiens .. ., j, andj. (top to bottom) of
NaFeGeQOg; for magnetic fields applied parallel to thex c, b or ¢ axis (left to right). The pyroelectric-
current densities for both poling directions of the elecfields are presented. The used heating rates are
displayed in table 2.
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E.3 (NH4)2[F€C|5(H20)]

In figure 9, the temperature-dependent pyroelectric-atimeasurements of (Nhb[FeClk(H,0)]

are presented. Instead of pyroelectric currents, the paet&e-current densitieg = /A are
displayed. Some informations about the used samples armatined in table 3. All the sam-
ples were metallized with silver electrodes by evaporationall cases, the measurements were
performed on single-domain phases, which were obtaineablng the samples from the para-
electric phase down to the ferroelectric phase with apgbelihg voltages o200 V. For the
measurement processes during the heating cycles, theefming voltages were removed.

In figure 10, the results of the magnetic-field dependent m@ghectric-current measurements
of (NH,),[FeCl(H,0O)] atT = 4.9 K for applied magnetic fields parallel andc are presented.
In all cases, the measurements were performed on singl@idgohases, which were obtained
by cooling the samples from the paraelectric phase downedetroelectric phase with applied
poling voltages of 200 V. For the measurement processesgltinie magnetic-field sweeps the
electric poling voltages were not removed.

sample A(mm?) d(mm) ey ep B (T) heating rate (K/min)
mal262 26.8 1.14 [100] [100],[010],[001] O-14T 3
mal261 23.5 0.85 [010] [100],[010],[001] O0-24T 3
mal260 37.4 1.02 [001] [100] 0-12T 1
mal260 37.4 1.02 [001] [100] 13-14T 0.5
mal250 29.2 0.96 [001] [010] 0-14T 3
mal259 27.9 1.005 [001] [001] 0-8T 4
mal259 27.9 1.005 [001] [001] 9-12T 2
mal259 27.9 1.005 [001] [001] 13-14T 1

Table 3: Overview of samples of (NK[FeCk(H,O)], used in the pyroelectric- and
magnetoelectric-current measurements, which are pegséemtfigure 9 and 10. The respective
sample-surface areas sample thicknessek surface normals 4, directions of applied magnetic
fieldsep, magnetic-field ranges and heating rates are specified.
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Figure 9: Temperature dependences of the pyroelectric-currentitiéeng,, j, andj. (top to bottom) of
(NHy )2 [FeCE (H, O)] for magnetic fields applied parallel to theb or c axis (left to right). The pyroelectric-
current densities for both poling directions of the eledfields are presented (current densities with positive
and negative sign). The used heating rates are displayeddlm3. They range from 0.5 K/min to 4 K/min.
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Figure 10: Magnetic-field dependences of the magnetoelectric-ctr@ensities j, and j. of
(NH4).[FeCE (H,O)] for magnetic fields applied parallel to theor c axis (left to right).

E.4 A,[FeCls(H,0)], (A =K, Rb, Cs)

In figures 11 and 12, the temperature-dependent pyroaleirrent measurements of
K, [FeCk(H,0)], Rb[FeCl(H,0)] and Cs[FeCk(H,0)] are presented. Instead of pyroelectric
currents, the pyroelectric-current densities are diggaysome informations about the used sam-
ples are summarized in table 4. All the samples were metdl\wth silver electrodes by evapora-
tion. In some cases there was a preferred direction of thenatagfield induced electric polariza-
tion. For poling voltages of an absolute value of 200V, agplpposite to these preferred direc-
tions during the cooling processes, no single-domainstaége obtained. Only the pyroelectric-
current densities along the preferred directions, whicheweeasured on single-domain samples
are presented.

sample A (mn?) d(mm) ey ep B (T) heating rate (K/min)
mal342, K 20.4 0.97 [100] [100],[010],[001] O-15T
mal343, K 17.21 1.15 [010] [100Q],[010],[001] O-15T
mal341l, K 15.6 1.2 [001] [100],[010],[001] O0-15T
mal337, Rb 14.4 1.07 [100] [100],[010],[001] O-15T
mal344, Rb 21.5 1.21 [010] [100],[010],[001] O-15T
mal338, Rb 19.3 1.2 [001] [100],[010],[001] 0-15T
mal333, Cs 21.9 1.075 [100] [100],[010],[001] O-15T
mal331, Cs 18.2 1.06 [010] [100],[010],[001] O-15T
mal334, Cs 20.4 1.02 [001] [100],[010],[001] O-15T

W W WwowwWww

Table 4: Overview of samples ofkeCl;(H,0)], Rb,[FeCl(H,0)] and Cs[FeCk(H,0)], used

in the pyroelectric-current measurements, which are ptedan figure 11 and 12. The respective
sample-surface areas sample thicknessek surface normals 4, directions of applied magnetic
fieldseg, magnetic-field ranges and heating rates are specified.
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Figure 11:Temperature dependences of the pyroelectric-currenttieys, j, andj. of Ko[FeCk(H;O)],
Rb,[FeCKE(H,0)] and Cs[FeCk(H,O)] (top to bottom) for magnetic fields applied parallel te&h b or c

axis (left to right). The pyroelectric-current densities the poling directions of the electric fields, parallel
to the preferred directions of the magnetic-field inducedteic polarization are presented. The used heating
rate was 3 K/min.

In figure 12 the current densities in the spin-flop phases,{f&Cl(H,0)], Rb,[FeCk(H,0)] and
Cs[FeCk(H,0)] for applied magnetic fields alongare presented.
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Figure 12: Temperature dependences of the pyroelectric-currentititeng, andj. of Ko[FeCk(H;O)],
Rb,[FeCK(H,0)] and Cs[FeCk(H» Q)] for magnetic fields applied parallel to theaxis above the spin-
flop fields. The pyroelectric-current densities for the poldirections of the electric fields, parallel to the

preferred directions of the magnetic-field induced eleqgiglarization are presented. The used heating rate
was 3 K/min.

