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Abstrakt

VDdecklT viznam dynami ck® magnet opezorghodnymi c k ®
potenci 8l n2mi technologi cskluii umplsipk aoemic h p @
excitacivSadnN dobSe zn&mlich i kompletnh novich mu

Byly studovany magnetoelektrické excitace ve slavném pokojovém multiferoiku BiFeO
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Abstract

The scientific significance of dynamical magnetoelectric coupling, combined Wwéh t
eminent implication of its technological applications, prompted our investigation of spin and
lattice excitations of a series of widely known, as well as entirely novel, multiferroic materials.

The magnetoelectric excitations of the celebrated roomarsatype multiferroic BiFe@were
investigated. Among the previously reported, two new infrared active spin excitations were
discovered. Polar phonons in Bire@ramics, as well as in a thin film epitaxially grown on
ThScQ substrate, were investigatedarbroad temperature range.

The novel double perovskite fnTeOs; was prepared and described for the first time. Its
crystal and magnetic structure classify it in the rare family of antipolar antiferromagnets.

The spininduced colossal magnetoelectric effan NisTeQ; stimulated us to discover
electromagnonsn this material and to prepare and studyin and Co dopeal samples.All
Niz.xBxTeQs (B=Mn, Co) compounds present the nroantrosymmetricR3 space group
symmetry, collinear antiferromagnetic spin struetuand spisinduced electric polarization
below Ty. Mn-doping results in increase of the Néel temperature, wheredsing in decrease
of the magnetic field value of the sgiop transition, at which the magnetoelectric coupling
enhances. Spin excitatis were observed in all compounds. In addition to the pure magnons,

NizTeQ; and NiCaTeG:; also display electromagnons.
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Preface

The relatively new field of multiferroic materials, with its revival in 2000s, is of great value
for the advances of various distinct fields of condensed matter physics, which astonishingly
entange and interplay under the broad roof of the multiferroic family.

Throughouthe history of multiferroics hte static magnetoelectric coupling hottls reins of
the multiferroic scientific front. However, there is a great interesthiat happens away frothe
staticregime in multiferroic systemsience the exploration dhe dynamical magnetoelectric
effect was considerably triggered in recent yedB®th cases share theame microscopic
mechanismsbut in the latter cagbe order parameters of magnetiaa and polarizationra not
static, but oscillatory. Very often, in this dynamical regimeyel elementary excitatiorcalled
electromagnonemerge a s fi ¢ aisdyniamigalanagnetdelectriticoupling.

In that fashion, leeady widely known multifenic materials, as well as entirely novel
compoundswere studied and will be presented in the current thasite frame of spin and
lattice excitationgnvestigatedy the combination of infrared, timdomain terahertz and Raman
spectroscopies

The layout of the current thesis consists of four chapters:

U Chapter 1: Introduction to the physical concepts of multiferroics, ferroelectrics and
the dynamical magnetoelectric coupling

U Chapter 2: Description of the experimental methods used for the current study

0 Chpater 3: Experimental results of three groups of multiferroic materials: BiFeO
PbbMnTeG;, and the corundusrelatedfamily of Niz«BxTeQs (B=Mn, Co)

U Chapter 4: Conclusions
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Introduction






Chapter 1 Introduction

1 Introduction

The main physical concepts discussed in the currenstivds be presented in Chapter 1. A
brief historical evolution of the scientific fields in question, in combination with the current
trends, will beportrayed supported by selected bibliographic review.

The first part of the chapter is devoted to theadrdamily of multiferroic materialsAn
attempt to describe the quantdevel microscopic mechanisms responsible for the
magnetoelectrienultiferroic behavior is of great importanc®ubsequently, the classification of
diverse multiferroic cases of matdsiavill be statedThe celebrated dynamical magnetoelectric
effect, which ighe man interest of the current work, engages substapéeil of this section.

In 1.2, the principles of ferroelectrics are presented, offeringaacgl at the polar counterpart
of magnetoelectric multiferroicity, whetheriimtsic or magneticaliynduced.

Finally, a brief theoretical background of spin and lattice excitations in solids will be laid in
sectionl.3, in orde to prepare the ground for the upcoming experimental observations.

The image below corresponds to a schematic representationsofmshot of the spin
precession in an antiferromagnetically ordered magnetic system. Such spin dynamics are
responsible fortte formation of magnons, which if coupled to the latticeasiyics, correspond

to electromagons(image created by the author)

A AN/
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Chapter 1 Introduction

1.1 Multiferroics

The relatively new field of multiferroic materials, with its revival in 2000s, is of great value
for the advanes of various distinct fields of condensed matter physics, which astonishingly
entangle and interplay under the broad roof of the multiferroic faffily.

In the currentsection a brief history of multiferroics will be presented, followed by some

basic physics concepts, classification and proposed multiferroicity mechanisms to date.

Figure 1.1 Schematic illistration of the possible interactions between the primary ferroic properties in
multiferroic materials. The interplay between ferroelectricity and magnetism is highlighted with purple
arrows for the particular case of magnetoelectric multifesrdimageadapted from Reff)

1.1.1 Multiferroics through history

The early years of multiferroics were mostly linked to thagnetoelectric (ME) effecthe
interplay between magnetic and electric dipole moments. However, the magnetoelectric family
of materials is muchoroader than what nowadays we came to know and understand as
multiferroics. But let us see at first how it all started.

Surprisingly enough, for more than a century since the first report of magnetoelectric effect
by Réntgen in 1888 both magnetoelectricity and multiferroicity were neglected by the scientific
community. Only a few isolated reports of magnetoelectrics or multiferroics appeared during the
years, untithesc al | ed fARevival of the *Magnetoelectri

The first reported study related to the magnetoelectric effect was, as mentioned above, by
Rontgen in 1888, who observed magnetization emergence in a moving dielectric at the presence
of external electrical field.A few years later, in 1894, Pierre Curie predicted the possible
existence of magnetoelectric effect in crystals, by the ussyminetry consideratiortd The

16



Chapter 1 Introduction Multiferroics

reverse magnetoelectric effect, or else the polarization emergence in a moving dielectric at the
presence of external magnetic field, was published in 1905 by Widémwvever, only in 1926

the term fimagnetoelectric eff ediThe essemtial ttsnt at e
though occurred with the introduction of the broken spag®l timereversalsymmetry by
Dzyaloshinskii in 1959, as a prerequisite for the manifestation of the magnetoelectri¢*dffect.

the later publication, he predicted the occurrence of the magnetoelectric effect in

antiferromagnets (AFM), namely £, for which a year later was experimentally demonstrated

by Astrov?®

Before we continue with the facts that led to what nowsdsyinderstood as multiferroicity,
it would be helpful to understand what was n
prefi xii,Afreeramoi ng Airono in | atin, was i niti

present spontaneous magnetioment, as a courtesy to ir6hBy spontaneous, it is meant that

the magnetization appears in the material intrinsically, at the absence of an external magnetic
field. Switching of the magnetic moments can occur at the presence of an extddnadian
anal ogy to the spontaneous magneti zation in
the first time by Schrédinger 1912, for materials that present spontaneous polarization
(ferroelectrics will be presented in more detail in Secifi.2)."” During the 1960s, Aizu the
first to us e-intahseriestobpuhlicativrs eresentdd alldpossible ferroelédtric,
ferroelastié® and ferromagneti¢ species, based on crystal symmetry analysis, as well as the
possible coexistence of those three different ferroic propéttiéewnhamet al?>?3further on,
classified ferroics, considering gsimary ferroic properties ferromagnetism, ferroelectricity

and ferroelasticity. Finally,the first experimental observation of electric figiduced
magnetization rotation by 9@vas achieved by Aschet al in 1966, who studied the boracite
Ni3B70:71.%