151



E Pyroelectric-current measurements

E.5 CuBr;

In figure 13, the temperature-dependent pyroelectriceciimeasurements of CuBare presented.
The investigated sample had a thickness of about 1 mm andupped with electrodes consisting
of graphite powder mixed with vacuum grease. In all casespteasurements were performed on
single-domain phases, which were obtained by cooling thepkss from the paraelectric phase
down to the ferroelectric phase with an applied poling \g#taf200 V. For —200V no single-
domain state was obtained. For the measurement processeg the heating cycles, the electric
poling fields were not removed.
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Figure 13:Temperature dependences of the pyroelectric-currenttyiging ) of CuBr, for magnetic fields
applied parallel and perpendicular(t1). A heating rate of 3 K/min was used.
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E.6 MnsAl,(GeOy)s

In figure 14, the temperature-dependent pyroelectricecirmeasurements of MAl,(GeQ,);3
along a general directiofhkl) are presented. The magnetic field was applied perpenditular
the surface normal. The investigated sample had a thiclofesisout 1 mm and was metallized
with conductive silver. In all cases, the measurements wertrmed on single-domain phases,
which were obtained by cooling the samples from the part&r@egehase down to the ferroelec-
tric phase with an applied poling voltage 4200 V. For the measurement processes during the
heating cycles, the electric poling fields were removed.

nl S ' | Figure 14: Temperature dependences of the
' pyroelectric-current density of MnsAl,(GeQ,)s
ol | along a general directiofhkl). The magnetic field
| | was applied perpendicular to the surface normal. A
”% oL e A\ heating rate of 3 K/min was used.
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F Comparison of magnetic-susceptibility data of naturgirage and synthetic NaFe$s

F Comparison of magnetic-susceptibility data of natural ae
girine and synthetic NaFeS}Og

osk séi%ﬁrjﬁﬁ gg%’g — ] Figure 15: Comparison of magnetic-susceptibility

data of polycrystalline, natural aegirine from Mount
Malosa (Malawi) and polycrystalline, synthetic
NaFeSjOs. Both measurements were performed in
an applied magnetic field of 0.1 T.
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In figure 15, the magnetic-susceptibility measurementdppaed on a polycrystalline powder
sample of a natural aegirih@and a synthetic polycrystalline powder sanfpbé NaFeSjO; are
presented. The applied magnetic field in both cases was TAe magnetic susceptibility of
the natural sample shows two anomalies at about 8 K and aklldut@nfirming the magnetic
transition temperatures already reported in [14, 204], fgpege 15. In contrast, the magnetic
susceptibility of the synthetic sample shows only one angmaitzabout 7 K in accordance with the
results reported in [16]. Hence, the magnetic propertieynthetic NaFeS0O; are different from
those of the natural aegirine with a complex compositioa,aso section 4.1. One may speculate
that multiferroicity in the natural aegirine could be calidy the natural dopants present in that
compound and that these drive the potentially only lineagme#oelectric synthetic NaFe&); to
become multiferroic. However, a definite proof of this sgatian is still missing because of the
difficulties in growing large synthetic single crystals ciiReSjOg.

"The sample was taken from the same natural crystal from Mddmibsa (Malawi) of the composition
Na1,04F%,g3caj_04Mno_02A|0,01Ti0,085i206, aIready used in the PhD thesis of S. Jodlauk [14]

8The synthetic polycrystalline powder of NaFgSj was synthesized by crystallisation of a glass of stoichioime
composition at 800C by Prof. Dr. P. Becker.
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G Symmetry aspects of magnetoelectric phenomena

G.1 Forms of the linear magnetoelectric tensor

Q11 Q12 (g3
VA
(A) 1,1 Qo1 gy (23

Q31 (Qrzp (33

ajp 0 0 air 0 ags ajp oz 0
B) 2,m/, % 0 9o o3 0 ap O o1 Qg 0
| 0 azp azz ] [am 0 ass | , L 0 0 as |,
[0 ap a3 [0 a2 O] [0 0 o]
(C) 2',m, % az; 0 0 az; 0 s 0 0 o3
| az; 0O 0 ] . L 0 azp 0 | , L agp azy 0 .

222, m'm'2,(2m'm’), | @13 0 0
(D)

(m'2m’), m'm'm/ 0 ap O
| 0 0 Q33 |
E) omm,22'2 m'm2° [ 0 0 0 ]
' (m'2'm), m'mm 0 0 oo
I ap 0]
() mm2,2'2'2, 2mm/, [ 0 o ]
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) m2m,2'22 . mm'2, [ 0 0 i |
’ (2'm'm), mm'm o 0 0
| Q31 0 0 i

Here, the 58 magnetic point groups are summarized, whiclwahe magnetoelectric effect in-
cluding the corresponding tensor forms [118]. There are 8@matic point groups, for which the
linear magnetoelectric tensor has not to be symmetric anchwdllow simultaneously the occur-
rence of a spontaneous toroidal moment. Under g@hand(C) three different tensor forms are
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G Symmetry aspects of magnetoelectric phenomena

given with the indices, y, z depending on the setting of the respective point groups negpect
to the crystal-physical reference system. The tensor fevitisthe indexx correspond, for exam-
ple, to the case when the twofold rotation axis is orientedlfe to = or when the mirror plane is
perpendicular ta:. The tensor forms und€E,), (E2) and(Es) also differ only by the setting of
the corresponding point groups. In all cases the point geyupbols in brackets designate other
settings of the respective point groups with the same teosoar.

(F) 4,4,4/m',3,3,6,6',6/m/

(G) 4,44 /m’

422, 4m'm!, X2m!, ('m'2),
(H) 4/m'm'm’,32,3m/,3'm/, 622,

6m'm’,6'm’2, (6'2m’), 6 /m'm'm’
dmm, 422, 12'm, (¥m2)

()  4/m'mm, 32 3m,3'm,62'2,

6mm, 6'm2’, (6'2'm), 6/m'mm

Q)  42m,4m/2 422" A'm'm, 4’ /m/m'm

(K) 23,m/3,432,4'3m’,m/3'm’

G.2 Magnetoelectric types of order

ann a0

—Qq2 Q11 0

0 0 Q33
a1 On2
2 —0h1
0 0
11 0 0 ]
0 11 0
0 0 Q33
0 19 0 ]
—(O19 0 0
0 0 0]
11 0 0 |
0 —0O1 0
0 0 0
11 0 0 |
0 11 0
0 0 11 |

In tables 5 and 6, the 90 magnetic and 32 grey point groupslassified with respect to the
allowed magnetoelectric-ordering phenomena.
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Type of ordering

Permitted terms of

Magnetic point groups

Number of

Type magnetic point
yp magn| el stored free enthalpy V, not permitted V, permitted g P
groups
(1], [21], [m 1], [mm21],
FEIV D P E o oo o000 EFHH| 41, 4mm1’ 31',3ml’ 61, 10
6mm1’ 31
FEII M P |E o oo HEE EHH 6',6'mm’ 2 49
FEI M P E o EH HEE EFHH 4’ 4'mm/ [mm2], 4mm, 3m, 6mm 6
1 2}1,3,4,6 13
FEIFMI| M P |E H EH HEE EHH| [{m'm'2}],3m’, 4m'm’,6m/m/ H H’/H }]’/ R
{m}), {2}, [{m'}], {mm/2'}]
FMII M P o0 H EFH HEE FHH 4,42'm’ {2/2/2},42'2' /32" 622 6 31
FMII M P 0 H oo HEF FHH 6,6m’2 2
{1}, {2/m} {2'/m/}, {m/m/m.}
FMIV | M O 0 H oo HEE 000 4/m,4/mm'm/’, 3, 10
3m’,6/m,6/mm’'m/