Unfortunately, in spite of all the significant advances during 1960s and 1970s, the possibility
of combined ferroic properties was left aside till 1990s. The main reason was that the family of
perovskites, one of the main crystatustures studied among ferroic materials, only seldom
share simultaneously magnetic and ferroeledfi€) propertie$ The reappraisal of the matter
was done by Schmid in 1994, who i ntroduced t
more primary ferroic p(Foweld)ifdlavedby Spaldinfas Hiasta me ¢
that time§ in 2000 and KhomsKif in 2001, both pointing out the reasons for the existence of so
few singlephase magnetoelectric multiferroics (see SectidrB.]).

During the coming years, significant contributions in the microscopic quantum level, as well

as eyerimental breakthrough in various techniques, led to numerous discoveries of multiferroic
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Chapter 1 Introduction

materials. In 2007, Cheong and Mostovoy reintroduced the classification of ferroelectrics in
proper and impropéf, and theirrole in the wider family of multiferroics. Finally, Khomskii in
2009 established the classification of multiferroics in Type | and I, depending on the origin
and/or the microscopic mechanisms of the magnetoelectric codpling.

Currently, the field of multiferroics has attracted more and more researchers, from both
fundamental theoretical and experimental physics, as well as the radiant world of applications.
New exotic physics concepts have been intredusuch as monopoles, vortices, skyrmions and

electromagnons, the latter being one of the main subjects of this thesis.

1.1.2 Magnetoelectric coupling in singlephase multiferroics

Although there is great progress in the field of composite multiferroics, byesrmng
heterostructures of distinct ferroic materials, presenting substantially strong magnetoelectric
coupling?®® in the current thesis the main focus will Isingle phase magnetoetdc
multiferroics

In this section, the magnetoelectric coupling in sifgilase multiferroics will be discussed,
from the point of view of both phenomenological and quariwel approaches. The first
describes the comprehension of the coupling by meftise Landau phenomenological theory
and the concept of therder parameter The second can be as a first approach divided into two

different microscopic mechanisms: thgin-orbit and thespin-lattice coupling

1.1.2.1 Landau phenomenological approach

The primay ferroic properties can be described in terms of symmetry analysis, as mentioned
above. The break of symmetry related to each of them can be represented by the so called order
parameter, whose value goes from zero to-zeno at the occurrence of the pharansitiort’

For example, ferroelectricity is characterized by spagersion symmetry breaking and the
correspondig order parameter is polarizatidh, whereas ferromagnetism breaks the time
reversal symmetry and magnetizatidris the corresponding order parameter.

Based on Landau phenomenological approach on phassitions:* the coupling of the
ferrorelectric and magnetic contributions in magnetoelectric multiferroics can be expressed by

the expansion of the free energy:

Ofg O 00 0 ---00 - 00

- 000 -r 000 a8 11
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Chapter 1 Introduction Multiferroics

where F, is the ground state free energy? and M® the spontaneous polarization and
magnetization respectivel andH the electric and magnetic field respectively, and‘ °

the dielectric perntiivity and magnetic permeability, respectively, &nd and/  third-order
tensor coefficients describing quadratic ME coupliferivation of the above free energy over
the electric fieldE and magnetic fieldH, results in the expressions for polarizatiBnand

magretizationM, respectively:
Fen  — F --f 12 T 979 7 72r 88 12

1wy — 4 rrm o 50 o 35 8B 1.3

whereU; is the linear magnetoelectric coefficiemthich corresponds to magnetic fidtttiuced

polarization or electric fielkihduced magnetization, as showrenuation 1.4:

A
| N 14
1l IF

In addition, the upper bound on the magnetoelectric susceptitaility - * - * ,*! restricts
large ME coupling in multiferroics, where large permittivity and high permeability
simultaneously occur.

Here, it is important to highlight that even tlgh higher order magnetoelectric coupling
coefficients exist, as seen above, as well as the dynamic magnetoelectric coupling (discussed in
Section 1.1.4, in the vast majority of multiferroics literature when referred to tineal
magnetoelectric coupling, the term fAlinearo
linear magnetoelectric effect with multiferroicity. Not all multiferroic materials exhibit linear
magnetoelectric coupling, and not all materials exmbitinear magnetoelectric coupling are
multiferroics. For example, higher order magnetoelectric coupling may occur in materials, where
there is no simultaneous breaking of spes@rsion and timeeversal symmetries, such as in
rear earth molybdates,@®100,)3;, which present magnetoelectric effect in the paramagnetic
phasé® or in multiferroic YMnQ, where in the AFM phase the timeversal symmetry is not

broken and piezomagnetic coupling plays the fole.

1.1.2.2 Quantumtlevel microscopic mechanisms

A significant remark on theaymmetry aspect in multiferroics is that one single magnetic
moment breaks timeeversal symmetry, but not necessarily sgaversion?” which is also

related to the fact that there are very few magrdi (discussed in Sectidnl.3.). However,
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Chapter 1 Introduction

the spatial disibution of multiple magnetic moments can break the sjpagasion symmetry,
leading to the emergence of polarization.

The understanding of the underlying microscopic mechanisms that lead to magnetoelectric
coupling is essential for the engineering ofvelosinglephase magnetoelectric multiferroics,
since the ones already existing in nature are very limited. Complex interactions related to
magnetic, ionic and electronic contributions may occur in the majority of the multiferroic
materials, however one ralistinguish two main types of coupling mechanisams-orbit and
spintlattice.

The main difference between the two mechanis FM
is that in the former, the magneticalhduced

—
—
—
_—
—

polarization is related to theéirection of the magnetic
moments, thus the magtic easy axis or plane AEM

whereas in the latter, the polarization emerges a

result of thecrystal symmetry In addition, usually I H I I I
spiral magnetic order corresponds to spiarbital FiM

coupling, whereagollinear magnetic ordetto spin

lattice coupling (see &ction 1.1.3.3. Naturally, I I I l H

combination of the two operations may occur, whi

helical
might hinder the efforts of clear understanding of 1 e

origin of magnetoelectric coupling in particule
materials.

Before we proceed with the diééal explanation of Figure 12 The basic magnetic orde
the microscopic coupling mechanisms, a brief reminFM, AFM, FiM and helical.

on spin ordering is necessary. Magnetic ordering in the crystal lattice arises from exchange
interactions between partially filled or f shells oftransition metalor rare-earth ions. For a
collinear spin alignment, thdeisenberg exchange interactiaof main importance, whereas in
spiral spin order, thenagnetic frustrationrelated to spivorbit coupling accounts for these
fascinating spin formatiorfs?’ A few basic magnetic structures are: ferromagnetic (FM)

antiferromagnetic (KM), ferrimagnetic (FiM) and helicaFgurel.2).