Table 5: Classification of the 90 magnetic and 32 grey pointigs according to different magnetoelectric types. Tydesrder:
M = pyro-, ferro- or ferrimagneticP = pyro-, ferro- or ferrielectric)/ = antiferromagneticP = antiferroelectric;D = diamagnetic,
paramagnetic, antiferromagneti@;= paraelectric, antiferroelectri¢.} weak ferromagnetism, [] weak ferroelecticily, allowed means

that the occurrence of a toroidal moment is symmetry allovitedracted from [25].
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Type of ordering ) Magnetic point groups Number of
Type Permitted terms of . . magnetic point
magn, el. | stored free enthalpy V, not permitted V, permitted groups
992,422 42m, 422,
AAl | M P |oo EH HEE EHH 4'2m’, 32,622, 4',4'2'm, 6',6'm2’ 14
6'm’2,23,4'3m’
AAIl | M P 00 oo HEE EHH 6m2,6'2'2 2
m'm'm’, 4 /m’, 4’ /m'm'm, 1,2/m', 2" /m, mmm/,
AANL | M P 0 0 FH 000 000 4/m'm'm’,; 3'm/, 4/m’,4/m'mm, 3, 19
6/m'm’'m’, 432, m’3, m'3m’ 3m,6/m’,6/m'mm
mmm, 4’ /m,4/mmm,
M O 4’ [/mmm’, 6 /mmm, 3m, 10
AAIV 00 oo HEE o000
6'/m’,6' /m'm'm, m3, m3m/ 73
D72 R -2 A 1]
M P 43m 1
AAV | _1; R _P_ "o o oo ooo EHH |2221' 41, 4221’ 42m1, 6221, _1_0
321',61,6m21’,231’, 43m1’
M 0] m3m 1
Do P 1 | 4321’ 1
avil M LoF 106 00 o000 oool- /M€ /mmmmdm | 3
117,2/m1",;mmm1’ 4/m1’,
D @) 4/mmm1’,31',3m1’,6/m1’, 11
6/mmm1’,m31’,m3m1’

Table 6: Classification of the 90 magnetic and 32 grey poinugs according to different magnetoelectric types. Tydesrder:
M = pyro-, ferro- or ferrimagneticP = pyro-, ferro- or ferrielectric)/ = antiferromagneticP = antiferroelectric;D = diamagnetic,
paramagnetic, antiferromagneti@;= paraelectric, antiferroelectri¢.} weak ferromagnetism, [] weak ferroelecticity, allowed means
that the occurrence of a toroidal moment is symmetry alloviiedracted from [25].
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Appendix

H Engineering drawings

H.1 New sample holder for VTI-measurement insert
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Figure 17:Copper cup
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Figure 18:Sample holder: (a) Teflon body, (b)+(c) Copper electrodesdis
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Figure 19:(a) Sample platform (b) Radiation shield (c) Copper pin Far attachment of the sample holder
on the sample platform (d) Stainless steel capillary tubp&@plement to the sample platform.
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H Engineering drawings
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Figure 20:Different copper discs, which are linked to the stainlesglstapillary tubes.
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Appendix

H.2 Continuous-flow cryostat
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Figure 21:Main chamber of the continuous-flow cryostat, made of brass.
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H Engineering drawings
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Figure 22:Vacuum flanges for the main chamber of the continuous-flowstat, made of brass.
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(a)

aluminium

(b)
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Figure 23: (a) Base plate of the continuous-flow cryostat, made of alium. (b) Threaded brass ring
for the attachment of the fused silica window in the bottornthaf main chamber of the continuous-flow
cryostat. Cap of the main chamber of the continuous-flowstgtpmade of brass.
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H Engineering drawings
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Figure 24:Carrier for the halogen lamp, made of aluminium.
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Figure 25: (a) Brass rods, on which the main chamber of the continuaws-¢ryostat is mounted. (b)
Teflon ring for the attachment of the stainless steel injeepifor the cold nitrogen gas within the cryostat.
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Figure 26:Sample holder consisting of a (a) copper cylinder, (b) aias steel ring and (c) two stainless

steel capillary tubes.
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Figure 27:Insertion rings for the electric insulation of the samplédieo from the rest of the cryostat.
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Figure 28:Feed through for the thermometer and sample wiring.

170



Bibliography

[1] W. C. RontgenAnn. Physik35, 264 (1888)

[2] P. Curie.J. Physique3, 393 (1894)

[3] J. Curie and P. CurieB. Soc. Fr. Mineral3, 90 (1880)

[4] D. N. Astrov.Sov. Phys.-JETR1, 708 (1960)

[5] H. Schmid.Int. J. Magnetisma, 337 (1973)

[6] S. Goshen, D. Mukamel, H. Shaked and S. ShtriknrdaAppl. Phys40, 1590 (1969)

[7] S. Goshen, D. Mukamel, H. Shaked and S. Shtriknfdrys. Rev. B, 4679 (1970)

[8] R. E. Newnham, J. J. Kramer, W. A. Schulze and L. E. Crds8ppl. Phys49, 6088 (1978)

[9] M. K. Wilkinson, D. E. Cox, B. C. Frazier, R. E. Newnham aRdP. Santoral. Appl. Phys.
40,1124 (1969)

[10] T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arimac. Tokura.Nature426, 55 (2003)
[11] K. F. Wang, J.-M. Liu and Z. F. Re\dv. Phys58, 321 (2009)

[12] I. Kim, B.-G. Jeon, D. Patil, S. Patil, G. Nénert and K. KIm. J. Phys.: Condens. Matter
24, 306001 (2012)

[13] L. Zhao, T.-L. Hung, C.-C. Li, Y.-Y. Chen, M.-K. Wu, R. KKremer, M. G. Banks, A.
Simon, M.-H. Whangbo, C. Lee, J. S. Kim, I. Kim and K. H. Kifdv. Mater.24, 2469
(2012)

[14] S. Jodlauk. PhD thesis, Universitat zu Kéln 2009

[15] S. Jodlauk, P. Becker, J. A. Mydosh, D. I. Khomskii, Trepnz, S. V. Streltsov, D. C. Hezel
and L. BohatyJ. Phys.: Condens. Mattd9, 432201 (2007)

[16] P. J. Baker, H. J. Lewtas, S. J. Blandell, T. Lancastdfranke, W. Hayes, F. L. Pratt, L.
Bohaty and P. BeckePhys. Rev. B1, 214403 (2010)

[17] G. Nénert, I. Kim, M. Isobe, C. Ritter, A. N. Vasiliev, K. Kim and Y. UedaPhys. Rev. B
81, 184408 (2010)

171



Bibliography

[18] G. Nénert, M. Isobe, I. Kim, C. Ritter, C. V. Colin, A. N.agiliev, K. H. Kim and Y. Ueda.
Phys. Rev. B2, 024429 (2010)

[19] O. Heyer, N. Hollmann, I. Klassen, S. Jodlauk, L. Bohd®y Becker, J. A. Mydosh, T.
Lorenz and D. I. KhomskiiJ. Phys.: Condens. Mattd8, L471 (2006)

[20] K. Taniguchi, N. Abe, T. Takenobu, Y. Isawa and T. AriniRhys. Rev. Lett97, 097203
(2006)

[21] A. H. Arkenbout, T. T. M. Palstra, T. Siegrist and T. KinauPhys. Rev. B4, 184431 (2001)
[22] K. Aizu. Phys. Rev. B, 754 (1970)

[23] R. E. NewnhamAmerican Mineralogisb9, 906 (1974)

[24] R. E. Newnham and L. E. Crog=erroelectrics10, 269 (1976)

[25] H. SchmidJ. Phys.: Condens. Matt@0, 434201 (2008)

[26] R. R. Birss.Symmetry and Magnetis(Amsterdam, North-Holland Publishing Company)
(1964)

[27] E. Ascherlnt. J. Magn.5, 287 (1974)

[28] N. V. Belov, N. N. Neronova, T. S. SmirnovHKristallografiya2, 315 (1957) (Translation:
Soviet Phys. Crys82, 311)

[29] G. Donnay, L. M. Corliss, J. D. H. Donnay, N. Elliot andM. HastingsPhys. Rev112
1917 (1958)

[30] E. F. BertautActa Cryst. A24, 217 (1968)

[31] E. F. BertautJ. Phys. Colloque82, 462 (1971)

[32] W. Opechowski and T. Dreyfugcta Cryst. A27, 470 (1971)
[33] H. Schmid.Ferroelectrics162, 317 (1994)

[34] D.I. Khomskii.J. Magn. Magn. Matei306, 1 (2006)

[35] D. I. Khomskii.Physics2, 20 (2009)

[36] H. Schmid.Bull. Mater. Sci.17, 1411 (1994)

[37] H. Schmid.Ferroelectrics221, 9 (1999)

[38] M. Adachi, Y. Akishige, T. Asahi, K. Deguchi, K. Gesi, Klasebe, T. Hikita, T. Ikeda and
Y. lwata. Ferroelectrics and Related Substances: Oxides Part 1: \Rdite-type Oxides
and LINbQ Family, Landolt-Bornstein, New Series 111/36A1, Herausgeber TisMi, Y.
Shiozaki and E. Nakamura (Berlin, Springer) (2001)

172



Bibliography

[39] J. B. Goodenough, W. Graper, F. Holtzberg, D. L. HubeA.Refever, J. M. Longo, T. R.
McGuire and S. Methfesseallagnetic and Other Properties of Oxides and Related Com-
pounds: Garnets and Perovskifdsandolt-Bornstein, New Series 111/12a, Herausgeber K.
H. Hellwege and A.M. Hellwege (Berlin, Springer) (1978)

[40] N. A. Hill. J. Phys. Chem. B04, 6694 (2000)

[41] D.l. Khomskii.Bull. Am. Phys. So€ 21,002 (2001)

[42] N. A. Hill. Annu. Rev. Mater. Re82, 1 (2002)

[43] R. E. CohenNature358 136 (1992)

[44] R. E. Cohen and H. Krakaudterroelectrics136, 65 (1992)

[45] G. A. Smolenskii and V. A. loffe. Communication No. Tblloque International du Mag-
nétisme Grenoble (1958)

[46] G. A. Smolenskii, A. I. Agranovskaya and V. A. Isup&@ov. Phys. Solid Stale 149 (1959)

[47] Yu. N. Venevtsey, V. N. Lyubimov, V. V. lvanova and G. ShdanovJ. Phys. ColloqueS83,
C2-255 (1972)

[48] G. A. Smolenskii and I. E. ChupiSov. Phys. Us®25, 475 (1982)
[49] Yu. N. Venevtsey, V. V. Gagulin and I. D. ZhitomirsKyerroelectrics73, 221 (1987)

[50] Yu.N. Venevtsev, G. S. Zhdanov, S. P. Solovijev, Ye. ¥zBs, V. V. Ivanova, S. A. Fedulov
and A. G. Kapysheristallografiya5, 620 (1960)

[51] R. Seshadri and N. A. HilChem. Materl3, 2892 (2001)

[52] G. Catalan and J. F. FoRdv. Mater.21, 2463 (2009)

[53] R. T. Smith, G. D. Achenbach, R. Gerson and W. J. Jathesppl. Phys39, 70 (1968)
[54] J. M. Moreau, C. Michel, R. Gerson and W. J. JandeRPhys. Chem. Solid&2, 1315 (1971)
[55] D. Lebeugle, D. Colson, A. Forget and M. Virétppl. Phys. Lett91, 022907 (2007)

[56] I. Sosnowska, T. Peterlin-Neumaier and E. SteichklPhys. CL5, 4835 (1982)

[57] F. Sugawara, S. lida, Y. Syono and S. AkimaioPhys. Soc. Jpr25, 1553 (1968)

[58] T. Yokosawa, A. A. Belik, T. Asaka, K. Kimoto, E. TakayasMuromachi and Y. Matsui.
Phys. Rev. B7,024111 (2008)

[59] R. V. Shpanchenko, V. V. Chernaya, A. A. Tsirlin, P. S.ifllov, D. E. Sklovsky, E. V.
Antipov, E. P. Khlybov, V. Pomjakushin, A. M. Balagurov, J.Medvedeva, E. E. Kaul and
C. Geibel.Chem. Materl6, 3267 (2004)

173



Bibliography

[60] A. Kumar, L. W. Martin, S. Deney, J. B. Kortright, Y. SugyuR. Ramesh and V. Gopalan.
Phys. Rev. B5, 060101(R) (2007)

[61] T. Zhao, A. Scholl, F. Zavaliche, K. Lee, M. Barry, A. Bor, M. P. Cruz, Y. H. Chu, C.
Ederer, N. A. Spaldin, R. R. Das, D. M. Kim, S. H. Baek, C. B. Eami R. Ramestature
Mater. 5, 823 (2006)

[62] D. Lebeugle, D. Colson, A. Forget, M. Viret, A. M. Batailand A. Gukasowhys. Rev.
Lett. 100, 227602 (2008)

[63] S. Lee, W. Ratcliff, S.-W. Cheong and V. KiryukhiAppl. Phys. Lett92, 192906 (2008)

[64] J. Park, S.-H. Lee, S. Lee, F. Gozzo, H. Kimura, Y. Noda).XChoi, V. Kiryukhin, S.-W.
Cheong, Y. Jo, E. S. Choi, L. Balicas, G. S. Jeon and J.-G.. BaiRhys. Soc. Jpr80,
114714 (2011)

[65] F. Bertaut, F. Forrat and P. Far@. R. Acad. Sci256, 1958 (1963)

[66] T. Lottermoser, M. Fiebig, D. Frohlich, S. Leute and Koh§.J. Magn. Magn. Matei226-
230,1131 (2001)

[67] T. Lottermoser, M. Fiebig, D. Frohlich, S. KallenbaaimdaM. Maat.Appl. Phys. Br4, 759
(2002)

[68] B. B. van Aken, T. M. Palstra, A. Filippettiand N. A. Spai. Nature Mater3, 164 (2004)
[69] C.J. Fennie and K. M. RabPhys. Rev. B2, 100103(R) (2005)