Spintorbit coupling

One of the two mechanisms that allow magnetoelectric coupling is thergiinnteraction.
There are two main examples worth mentioning witthe spirorbit coupling mechanism:

DzyaloshinskiMoriya interactionandspindependent metdigand hybridization

20



Chapter 1 Introduction Multiferroics

At the end of 1950s, during the studies on Ak Cr,Os3, the historically first material to
exhibit magnetoelectric coupling, Dzyaloshkis suggested that antisymmetric exchange
interaction can induce wed® moment in antiferromagnet$ One year later, Moriya showed
that this is merely a result of spimbit interactior®> Due to the great significance of their
findings for the wide family of magnetic systems, this interaction was cBiE@loshinski
Moriya (DM) interaction

Let us consider two magneimns separated by a nomagnetic one, say oxygeRigurel.3).

The three atoms form straight bonds with 1&hgle between them. Due to a relativistic
correction to the superexchange interaction between the nagmes, oxygen moves away
from its position, bending the bonds with its neighboring atoms. The Hamiltonian of such

interaction can be formulated ¥s’

1 r ol A 15

where Dj is the coefficient of the DM interaction, determining the amplitude of the oxygen
displacement and perpendicular to #items plane, an8;, S the spins of the magnetic ions at
sitesi andj. Due to the displacement of the intermediate oxygen, a local polarization is induced,

having the following expression relative to the spins:

w4 16

whereg; is the unit vector that points from sit&o j.

Another example of spiorbit coupling based magnetoelectric coupling in shpylase
materials is that of thespindependent metdigand hybridization else known asp-d
hybridization, due t o tdan dh yabporhtwisé Ehis seocond b e t
order spirorbit coupling mechanism is related to a single magnetic moment and itctioiera
with the surrounding anions, say oxygens. The induced polarization is a result of all the bonds

between the magnetic ion andrisighboringanions Figure1.3) and it can be expressed as:

5 Bmd m 17

where the summation is over all different bonds enlde bond direction.
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Chapter 1 Introduction

A great advantage of the sponbit
spin-orbit coupling ] ) ]
coupling based magnetoelect effect is
Dzyaloshinskii-Moriya interaction | sp!in-dependfeth . . .
metaligand hybridization that the spins are susceptible to external
P magnetic fields, thus the materials
possessing it can easily present
magnetically driven polarization, which
p can be strongly influenced by external
magnetic field.
spin-lattice coupling Spintlattice coupling
° * The weak spm-orbit coupling in the
) TN SN compounds with @ transition metals, and
p ¢ P ~ I , g
l l .l l _.-l the substantially low critical temperatures
° ° e T
® } -/ 1 | and polarization magnitudes related to the
T i ; L "¢ "y < | spinorbit coupling led to the need for an
° ° . . : .
: alternative mechanism which would still
® ) P o
- ¢ take advantage of ¢dhmagneticallyinduced

Figure 1.3 Schematic summary of the microscc
magnetoelectric  coupling mechanismgscheme
adapted from Ref. 5, 41, 2j70 materials  with  spirorbit  originated

break of inversion symmetry. Since most

magnetoelectric coupling correspond to +oatlinear magnetic structures (spiral, cycloidal,
helical)®® Segienko et al suggested a new mechanism of creation of polarization in the
collinear Etype AFM HoMnQ.“*° Instead of the spiorbit coupling antisymmetric
superexchange interaction, a symmetric exchange striction (with a Hamiltonian
0% B * nn , whereS, S are the spins of the magnetic ions at sitaadj, andJ; is the
exchange interaction coefficients between the two spins) related téapma interaction was
proposed. Hereby, two examples of such $agitice coupling will be mentioned:one
dimensional Ising spin chaendtwo-dimensional Bype AFM

The idea of a symmetric exchange striction mechanism responsible for magnetivaihy
polarization in the case ohedimensional Ising spin chawvas formulated first by Giong and
Mostovoy in 2007° However, the first experimental demonstration of such a system was done
by Choiet al one year latet for CaCoMnQs, which presents an ugp-downdown ¢ v § 8
quasicollinear spin order along-axis. The magnetic moments originate from bottf*Gmd
Mn** ions, whose positions alternate along the chain, breaking the inversion symmetry of

magnetic sites and inducing polarization along the same leigaré1.3). Due to the symmetric
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Chapter 1 Introduction Multiferroics

superexchange interaction, parallel spig!fesult in contraction, whereas antiparall&l¥(in
repulsion. The hetewalency of the magnetic ions is essential for the emergence of polarization,
since the latter is proportional to the divergence of the exchange interdchetween the
magnetic sites, which in turn is inextricably linked to the lattice symmetry.

As mentoned above, the general idea for the induction of polarization by collinear spin order
was introduced with the orthorhombic perovskitetyfe antiferroragnet HoMnQ.*° The
magnetic cations of M¥i form antiferromagnetically alternating zigzag chains theairl theab-
plane, with the spins pointing alorgaxis. The polarization is induced alomagaxis by the
combination of botiFM and AFM exchange strictions, which cause oxygen displacements and
buckling of the oxygen octahedral Figure 1.3).*** An extra contribution to the total

polarization wa reported by Leet al,*?

which originates from the Hdn symmetric exchange
striction and gives rise to @axis polarization component. Note that the main difference between
the onedimensional spin chain and thetfpe antiferromagnets concerning sfattice coupling

is that the former requires heterovalent magnetic ions, wherekdtdrasovalent.

1.1.3 Classification of multiferroics

Due to Kohmskiidés prominent | egacy in the
divide them in two classesypel andtypell multiferroics Eigure 1.4).2” The main difference
between them is that the two distinct ferroic orders occur at different critical temperatures in
typel, whereas in typél occur simultaneously, in other words, the one irduthe other.
Below, the principal subclasses among the two families will be presented, together with a few

examples of multiferroic materials.

1.1.3.1 Typel Multiferroics

In this class of multiferroics, we often encounter enhan€Edproperties. The critical
tenmperaturelc at which occurs th€E phase transition is higher than &l or AFM one, T or
Ty respectively. Typé multiferroics were among the first studied, since tR&iproperties were
well known. Their main advantage is that in many cases theynprasdtiferroic properties
above room temperature (RT). However, the magnetoelectric coupling between ferroelectricity
and magnetism is mostly weak. Hereby, four main subclasses will be described, based on distinct

origins of ferroelectricityperovskiteslone-pair, charge orderingandgeometriderroelectricity.
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Multiferroic perovskites

Among the perovskite structures (ABQone can come across a plethor&Biand magnetic
phases, however not combined (more on perovskites in sdcBdh The emptyd shells of the
transition metal ions sitting in the B sites of tRE perovskites are usually necessary for
inducing a norcentrosymmetric structure (th&& polarization) by forming covalent bonds with
the neighboring oxygen®©n the other hand, the partially filletishells of the transition metal
ions are fundament al for the emergedosd of m
pr ob feheme essentially both requirements cannot meet in the same material. One solution
is the mixed perovskites, wheed” andd” metal ions belong to distinct oxygen octahedral cages
(Figure 1.4), however presenting very weak magnetoelectric coupling. However, some cases do
not follow thed® rule, such as $xBaMnOs does not fhow the d° rule here both ferroelectricity

and magnetism is caused by the samé"Mation®°

Lone-pair ferroelectricity

The considered i mo d aevitho peranskitet struictere betongs in EhisF e O
multiferroic subclass. Bl cation possesses®electrons that do not form cheral bonds. The
hybridization between itsstand 6 states results in distortion of the spherical symmetry of the
shell, thus inducing high electric polarizabilifyigure 1.4).*® An AFM spiral order is caused by

the magnetic moments of the Fe cations.

Charge ordering ferroelectricity

This subcase of typke multiferroics is mostly observed for heterovalent transition metal
compounds, where the cationsod si Fkswate Biguee bon
1.4).*" Examples of materials presenting such behavior ageCR#,MnOs,*" TbMn,0s,*® and
LuFe0,.*

Geometric ferroelectricity

As expected by the title of this subclass, Biepolarization is generated by ionic geometry
transformations, such as in the case of YMn&here the trianguldayered MnQ@ blocks tilt in

a way that produce huge displacements amdhgr@ons and ¥ cations(Figure1.4).>°
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Type-l Type-I|

mixed perovskites lone-pair collinear
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transverse-conical

Figure 1.4 Classification of multiferroicéschemes adapted from Ref. 27) 39

1.1.3.2 Typell Multiferroics

The most thrilling attribute of typ# multiferroics is the fact that the magnetic order induces
the FE polarization, often resulting in stronger magnetoelectric coupling than for the case of
type-l multiferroics. Naturally, the critical temperature of thE phase transition lies below the
one of the magnetic phase transition, or the two coincide2 © this confining interaction
between the magnetic moments and the polarization, the latter becomes susceptible at
magnitude, rotation and flipping changes, at the presence of external magnetic fields. However,
the values of spimducedFE polarizationare approximately two or three orders lower than
those observed in tygemultiferroics. As a reminder, another drawback of this class is the
typically low critical temperatures that usually are required to achieve the magnetic ordering.
Since the spin =micture is undoubtedly fundamental for tybenultiferroics, the main two
subclasses are related to two basic spin ordpisal andcollinear magnetic structuresndeed,
the spin-orbit and spin-lattice coupling mechanisms €stion1.1.2.9 correspond roughly to the

spiral andcollinear spin orders respectively.
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Multiferroics with spiral magnetic structures

The tendency of the magnetic moments to order in spirals could be described as a parallelism
with the spinflop transiton in magnetic systenf.In such case, the minimization of energy
occurs when the spins lie perpendicular to the magnetic field. Thus, canting of the spins is
energetically favored in some systems, i@sy in spiral structures. There exist various spin
spiral geometries, however the main ones are: proper screw, cycloidal, longitudinal conical and
transverseconical Figure 1.4).4*° As mentioned above, the magnetoelectric coupling in spiral
magnetic structures is related to the smibit couplng. Since in spiorbit coupling mechanism
the polarization direction is determined by the magnetic easy axis or plane, each spin
configuration gives rise to different directions of the polarization vector, as can be §eguréen
1.4,

A few examples of compounds with spiral spin order RMNO; (R=Tb, Dy, Eu.Yy) >
and the famous BiFef}** presenting cycloidal spin orde2oCrO, transverseconical®>*°and
the Y-type hexaferrite BéMg.Fe20,, forming longitudinalconical spin structure withP=0
which in external magnetic field transforms to transvexssical, where P0.>"°® Note that
BiFeO; belongs to typd multiferroics, but spiral spin structure enhances its statiaigatéon in
this material by 3% belovy.>®

Multiferroics with collinear magnetic structures

Like mentioned above, the symmetegchange interaction instead of the antisymmetric one
drives collinear magnetic systertes a FE state (seeestion1.1.2.9. Here, spirorbit coupling
doesndét necessarily play a r ol eexchamge sticgonima g n e
combination with the break of inversion symmetry by the spin order induces polarization, thus
crystal symmetry dominates the coupling in the collinear spin structures.

Apart from the examples mentioned iaction1.1.2.2 such as HoMn@®and CgCoMnG;, a
series of collinear antiferromagnets has drawn the attention, like the orthorhombic Ising
antiferromagnet DyFegf° the rareearth doubleperovskites RCoMNnO; and RNiMnOg, %%
and the hexagonal NieQ; with a colossal mgnetoelectric effe® which will be discussed in

more dedil in the current thesis (seection3.3).
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1.1.4 Dynamical Magnetoelectric Coupling

The linearstaticmagnetoelectric agling was described inestion1.1.2.1 Now it is time to
see what happens away from the static regime in multiferroic systems. Naturally, the same
microscopic mechanisms mentioned for the linear magnetoelectric coupling are rdspinsib
the dynamical magnetoelectric coupling, but in this case the order parameters of magnetization
and polarization are not static, lmscillatory.

In the current Section, a brief introduction to the conceptiysfamical magnetoelectric
coupling will be presented, followed by the description of its close relative ditteetional
dichroism and finally, the novel elementary excitationsetdctromagnons as fAcarri er
dynamical magnetoelectric coupling.

The optical lynamica) magnetoelectric e#ct

Let us inspect the dynamical magnetoelectric coupling through the classical
electromagnetism and the linear response theory. Since we refer to a dynamical behavior, it is
convenient to follow thérequencyd o ma i .i#* °(Hawever, it is preferable to start from the
static case.

At the absence of magnetoelectric coupling, the classical electromagnetism relations of
polarization and magnetization to the respective medium fieldgfare:.. pandd ... 5 (in
cgs system), whereé® andc" are the dielectric and agnetic susceptibilities, respectiveljhe
magnetization and polarization currents are givenlpy: , 4 andl 1 |}, wherer andt
correspond to the spacand timerelated derivativesHowever, in the case of simultaneous

break of tine-reversal and spagaversion symmetries, the two terms are coupled, yielffing:

»
[ I R TR PO R 18

Here, the interlocked componentsPandM appear in terms of symmetry consideratidhss
related to a spatial divgence of the magnetic moments, < , andM to a timedependent
polarization? | .

Analogously as described for the linear magnetoelectric coupling in equatasd 1.3,
extra contributions appear at the polarization and magnetizatidiomslaabove, which can be

expressed as:

9 | F 1.10
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where i,j correspond to spatial coordinates, |ands the dynamical magnetoelectric coefficient.
The difference between thiinear and thedynamical case is thathe terms | and

correspond to theoscillating polarization and magnetization which are induced by the
oscillating electricandmagnetic fields g ands , respectivelyinterestingly, the latter can be
identified as theelectric and magnetic componentstbé electromagnetic radiatiohus, the
dynamical magnetoelectric coupling is, in factomtical magnetoelectric effeéf' °