[70] M. Fiebig, T. Lottermoser, T. Lonkai, A. V. Goltsev and R Pisarev.J. Magn. Magn.
Mater.290-291 883 (2002)

[71] M. Fiebig, T. Lottermoser, D. Frohlich, A. V. Goltsev@imR. V. PisarevNature419, 818
(2002)

[72] T. Lottermoser, T. Lonkai, U. Amann, D. Hohlwein, J.iliger and M. FiebigNature430,
541 (2004)

[73] C. Ederer and N. A. Spaldihys. Rev. B4, 024102 (2006)

[74] J. F. ScottRep. Prog. Phys12, 1055 (1979)

[75] E. Ascher, H. Schmid and D. Taé8olid State Commug, 45 (1964)

[76] H. Schmid, H. Rieder and E. Asch&olid State Commum, 327 (1965)

[77] E. Ascher, H. Rieder, H. Schmid and H. StoésdeAppl. Phys37, 1404 (1966)
[78] J.-P. Rivéra and H. Schmi@erroelectrics36, 447 (1981)

[79] D. V. Efremov, J. van den Brink and D. I. KhomsKkNature Mater.3, 853 (2004)
[80] J.van den Brink and D. I. Khomskil. Phys.: Condens. Matt@0, 434217 (2008)

174



Bibliography

[81] G. Giovannetti, S. Kumar, D. I. Khomskii, S. Picozzi ahdvan den BrinkPhys. Rev. Lett.
103 156401 (2009)

[82] K. Yamauchi, T. Fukushima and S. Picoz2hys. Rev. B9, 212404 (2009)

[83] F. Schrettle, S. Krohns, P. Lunkenheimer, V. A. M. Brnaband A. Loidl.Phys. Rev. B3,
195109 (2011)

[84] N. lkeda, H. Ohsumi, K. Ohwada, K. Ishii, T. Inami, K. Kiatai, Y. Murakami, K. Yoshii,
S. Mori, Y. Horibe and H. KitoNature436, 1136 (2005)

[85] D. Niermann, F. Waschkowski, J. de Groot, M. Angst ant#idmbergerPhys. Rev. Lett.
109, 016405 (2012)

[86] A. Ruff, S. Krohns, F. Schrettle, V. Tsurkan, P. Lunkeirher and A. Loidl Eur. Phys. J. B
85, 290 (2012)

[87] G. A. Smolenskii, V. A. Bokov, V. A. Isupov, N. N. Krainiknd G. H. NedlinHelv. Phys.
Acta4l, 1187 (1968)

[88] Y. N. Venevtsev and V. V. Gagulifrerroelectrics162, 23 (1994)
[89] M. Fiebig.J. Phys. D: Appl. Phys38, R123 (2005)

[90] M. Kenzelmann, A. B. Harris, S. Jonas, C. Broholm, J.68eh S. B. Kim, C. L. Zhang,
S.-W. Cheong, O. P. Vajk and J. W. Lyridhys. Rev. LetB5, 087206 (2005)

[91] T. Kimura, J. C. Lashley and A. P. Ramiréhys. Rev. B3, 220401(R) (2006)

[92] Y.J.Choi, H. T.Yi, S. Lee, Q. Huang, V. Kiryukhin and 8/-CheongPhys. Rev. Letfl00Q,
047601 (2008)

[93] H. Katsura, N. Nagaosa and A. V. Balatsiys. Rev. Let®5, 057205 (2005)

[94] S. Picozzi, K. Yamauchi, B. Sanyal, I. A. Sergienko andDAgotto.Phys. Rev. Lett99,
227201 (2007)

[95] T. Arima.J. Phys. Soc. Jpi7.6, 073702 (2007)
[96] J. Hu.Phys. Rev. Lettl00, 077202 (2008)
[97] I. A. Sergienko and E. Dagott®hys. Rev. B3, 094434 (2006)

[98] H. J. Xiang, S.-H. Wei, M.-H. Whangbo and J. L. F. Da SilPays. Rev. Lettl01, 037209
(2008)

[99] A. Malashevich and D. VanderbilRhys. Rev. Lettl01, 037210 (2008)
[100] A. Malashevich and D. VanderbilRhys. Rev. B0, 224407 (2009)
[101] H. J. Xiang, P. S. Wang, M.-H. Whangbo and X. G. Gdnlgys. Rev. B8, 054404 (2013)

175



Bibliography

[102] I. DzyaloshinskiiJ. Phys. Chem. Solidg 241 (1958)

[103] T. Moriya.Phys. Rev120, 91 (1960)

[104] S.-W. Cheong and M. Mostovoature Mater6, 13 (2007)

[105] I. E. DzyaloshinskiiSov. Phys.-JETRO, 628 (1959)

[106] D. N. Astrov.Sov. Phys.-JETR3, 729 (1961)

[107] V. J. Folen, G. T. Rado and E. W. Staldehys. Rev. Let6, 607 (1961)
[108] G. T. Rado and V. J. FoleRhys. Rev. LetZ, 310 (1961)

[109] F. W. Hehl, Y. N. Obukhov, J.-P. Rivera and H. Schnitlys. Rev. A7, 022106 (2008)
[110] S. L. Hou and N. BloembergeRhys. Rev138 A1218 (1965)

[111] M. J. CardwellPhil. Mag.20, 1087 (1969)

[112] B. I. Al'shin and D. N. AstrovSov. Phys.-JETR7, 809 (1963)

[113] G. T. RadoPhys. Rev. Lettl3, 335 (1964)

[114] A.S. Borovik-Romanov and H. Grimmenternational Tables for Crystallograpgand D,
Herausgeber A. Authier (Dordrecht/Boston/London, Kluveademic Publishers) (2003)

[115] G. T. Rado and V. J. Foled. Appl. Phys33, 1126 (1962)

[116] H. Schmid.Introduction to Complex Mediums for Optics and Electrodyinzs: Magne-
toelectric Effects in Insulating Magnetic Materialderausgeber W. S. Weiglhofer and A.
Lakhtakia (Washington, SPIE-The International SocietyGptical Engineering) (2003)

[117] J.-P. RiveraEur. Phys. J. Br'1, 299 (2009)

[118] J.-P. RiveraFerroelectrics161, 165 (1994)

[119] I. DzyaloshinskiiSoviet Phys.-JETRO, 628 (1960)

[120] E. AscherPhil. Mag.17, 149 (1968)

[121] G. T. RadoPhys. Rev. B5, 290 (1977)

[122] H. GrimmerFerroelectricsl61, 181 (1994)

[123] A. S. Bhalla and R. E. NewnharRhys. Stat. Sol. &8, K19 (1980)
[124] G. T. RadoPhys. Rev. Let6, 609 (1961)

[125] R. M. Hornreich and S. ShtrikmaRhys. Revl61, 506 (1967)
[126] H. Yatom and R. Englmanihys. Rev188 793 (1969)

176



Bibliography

[127] O. F. de Alcantara Bonfirm and G. A. Gehrigdv. in Phys29, 731 (1980)