It is of high importance to stress the significance and elegance of exprésgi@mce it
depicts thevery essence of the magnetoelectric coupligowever, up to this point, the spin
induced polarization, in materials that do not possess intherbnoken spacénversion
symmetry, accounts for the manifestation of the magnetoelectric effect in the vast majority of
magnetoelectric multiferroic materials, namely the tiijp@ultiferroics. There is naignificant
experimental evidence showing theiprocal effect, where the magnetic order is induced by a
time-dependent polarization in nenagnetic systemsapart from the case of possible
ferroelectricallyinduced paramagnetism in triglycine sulfate (TG%) Here, one should not
confuse the weak ferramgnetism induced byFE order in say antiferromagnetgzero
macroscopic magnetizatioff}/> with the otherwise paramagnetic or diamagnetic systems
presenting ferroelectricinduced magnetizatioff:”®> The possibility of the occurrence of a
phononZeeman effect, scilicet the Zeeman splitting of degenerate phonon modes at the presence

of an external magtie field, was formulated recently by Juraschetkal.”*

They suggest that
ionic loops of circular motions of the ions can generate macroscogoati@a moment via
optically-driven phonons. Like intrinsic polarization is not required for the-smocedFEs,

intrinsic magnetism should not be needed for the gaiaen magnetization.

a b
@~ i
; 3 M B
@ s =
g wo ————————————————
Q) A
A ‘ = — wotyB M = ——
| | — Wy-YB
m, mg M magnetic field, B

Figure 1.5 (a) The theoretically predicted reciprocal effect of the tuependent polarizatiemduced
magnetization, by the vibration of charges in an otherwisenmmgnetic crystal lattice. (b) The Zeeman
phonon splitting at the presence of an external magneticHiéld
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Directional Dichroism

A concomitant effect alongside the optical magnetoelectric coupling is the phenomenon of
directional dichroismdefinedas t he materi al sdé different opt
light.6"%® At first, it was theoretically proposed by Browet al in 1963’ mentioned as
gyrotropicor nonreciprocal birefringengesuggesting the possible observation of AFM domains.

A few years later, Hornreich & Shtrikman related the phenomenon to the magnetoelectric
effect® Alas, only in the 1990s and 2000s there were a few experimental attempts for detecting
it, mostly corresponding to rather weak effects and above near infrared range of the
electromagnetic spectrufi/” ® Nonetheless, theerahertzrevolution of the 2000s promoted the

first demonstration of the directional nonreciprocity of light transmission in multiferroics in the

terahertzrange in 2011 by Kezsmarét al. (Figure1.6).%’
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Figure 1.6 The effect of directional dichroism. (a) Absorption and (b) reflectimtydes, as seen in an
electric dipole, magnetoelectric resonance and magnetic dipole, for cpurpegating waves. (c) A
selection of materials and their behavior to couptepagating waves. (d)he oscillating electrige  and
magnetic fieldsg; of the propagating lightand the induced crog®upled magnetizationM and
polarizationP. On the right side, the-c cycloidal structure induces static polarizat®mlongc-axis. (e)
The different configurations of the cressupledP andM for couner-propagating waves. (f) Absorptions
in the complex refractive index for the different configurations shown in (e) feel®BgMnO;, and the
respective changé& andYQ (images taken from R. 69, 80)

The significance of the latter work is that thiscilating behavior of polarization and
magnetization is manifested in the hybrid elementary excitations knovateesomagnons
which very often lie in the terahertz or far infrared region of the spectrum. Very soon, further
evidence of the existence directional dichroism in multiferroics was reporf8d®# and the

inextricable correlation of thdirectional dichroismto theoptical (dynamical) magnetoelectric
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effectwas establishedNote though that there is no necessary-vey relation between the two,
in other words, a material presenting directional dichroisnoidy definition multiferroic.
Continuing with the phenomenological description of the optical magnetoelectricfeffact

equations (9) and (10), one can arrive to the following expression for the index of reffaction:
0 -1 ] -] v 1 111

The sign in the second part of the equation is the explicit manifestation of directional

dichroism, corresponding to the

wavevectors of the light propagation, and relating it to the
magnetoelectric susceptibilities. The rigiand rule stands for thgolarizationvectors of the
electromagnetic waveyr , 31 , the directions of the elaec and magnetic components,

respectively.

Electromagnons

One of the main interests of the current thesis is the dashing waldotfomagnonsAs the
very word indicates, the electromagnons electroactive magnong? namely collective spin
and lattice excitations that couple the dielectric and magnetic properties. In that fashion, like
seen above in the refractive index expresdidii, they contribute to both the dielectric and
magnetic susceptibiles.

The first report about the possibility of such coupling was done at the end of 1960s by
Bardyakht &*r&f €huphng, t o -maenmo nassenskii Shagismia t t e
1982 published a review on ferroelectromagnets, reintroducing the potential of such excitations,
naming them #@f e Bu erlyenc 20060 theafigsh expesniental evidence of
electromagnons was demonstrategl Pimenovet al in RMnO; via terahertz transmittance
experiment$? Soon it was followed by the fanfrared studies of EyysY029MnOs, revealing
spectral weight transfer from the levequency polar ptnons to the terahertange magnon¥.

Such behavior was theoretically predicted by Katsetral®’ for the spirorbit interaction
induced polarization in helical magseattributing it to the coupling between the lattice and spin
excitations, thus the electromagnons.

Since the electromagnons originate from the collective spin and lattice excitations, all the
possible quanturevel microscopic mechanisms responsible foe multferroic coupling
mentioned in sction1.1.2.2are undoubtedly related to their generation. To remind the reader,
there are two main possible coupling mechanisspstorbit and spintlattice. Within the spin
orbit couping case, thespincurrent (DM interaction) and the-d hybridization(metatligand)

can drive the system to a polar phase. $piment coupling mostly originates from roallinear
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spin structures and it is a consequence ofatitesymmetric superexchge interaction On the
other hand,spinlattice interaction appears principally in systems with collinear spin order,
where thesymmetric exchange strictios the parent of the polarization induction. However, in
many cases a combination of the above rdmutions may occur.

The electomagnon frequencies often lie time terahertz range. Figure1.7 one can see the
possible activation of electromagnons at the larayelength spectroscopy. The example chosen
is the case of sinusoidal phase in RMn@resenting cyclon (black solid) and extrgclon (red
dashed) branches in the magnon dispersion curves. The three main gleaeiumicroscopic
mechanisms discussed above are illustrated, with the respective carisbaotthe wavevecter
domain. Note that electromagnons can have wavevector out of Brillouin zone cef)eif(the
magnetic structure is modulated (helical), while mag#df resonance) activated terahertz
(THz) orinfrared (R) spectra of unmoduted antiferromagnets has g=0.

,=lds. 5, |-

N

Exchange striction

p-d hybridization C )
Q u

|
0 2n/b'-2Q) q 2n/b

Figure 1.7 Possible activation of electromagnons in the terahertz range of the electromagnetic spectrum.
The typical dispersion curves for magnons in the sinusoidal phase nOR&e shown: cyclon (black

solid) and extrayclon (red dashed). The three main microscopic mechanisms responsible for the
electromagnon activation are demonsttatanage adapted from Ref.)88
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1.2 Ferroelectrics

1.2.1 Principles of ferroelectrics

FEs correspondo insulating systems, which present two or more stable or metastable states
of nonzero electric polarization in the absence of electric field, known as spontaneous
polarization®® ®? The polarization in a bulk or film is organized in domains and, by reversing the
applied electric field, s wi t ¢ hFEsrbglongtb 10tpdlae d o r
point groups, a subaagory of the 20 nogentrosymmetric piezoelectric point grodips.