[128] G. A. GehringFerroelectricsl61, 275 (1994)

[129] W. F. Brown, R. M. Hornreich and S. ShtrikmdpPhys. Rev168 574 (1968)

[130] H. SchmidFerroelectrics252, 41 (2001)

[131] C. Ederer and N. A. Spaldihys. Rev. B6, 214404 (2007)

[132] N. A. Spaldin, M. Fiebig and M. Mostovoy. Phys.: Condens. Matt@0, 434203 (2008)

[133] N. A. Spaldin, M. Fechner, E. Bousquet, A. Balatsky andNordstrom.Phys. Rev. B8,
094429 (2013)

[134] K. Siratori, J. AKimitsu, E. Kita and M. Nishd. Phys. Soc. Japan48, 1111 (1980)
[135] K. Siratori and E. KitaJ. Phys. Soc. Japan 483, 1443 (1980)

[136] D. B. Litvin. Acta Cryst. A64, 316 (2008)

[137] B.van Aken, J.-P. Rivera, H. Schmid and M. Fiet\giture449, 702 (2007)

[138] M. Baum, K. Schmalzl, P. Steffens, A. Hiess, L. P. RagnhaVl. Meven, P. Becker, L.
Bohaty and M. BraderPhys. Rev. B8, 024414 (2013)

[139] S. Jodlauk. Diploma thesis, Universitat zu Koln 2005
[140] J. Baier. Diploma thesis, Universitat zu Kéln 2002
[141] M. Kriener. PhD thesis, Universitat zu Koln 2005

[142] H. Kierspel. PhD thesis, Universitat zu Kéln 1996

[143] C. Hanebeck. Diploma thesis, Universitat zu Koln 2002
[144] S. Orbe. Diploma thesis, Universitat zu Kéln 2011
[145] O. Breunig. Diploma thesis, Universitat zu Kéln 2011
[146] G. Kolland. PhD thesis, Universitat zu Koln 2013

[147] O. Heyer. Diploma thesis, Universitat zu Koln 2005
[148] R. Pott. Diploma thesis, Universitat zu Kéln 1977

[149] M. Seher. Diploma thesis, Universitat zu Kéln 2012
[150] T. Lorenz. PhD thesis, Universitat zu Kéln 1998

[151] R. Pott and R. Schefzyld. Phys. E: Sci. Instrum.6, 444 (1983)
[152] G. Brandli and R. Griesse@@ryogenicsl3, 299 (1973)

177



Bibliography

[153] H. Schneeberger. PhD thesis, Ludwig-Maximiliansugrsitat Minchen 1992
[154] E. Breidenbach. PhD thesis, Universitat zu Kéln 1996

[155] L. P. L. Andersen. Master thesis, Universitat zu Kolri2

[156] M. Schalenbach. Bachelor thesis, Universitat zu K09

[157] D. Bruning. Bachelor thesis, Universitat zu Kéln 2013

[158] STOE and Cie CmbH 2013TOE WinXPOW v.3.0.2.1

[159] J. Brand. PhD thesis, Universitat zu Koln 2013

[160] H. Ulbrich. PhD thesis, Universitat zu Kéln 2012

[161] S. HaussuhKristallphysik(Weinheim, Physik-Verlag GmbH) (1983)

[162] R. L. Byer and C. B. Round¥erroelectrics3, 333 (1972)

[163] M. E. Lines and A. M. Glas$rinciples and applications of ferroelectric and relatecie-
rials (Oxford, Clarendon Press) (1977)

[164] R. P. Lowndes and D. H. MartiRroc. Roy. Soc. 808 473 (1969)
[165] C. Andeen, J. Fontanella and D. Schu&ev. Sci. Instéd1, 1573 (1970)
[166] C. Andeen, J. Fontanella and D. Schuéleys. Rev. B, 5068 (1970)
[167] C. Andeen, J. Fontanella and D. Schuélédppl. Phys42, 2216 (1971)
[168] P. Preu. PhD thesis, Universitat zu Kéln 1982

[169] Keithley Model 6517A Electrometer User’'s Manual

[170] C. Zobel. PhD thesis, Universitat zu Kéln 2002

[171] Keithley Low Level Measurements Handbook (6th edh}io

[172] J. Luzon, J. Campo, F. Palacio, G. J. McIntyre and A.lail Phys. Rev. B8, 054414
(2008)

[173] I. Lindqvist.Ark. Kemi., Mineral. Geol24, 1 (1947)

[174] A. BellancaPeriod. Mineral.17, 59 (1948)

[175] B. N. Figgis, C. L. Raston, R. P. Sharma and A. H. Whitest. J. Chem70, 5161 (1977)
[176] C. J. O’'Connor, B. S. Deaver and E. SidnChem. Phys/0, 5161 (1979)

[177] J. E. Greedan, D. C. Hewitt, R. Faggiani and |. D. Brofata Cryst. B36, 1927 (1980)
[178] A.J. Schultz and R. L. CarlirActa Cryst. B51, 43 (1995)

178



Bibliography

[179] D. Lackova, I. Ondrejkovicova and M. Koma#scta Chim. Slovs, 129 (2013)
[180] J. N. McElearney and S. Merchahtorg. Chem17, 1207 (1978)

[181] J. A. Puértolas, R. Navarro, F. Palacio, J. BartoloBéGonzalez and R. L. CarlirPhys.
Rev. B31, 516 (1985)

[182] F. Palacio, A. Paduan-Filho and R. L. Carlrhys. Rev. R1, 296 (1980)
[183] C. S. M. Partiti, A. Piccini and H. R. Rechenbe8nlid State Commub6, 687 (1985)

[184] C. S. M. Partiti, H. R. Rechenberg and J. P. Sancheazhys. C: Solid State Phy&1, 5825
(1988)

[185] M. Gabas, F. Palacio, J. Rodriguez-Carvajal and Dséfig. Phys.: Condens. Mattéf,
4725 (1995)

[186] J. Campo, J. Luzdn, F. Palacio, G. J. Mcintyre, A. Miliénd A. R. WildesPhys. Rev. B
78, 054415 (2008)

[187] D. B. Litvin Acta Cryst. 264, 419 (2008)
[188] J. Chadwick and M. F. Thomas.Phys. C: Solid State Phy20, 3979 (1987)

[189] J. A. Puértolas, R. Navarro, F. Palacio, J. BartoloBéGonzalez and R. L. CarlirPhys.
Rev. B26, 395 (1982)

[190] M. Ackermann, D. Brining, T. Lorenz, P. Becker and LhAty.New. J. Physl5, 123001
(2013)

[191] R. L. Carlin, S. N. Bhatia and C. J. O’'ConndrAm. Chem. S089, 7728 (1977)

[192] G. Giovannetti, S. Kumar, A. Stroppa, J. van den BriakPicozzi and J. Lorenzandhys.
Rev. Lett106, 026401 (2011)

[193] G. Jin, K. Cao, G.-C. Guo and L. HEhys. Rev. Lettl08 187205 (2012)