The FE phenomenon was firstly observed by Valasek in T82itially, the FE research was
limited to the study ohydrogenbonded materials, such as Rochelle gatitassium Sodium
Tartrate (NakC4HeOs.4H,0)) and monopotassium phosphate ¢RBy). In 1941, barium
titanat gdE propastesl we@ discovered independently in USA, Japan and Soviet
Union and the roet for understanding ferroelectricity was simplified.

In a sinilar way as in the ferromagreef the spontaneous polarization disappears above a
critical temperaturdc, the crystal goes throhgaferroelectricto paraelectricphase transition,
and the static permittivity follows the Cueiss law?
YOUY'QED €1 QXTI I OE T QO Q¢ €

-8 — 112
YOUYQEG €1 QI QI el QO Q¢ ¢

An important characteristic oFEs is the hysteretic behavioof polarization with the
application of an electric fielt®" In Figure 1.8, an almost ideal case of hysteresis loop is
presentedAs the electric field is increased, polarization increases until a certain value, which
corresponds to the saturation polarizatifyn By removal of the bias voltage, a large parthef
polarized regions maintain their distorted positions and, subsequently, at zero résithant
polarizationPg is reached. The same behavi® followed for the case of negative bias. The two
points where the hysteresis loop meets the voltage axisspand to the forward and reverse
coercive voltagesy” andV respectively. High values of the coercive field account for easily
polarizable materials, which retain their polarization. Finally, the area of the loop provides the

work necessary for polagtion switching’®
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Figure 1.8 Schematic representation of a wedituratecelectromechanical hysteresis loop. The two axes
represent the applied voltayeand the resulting polarizatidh Ps andPy correspond to the saturation and
remnat polarization,respectively, wherea¥" and V' to the forward and reverse coercive voltage,
respectively”®

1.2.2 Classification of ferroelectrics

There are various groups of materials that preBErgroperties. To nama few: perovskites
(BaTiOs, PbTIiG;, BiFeQs, SrTiOs), ilmenites (LINbQ), layered oxided=Es (Aurivillius phases
consisting of layered bismuth oxides, RuddlesBepper phases), oth&E oxide families
(tungsten bronzes, boracites), hydro@gemded FEs (KH,PO,, Rochelle salt), magnetiEE
oxides (hexagonal manganites, such as YMn&ectronicFEs (BaBiGQ;, LuFeQ, YFeQ,) and
FE polymers (PVDF, liquid crystals¥.

However, the most widely studied structure=@s is the perovskite (see g4b multiferroics
in sectionl.1.3.). Their structure is ABg) having cation A at the corners of the unit cell, B at
the centerand O at the midpoint of each face, creating an oxygen octahedra net, with B at the
centerof eachone of them Kigure 1.9). Based on two main behaviors observed mostlifEn
perovskites, the whole family can be divided into two classesdi@aciveand theorder-

disorder ferroelectrics
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Let us consider aubic perovskite

displacive FE

‘ order-disorder FE ‘

structure, as an example for tF

displacive FE class. At the paraelectric /_+. 7 n AN
phase, the structure is centrosymmetr . 1. ,W N
presenting zero ngdolarization. Below .T/ i‘%i/
Tc, the vertical displacement of centr: ﬁ —

cation B breaks the symmetry of th®® e(w)

cubic dructure and, by changing th

distribution of charge in the unit cell
induces polarizationFjgure 1.9).% The 4 energy

doublewell potential (bottom ofFigure ) #

1.9), presents th two stable statec

(lower energy states) of the spontanecFigure 1.9 The two main classes of FEs: displacive
L : . .orderdisorder, shown for the perovskite structurd@he
polarization, which in the paraelectriegpective soft and central mode contributions tc
state becomes a singhell. The Permittivity are shown, together with the doublell

potential. (imagereated by the author)
displacive FE phase transition is ofter

driven by the sacalledsoft modewhich is related to the instability of the ldwequency phonon,
thus its tendency to reach very low frequenciesO(m) close to the phase transitidh.

Therefore, the soft mode frequency follows the Cochran law:
1 8Y Y 113

In the class oforder-disorder FEs, the cation B hops among/o or more equivalent
positions, and the doublgell potential remains doubleell at both theFE and paraelectric
phase. Here, the soft mode mechanism is not responsible for the phase trdngitrsiead a
relaxation mode with frequency lower than that of the lowest polar vibrational mode, and it

yields:
17 0y Y 114

Both above mentioned types BE phase transitions are propeE, i.e. the order parameter is
polarization and the phase transition is induced by a soft phonon or relaxation with wavevector
from Brillouin-zone center. Nevertheless, pseudoproper and impFdfsealso exist where the

order parameter is represented by another quastighas strain, thé\FM order parameter, the
eigenvector of a phonon with wavevectoif the Brillouin Zone cater, charge, or orbital
ordering®
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1.3 Lattice and spin excitations in solids

The macroscopic properties of multiferroics can be explained by accessing the atatfoc
electronielevel behavior of distinct materialkattice vibrations or elsephonons are related to
the dielectric properties of solids. In addition, they can give us information about the crystal
symmetry, for example identifying polar phases, which @rénigh interest for the field of
multiferroics.Spin excitationsor elsemagrons reflect themagneticproperties of the materials,
the counteccompanion of polarization in the magnetoelectric multiferroics. And finally, the
combination of investigatiomf lattice and spin excitations can reveal the possible coupling
between them, thus the novel excitationglettromagnons

As it will be explained in Chapter 2, the access of the microscopic mechanisms is possible
via a combination of different spectompic techniques, which give us information on the
macroscopic response functions. The bridge between the microscopic and the macroscopic
behaviors is the theory of physical concepts of lattice and spin excitations. In the current section,
the latter congats will be introduced and related to the macroscopic response functions, such as
the complex dielectric functiod and the magnetic permeability.

1.3.1 Lattice vibrations

The main goal in this section is to derive the dispersion relation for phonons in a simplified
onedimensional diatomic crystal, and further on, via a phenomenological approach, to relate the

atomic vbrations to the macroscopic dielectric function.

optical mode

1.3.1.1 Onedimensional diatomic lattice o o
° °
As a first approximation, we can consider t/® © © ©
classical onalimensional harmonic oscillator, fo  © i o e °
a diatomic chain of oppositely charged atoms, w o acoustic mode °
masses m and M, and cbas e* andie?, © ® ° °
© [+ © +]
respectively Figure 1.10). Only nearest neighboi ° °
©

interactions are taken into consideration. Since e
current thesis is dedicated to a spectroscc'":‘i'g“ure 110 The onedimensional diatom

approach, the longiavelength limit ¢° 0) holds. chain of charged atoms and the two pos
o _ _ _ vibrational modes optical and acoust
In such approximation, all sites with equivale(image created by the author)
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mass are displaced by the same amount, thus we will attribute displacgrteeatoms of mass
m andu, to atoms with maskl. Due to the dipole interactions, an additional force proportional

to the electric field3'O must be taken into account. Hence, from the equations of motion we
t.100,101

ge
66— c66 o do
0b— ¢80 0o [o1©) 115

whered is the spring constant. We can consider plane wal#ians for the above systemtime

form 6 ; @ 'Q , where®is the lattice constant, and arrive to the dispersion relation:

¥
7 - — 6 — — — 1.16

For the longwavelength limit k- 0), the above dispersion relation reduces to the two following

roots:

1 ¢co — — 117

~

corresponding to the optical and astiti branches respectively. Figure 1.11, the Brillouin
Zone dispersion relation for phonons of the -diteensional diatomic chain is presented, in

comparison with the ones BM andAFM magnons, which will be dcussed later.

phonons FM magnons AFM magnons

W

acoustic

Tl k Tla k e k

Figure 1.11 Qualitative comparison of the dispersion relations of phonons, FM magnons and AFM
magnons, in ondimensional approach, and within the Brillouin Zone. (image created by tha)auth
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1.3.1.2 Dispersive dielectric function

Polaroptical phonongontribute to the dielectric properties of the crystal, #wey appearas
reflection or absorption bands the measured experimental spectim order to extract this
information from the spectragne needs to relate the microscopic model to the macroscopic
electromagnetic theory. In order to achieve that, we rétuthe equations of motion 1.1&nd
by plugging in the plane wave solutions, we get the following relatfjr&*

11 6  —oO 119

where] is the squared resonant dreency in the absence of Coulomb interactidds ( ),

and it is related to the reduced mass of the ion pair:

1 ¢c6 — — 120

At this pointwe can introduce the polarization, as a summation over all ionic pairs with number

N and relative displacemeat 6 0 :

5 — 121

where- corresponds to the electronic contriloatito the dielectric constanEquation1.21

through equations 1.18ecomes:

5 — — _ 0 1.22

Let us see now how the transverse and longitudinal optical modes (TO and LO respectively)
appear in the description of polar lattice vibratiofise resonant frequenty mentioned above
corresponds to the transverggtiocal frequency . The longitudinal optical modes propagate
only in the case when the dielectric constant vanishges ( ).

But before we continue with the derivation of the expression for the dielectric function, a
reminder of the clagsal Maxwell equations in matter (for zero charge density) is required (in

cgs systemj
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F -— T 1.23
Or m
J m

wherec is the speed of lightd the magnetizing fieldD the electric disfacement fieldj the

current density,E the electric field andB the magnetic field. The following constitutive

equations are considered:
ro-r o Uk

F - F 1.24

The solutions of the Maxwell equatiods23 for the propagation of electromagnetic waves in

matter, and specifically for the electrical component can be approximated by a plane wave of the
form:

F o FpQE> 1.25

where{ | is the propagation vector and the frequency of light. The magnetic compongnt

presents a similar solution, but the detailedv@gion will be omitted for the current thesis. For
the dispersion relation connecting the polarizafoand the electric componekt (the vector

notation is dropped for simplicity reasons) for the TO mode gives:

™ 0 ©Q 1 O 1.26
For'Q 1 solving the system of equatioh®2and1.26offers the relation between TO and LO
modes:

] ] T — - 1.27

Here we can introduce the dielectric function as:

9 — 1.28

where0 the electronic and the ionic contribution to polarization. Now we can clearly see the

definition of the electronic contribution to the dielectric function:

- p — 1.29
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Thus, equatioi.28becomes
. 1.30
where"Qis the secalled oscillator strength of the mode:
N —— — — V-3 131
The static dielectric constant is given by:
e 1.32

Equation1.30presents a pole for the TO mode, meaning that TO modes caisdréed From
equationsl.27 and 1.30ve get:

- 133

The above relation presents the-LO splitting for polar modesand forbids the propagation of
waves for frequencies between andl , where- 7 becomes negative.

If we consider theondition for the propagation of the LO modep M, we arrive to the
famous LyddanéachsTeller (LST)relation®*

- 1.34

If we introduce a damping contribution of the form—=" in the equations of motioh.15 and

sum over all possiblgindependent oscillatorsie arrive to the generalized dielectric functidn:

1 - B 135

h h

And the generalized LST relation:

S~ 1.36

h
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1.3.2 Spin excitations

In an analogous way as that of the atomic vibrations in the crystal lattice, spin fluctuations in
magnetic structures contribute to the macrogcapagnetic response functions. For the current
discussion, it is sufficient to consider the saraissical approach for the description of spin
waves in solids.

The two basic magnetic orders will be discus$éd: and AFM. The following Heisenberg
exchangenteraction will be considered, with spifamiltonian:

0 MQQI 1 € a Qe Qd QW

O TMGE O QU0 1 & d OO Q0 0 1.37

0 B * Ah

whereS, S are the spins of the magnetic ions at sitsdj, andJ; is the exchange interaction

coefficients between the two spins.

FM magnon

AFM magnon

S OO DS S

Figure 1.12 lllustration of FM and AFM magnons. The distaneetween the spins is equal to the lattice
constanty however for demonstration purposes in the AFM magnon it seems shorter than the FM case.
(image createdy the author)

Ferromagnetic magnons

For a onedimensionalFM alignment of spinsﬂ (Figure 1.12), within the Heisenberg
exchange model of equatidr37,the following equation of motion hold§?
—o|| 0] ;0“ {e0] 1.38

which for a ferromaget from1.37and assuming only nearastighbour interaction yields:

—oo o 4 4 © 1.39
Decomposition to theufudts componats, considering spins alon@axis, and with small
deviations to the other coordinates, suchvasY L "Yh'Y  "Yyields:
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Chapter 1 Introduction Lattice and spin excitations in solids

—Y = Y Y Y

=Y — Y Y Y 140
=Y T

We assume solutions of the plane wave foim: 0Q hy 60Q , where®is

the lattice constant, with each spin corresponding to neighboring ions, and we arrive to the

dispersion relation for the magnons in ferromagnets:

al TP wéi QO 1.41
which for the longwavelength limit reduces to:

J] cOL YR 1.42

From the above, we also get the circular precessipression for the spin amplitudes: Q0
A qualitative representation of theV magnon dispersion relation within the Brillouin Zone is

shown inFigurel.11, in comparison with the respective phonon ARdl magion cases.

Antiferromagnetic magnons

A similar treatment can be followed for t#M spin waves Kigure 1.12). In order to
describe the antiferromagnetically ordered spins, we will consider two sublaftiaed B, with
Y “Yand Y “Y respectively. Equations 1.48ecome analogously foA and B

sublattices-?

il CHE (NN

—Y;  — Y& Vs Y 143
—Yi o Yho Yio QY

Y5 5 Ya  Yio QYR

o}

After some algebra, we arrive to the dispersion relation foAEM magnons:

91 WY p ¢ QO 1.44
which for the longwavelength limit reduces to:

al cL Y QO 1.45

A qualitative representation of the antiferromagnetic magnons dispersion relation within the

Brillouin Zone is shown inFigure 1.11, in comparison with the respective phanand FM
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magnons case#. should be mentioned here that crystal anisotropy opens a gap at the dispersion
relation of magnons, enabling detection at lovayelength:®® Moreover, in the cases where the
magnetic unit cell is larger than the structural unit cell, additional acdik&imagnon branches

appear, which correspond to the THz frequency range at therawejength limit.

Dispersive magatic permeability

In a similar way as the dispersive dielectric function was derived in séc8ah2 based on
Loudonods cl assi adne cansarrivd tb ¢he dispersive ekpréssion for the

magnetic permeability?’