[194] P. Tolédano, N. Leo, D. D. Khalyavin, L. C. Chapon, T.fidtann, D. Meier and M. Fiebig.
Phys. Rev. Lettl06, 257601 (2011)

[195] R. Villarreal, G. Quirion, M. L. Plumer, M. Poirier, TUsui and T. KimuraPhys. Rev. Lett.
109 167206 (2012)

[196] G. Quirion and M. L. PlumePhys. Rev. B7, 174428 (2013)
[197] A. P. Filho, F. Palacio and R. L. Carlid. Physique Lett39, 279 (1978)
[198] J. A. Johnson, C. E. Johnson and M. F. ThondlaBhys. C: Solid State Phy20, 91 (1987)

[199] W. A. Deer, R. A. Howie and J. Zussm&ingle Chain SilicatesRock-Forming Minerals
\Vol. 2A, (London, Longman) (2001)

179



Bibliography

[200] A. E. RingwoodGeochim. Cosmochim. Ackb, 2083 (1991)

[201] M. Cameron and J. J. Papikem. Mineral.66, 1 (1981)

[202] G.J. Redhammer and G. Ro#h.Kristallogr.219 585 (2004)

[203] R.M. Thompson, R. T. Downs and G. J. Redhammer. Mineral.90, 1840 (2005)
[204] M. Baum. PhD thesis, Universitat zu Koln 2013

[205] T. V. Drokina, G. A. Petrakovskii, L. Keller and J. S¢beJ. Phys.: Conf. SeR51, 012016
(2010)

[206] G. J. Redhammer, A. Senyshyn, M. Meven, G. Roth, S.zP#n Pachler, G. Tippelt, C.
Pietzonka, W. Treutmann, M. Hoelzel, B. Pedersen and G. AoghPhys. Chem. Minerals
38,139 (2011)

[207] T. V. Drokina, G. A. Petrakovskii, L. Keller, J. Schefé. D. Balaev, A. V. Kartashev and
D. A. lvanov.JETP112 121 (2011)

[208] G. J. Redhammer, G. Roth, W. Treutmann, M. Hoelzel, sMl&s, G. André, C. Pietzonka
and G. Amthaueg. Solid State Cheni82 2374 (2009)

[209] G. Nénert, M. Isobe, C. Ritter, O. Isnard, A. N. Vasiliand Y. UedaPhys. Rev. B9,
064416 (2009)

[210] G. Nénert, C. Ritter, M. Isobe, O. Isnard, A. N. Vasiliand Y. UedaPhys. Rev. BBO,
024402 (2009)

[211] G. J. Redhammer, G. Roth, A. Senyshyn, G. Tippelt anBi€zonkaZ. Kristallogr. 228,
140 (2013)

[212] E. Baum, W. Treutmann, M. Behruzi, W. Lottermoser and\@thauerZ. Kristallogr. 183
273 (1988)

[213] M. Behruzi, T. Hahn, C. T. Prewitt and K. BaldwiActa Cryst. A0 (Suppl.), C-247 (1984)

[214] F. Nestola, G. J. Redhammer, M. G. Pamato, L. Secco amdl Alegro.Am. Mineral.94,
616 (2009)

[215] G.J. Redhammer, F. Camara, M. Alvaro, F. Nestola, @pdilt, S. Prinz, J. Simons, G. Roth
and G. AmthauePhys. Chem. Mineral37, 685 (2010)

[216] G.J. Redhammer, G. Roth, W. Treutmann, M. Hoelzel, sMl&s, G. André, C. Pietzonka
and G. Amthaued. Solid State Cheni82 2374 (2009)

[217] A. C. Komarek. PhD thesis, Universitat zu Kéln 2009

[218] O. Ballet, J. Coey, G. Fillion, A. Ghose, A. Hewat andR&gnard Phys. Chem. Minerals
16, 672 (1989)

180



Bibliography

[219] T. V. Drokina, O. A. Bayukov, G. A. Petrakovskii, D. Ae€likanov, A. F. Bovina, G. N.
Stepanov and D. A. lvanof?hys. Solid Statg0, 2141 (2008)

[220] T. V. Drokina, O. A. Bayukov, G. A. Petrakovskii and D. Xelikanov.Bull. Russ. Acad.
Sci. Phys73, 1054 (2009)

[221] G. J. Redhammer, G. Roth, W. Paulus, G. André, W. Lotteser, G. Amthauer, W. Treut-
mann and B. Koppelhuber-Bitschn&hys. Chem. Mineral&8, 337 (2001)

[222] P. V. Klevtsov and R. F. Klevtsova. Solid State Chen2, 278 (1970)

[223] L. Nyam-Ochir, H. Ehrenberg, A. Buchsteiner, A. Sémys, H. Fuess and D. Sangah.
Magn. Magn. Mater320, 3251 (2008)

[224] S. Holbein. Diploma thesis, Universitat zu Kéin 2011

[225] M. G. Banks, R. K. Kremer, C. Hoch, A. Simon, B. Ouladdia-M. Broto, H. Rakoto, C.
Lee and M.-H. Whangbd?hys. Rev. B0, 024404 (2009)

[226] S. Seki, T. Kurumaji, S. Ishiwata, H. Matsui, H. Muraka Y. Tokunaga, Y. Kaneko, T.
Hasegawa and Y. Tokurhys. Rev. B2, 064424 (2010)

[227] O. Oeckler and A. SimorZ. Kristallogr. NCS215 13 (2000)

[228] C. Lee, J. Liu, M.-H. Whangbo, H.-J. Koo, R. K. Krememaf. Simon.Phys. Rev. B6,
060407(R) (2012)

[229] W. PrandlPhys. Stat. SoB55, K159 (1973)
[230] R. PlumierSolid State Commuidz2, 109 (1973)
[231] T. V. Valyanskaya, V. P. Plakhtii and V. I. Sokold&ov. Phys. JETR3, 1189 (1976)

[232] A. Gukasov, V. P. Plakhty, B. Dorner, S. Y. Kokovin, V. Byromyatnikov, O. P. Smirnov
and Y. P. ChernenkoW. Phys.: Condens. Mattdrl, 2869 (1999)

[233] M. Wakeshima, H. Nishimine and Y. Hinatsli.Phys.: Condens. Mattdi6, 4103 (2004)
[234] J. F. NyePhysical Properties of Crystal®©xford, Oxford University Press) (1985)
[235] Standards on Piezoelectric Crystals, Proceedings of tle3R 1378 (1949)

[236] M. Born. Optik, Ein Lehrbuch der optischen Lichttheo(@erlin, Heidelberg, New York;
Springer) (1933)

[237] W. AckermannAnn. Physiki6, 197 (1915)
[238] V. V. Gladkii and I. ZheludevSov. Phys. Crysf.0, 63 (1965)
[239] S. B. LangPhys. Rev. B, 3603 (1971)

181



Bibliography

182



Abstract

The present work is concerned with the search for new muitiie or magnetoelectric crystals,
with strong magnetoelectric couplings and their basicattarization by investigating the dielec-
tric and other thermodynamic properties. The focus of thpearmental work lies on two different
classes of compounds, the pyroxene® X,0q (A = mono- or divalent metal)/ = di- or triva-
lent metal andX = tri- or tetravalent cation) and the erythrosiderite-tyamily A;[FeX5(H,0)]
(A = alkali metal or ammonium ionX = halide ion).

An analysis of the anisotropy of the linear magnetoeledfiect of LiFeS;}Os; by means of di-
electric measurements and investigations with a poladiiggd microscope reveal that the mag-
netic space group’2; /¢’ proposed in literature for its antiferromagnetic phasectsaly wrong.
The correct space group has to be inst&dd The multiferroic properties of NaFe@g;, the
first prototype multiferroic within the pyroxene family,eacharacterized by dielectric investiga-
tions, magnetic-susceptibility, thermal-expansion aagnetostriction measurements on large sin-
gle crystals. Ferroelectricity arises belaw11.6 K within an antiferromagnetically ordered state
(T'v ~ 13 K). The corresponding electric polarization can be strongbglified by applying mag-
netic fields. Detailed magnetic-field versus temperatueseldiagrams are derived.

(NH,)2[FeCEk(H;0)] is classified as a new multiferroic material. The onsefeofoelectricity is
found below~ 6.9 K within an antiferromagnetically ordered staiey(~ 7.25K). The corre-
sponding electric polarization can drastically be influmsh®@y applying magnetic fields. Based
on measurements of pyroelectric currents, dielectric teorts and magnetization the magneto-
electric, dielectric and magnetic properties of (NHFeCl(H,O)] are characterized. Combin-
ing these data with measurements of thermal expansion, etaggriction and specific heat de-
tailed magnetic-field versus temperature phase diagramsgenved. Depending on the direc-
tion of the magnetic field up to three different multiferrgicases are identified, which are sepa-
rated by a magnetically ordered, but non-ferroelectricsphf@om the paramagnetic phase. Be-
sides these low-temperature transitions, a ferroelastas transition at~ 79 K is observed
and investigated. Three other members of the erythrosgdpe family (K[FeCk(H,O0)],
Rb,[FeCk(H,0)], Cs[FeCk(H;0)]) are classified as linear magnetoelectric materials bgms
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of dielectric investigations and measurements of the mtageasceptibility. From the K-based
to the Cs-based compound the transition temperature te#pective magnetoelectric phase de-
creases frofV¥ = 14.3K and7T¢* = 10.2K to T{® = 6.8 K. For all three compounds the
anisotropy and the temperature dependence of the linearet@ajectric effect is analysed. Based
on the anisotropy study of the magnetoelectric effect effCl;(H,O)]) a model for its unknown
magnetic structure, described by the magnetic space iﬂn; fﬂ—l is developed.
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Kurzzusammenfassung

Die vorliegende Arbeit befasst sich mit der Suche nach neudtiferroischen und magnetoelek-
trischen Kristallen mit starker magnetoelektrischer Kapg und ihrer grundlegenden Charak-
terisierung durch Untersuchungen ihrer dielektrisched anderer thermodynamischer Eigen-
schaften. Der experimentelle Schwerpunkt der Arbeit lgadiei auf zwei verschiedenen Kristall-
familien, den Pyroxened M X,04 (A = mono- or divalentes Metall)/ = di- oder trivalentes
Metall und X = tri- or tetravalentes Kation) sowie den erythrosidertiggan Verbindungen
As[FeX5(H,0)] (A = Alkali Metall oder Ammonium lon, X = Halogenid lon).

Eine Analyse der Anisotropie des linear magnetoelektaachffekts von LiFeSiOs mit Hilfe
dielektrischer sowie polarisationsmikroskopischer Wsuehungen ergibt, dass die in der Literatur
vorgeschlagene magnetische Raumgruppe/c’ fur seine antiferromagnetische Phase nicht ko-
rrekt sein kann. Die vorliegenden Ergebnisse sind nur kadifoglamit der triklinen Raumgruppe
P1’. Die multiferroischen Eigenschaften von NaFeGg dem ersten Prototyp-Multiferroikum
unter den Pyroxenen, werden detailliert charakterisiartlal dielektrische Untersuchungen sowie
Messungen der magnetischen Suszeptibilitat, der thenmmsAusdehnung und der Magnetostrik-
tion. Ferroelektrizitat tritt unterhalb vor 11.6 K in einer antiferromagnetisch geordneten Phase
(Tv ~ 13K) auf. Die zugehorige spontane elektrische Polarisatisst Isich durch Magnetfelder
beeinflussen. Es werden detaillieBel’ Phasendiagramme entwickelt.

(NH,)2[FeCE(H,O)] wird als ein neues Multiferroikum klassifiziert. Fertektrizitat tritt un-

terhalb von~ 6.9K in einer antiferromagnetisch geordneten Phase &uf ¢ 7.25K). Es

besteht eine starke magnetoelektrische Kopplung, da seckpmbntane elektrische Polarisation
durch magnetische Felder stark modifizieren lasst. Die ei@gghen, dielektrischen und magne-
toelektrischen Eigenschaften von (Nk{FeCk(H,O)] werden durch dielektrische Untersuchun-
gen sowie Messungen der Magnetisierung charakterisiert<ombination mit Messungen der
thermischen Ausdehnung, Magnetostriktion sowie spebiéisdNarme, ergeben sich komplexe
B-T Phasendiagramme. In Abhangigkeit von der Richtung deslegtga magnetischen Feldes
kénnen bis zu drei verschiedene multiferroische bzw. miaghektrische Phasen identifiziert wer-
den, die durch eine magnetisch geordnete, nicht ferraedeke Zwischenphase von der para-
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magnetischen Phase getrennt sind. Neben diesen Tieftatap@®hasenumwandlungen wird
bei ~ 79K eine ferroelastische Phasenumwandlung beobachtet umdsuoht. Drei andere
Mitglieder der Erythrosiderit-Familie ({FeCk(H,0)], Rb[FeCk(H,0)] und Cs[FeCk(H,0)])
werden als lineare Magnetoelektrika klassifiziert und Hufielektrische Untersuchungen sowie
Messungen der Magnetisierung charakterisiert. Von deuielzur Rubidium-Verbindung nimmt
die Ubergangstemperatur zur jeweiligen magnetoelekigiscantiferromagnetischen Phase von
T¥ = 143K und T8 = 10.2K zu T'¢° = 6.8K hin ab. Fur alle drei Verbindungen werden
die Anisotropie sowie die Temperaturabhangigkeit desalimeagnetoelektrischen Effekts detail-
liert untersucht und analysiert. Im Fall von{I%eClk(H,O)] kann durch eine Symmetrieanalyse
des linear magnetoelektrischen Effekts ein Modell fur dibekannte magnetische Struktur dieser
Verbindung, beschrieben durch die magnetische Raumgtﬂ]éjfcé%, hergeleitet werden.
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