‘9 p B—m— 1.46

R h
where™Ois the oscillator strength, ; the resonant frequency of the magnetic osciltatord
3 the respective damping.
The combination of the two dispersive expressions of the dielectric funtts and

magnetic permeability.46enter in the expression of the complex index of refraction:

N Z

€] -1 147

The above relation is of high importance for extracting the phonon and magnon parameters from
the experimental spectra of infrared and tdegnain terahertz speoscopies, as we will see

later in Chapter2. Lastly, the dispersive magnetoelectric coefficient enters the complex
refractive index, as seen from equation 1.léssential for the case of electromagnon

investigation.

1.3.3 Selectionrules

The use of vibrational selection rules is emplqyed order to determine whether a
vibrational transition from one eigenstate to another is allowed or not. Infrared (IR) and Raman
spectroscopies correspond to different vibrational selection rules.

From equatioriL.28 one can see the contribution of the ionic and electronic polarizability in
the complex dielectric function. The ionic displacements induce dipole interactions and they are
responsible for the absorption or emission of photons with fregeenn the infrared and
terahertz regions. The electronic polarizabily,else deformation of the electron cloud of the
atom, contributes as well to the total polarization, and it can induce emission (Stokes) or
absorption (antbtokes) of a phonon, bipe inelasticscattering process in the case of Raman

spectrgcopy.
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Chapter 1 Introduction Lattice and spin excitations in solids

Therefore IR and Raman vibrational modes are related to the dipolment(vector)and
polarizability (tensor of 2° rank) changes, respectivelfhe symmetry of the crystal is essential
for determining the constraints of the lighatter interactions, and therefore the possible
transitions. IRactive modes have the same symmetry with therder terms ¢fufty , whereas
Ramanactive modes with the"2order ¢ Frd i o €0 6o &

The discussed selection rules are extremely important for the detection of soft modes (section
1.2.2, which are simultaneously infrared and Raman active. In a similar way, the same selection
rules can be appliefbr the detection of electromagnons, since thaseespond to polar spin

waves.
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Chapter 2 Experintgal Techniques Fouriertransform infrared spectroscopy

2 Experimental techniques

One of the easiest, straightforward and -@#&tctive ways to access the fundamental
physical concepts that underlie in the various casesudiffenroic materials is the combination
of various spectroscopic techniques.

Three spectroscopic techniques were used throughout the conduction of the experiments of
the current thesis, in order to detect the spin and lattice excitations in multifeFrolaser-
transform infrared Raman and time-domain terahertz spectroscopie$he range of the
electromagnetic spectrum covered by the combination of the above techniques is approximately
from 3 to 3000 cri, or else 0.09 to 90 THz, or 0.375 to 375 meV3anm to lem. In Figure
2.1, the region of infrared and terahertz radiation is shown within the entire range of the
electromagnetic spectrum. The principles of each technique, along with the fitting model
considerations usetb treat the spectra of the materials in question, will be presented in the
current chapter.

Frequency (Hz)

10% 107 10% 104 109 4D 40 A0 40 g 40t 197 D g
1 I I I I I I 1 ! I I I I I

Long-waves Radiu,T\l’E Microwaves Rigs1t-1r4  Infra-red 'q.I'Ijsi:IbIe Ultraviolet X-rays Gamma-rays
o B m )] =1 m
L___ . : Radar i Themal IR }
: : FarlR  Mear iR} 3
[ [ [ I [ I | I | [ I | [
1000 m 100m 10m  1m 10cm 1cm 1mm 100 pm 10w 100 1Mnm 1Tnom 01rm g1 A

Wavelangth

J00nm B00Onm  500nm 400 nm

Figure 2.1 Scheme of the electromagnetic spectrum range, fromi@wg radio to gammeays. Infrared
and terakrtz ranges lie in the millimeter and submillimeter wavelength region, bridging electronic and
optical spectroscopie&®

2.1 Fourier-transform infrared spectroscopy

Although the visible rangeDd400i 700 nm) was alreadexplored by Newton in the 17
century, with his famous letter on the refraction of light through a pfiSiR radiation took
almost another 100 years to be observed. In 1800, Herschelrewt#sel heat effect of dispersed
light on a mercury thermometer, beyond the red wavelengths of the visible range, noted as
firadi ah%At theeemd a@f 19 century, Rubens and his collaborators with a series of

experiments managed to exteme range ofR radiation, reaching the scale pi0 em ¥
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Ni chol sé6 detection of strong D9 & tegckingialmost b an
100% of refectivity, revolutionized the falR spectrometry’® The detected radiation was later
called by Rubens Areststrahleno (transl ati or
the lattice vibrations in the crigd lattice®™Among ot her contributions
spectroscopy was the use of the mercury arc lamp within quartz as an IR*$bwiteh is still
widely usd, and the almost 100% reflective surfaces of pure mefalgyroperty which is used
as sampling reference.

Despite the outstanding efts of longwavelength spectroscopy in late 19th century, the lack
of suitable detectors delayed advances almost by half a century. However, a few prototype IR
spectrometers were built during the 1930s, reaching wavelength20sf em.**®* Among the
innumerous and ironically fortunatewventions ahieved during World War Il was the
thermocouple detector, which was employed in an IR spectrophotometer by Wright & Hersher in
1947191298t still, another 20 years had to pass for the revolutionary era of IR spectroscopy to
come, since most systemsnadased on prism or grating monochromators. The interferometer
technique, introduced by Michelson in 1891,and accompanied by the Fourteansform
conversion of an interferogram to a spectrum, pointed out by Rayleigh in the sam& yesar,
widely known for many year8ut it was only in 1949 that Fellgett calculated for the first time a
Fouriertransform IR (FTIR) spectrum (later known as multiplex or Fellgett advantiage),
collected by star observation. In 1950s Jacquinot noted the importance of the use of large
apertures in interferometers (known as Jacquinot or throughput advaht¥jéf“and the wide
use of FTIR spectrometers was initiated. Finally, the contribution of the fast FT algorithm by
Cooley & Tukey*?® and the advances in computer technology in the years to come,

commercialized FTIR spectrometers,uiéisg in a widespread use in various fields.

2.1.1 Basic principles of FTIR spectroscopy

Lattice vibrations in solids mostly lie in the IR range of the electromagnetic spectrum. One of
the most convenient methods to measure the IR phonons is the use of-fransierm
interferometer, which simultaneously detects a broadband signal and transforms it to a
frequencydependent spectrum.

Such treatment is possible by the use of Michelson interferometer, which is based on the
principle of creating interference paths by changing the optical path of the beam. Initially, the
beam is separated into two parts by a beamsplitter, and one of them is reflected by a moving

mirror. The intensity of the signal of the interference of the two beams is related to the optical
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pah difference, and it is defined asterferogram After the detection, the interferograms
undergo Fourietransformation, and the spectrum is produced in the particular spectral range of
choice.

By the use of a combination of light sources, beamsplittedsdetectors, one can chose to
study the faiR (FIR), mid-IR (MIR) or neafIR (NIR) range. Most of phonons in the materials
studied for the current thesis appear in the FIR range, however the MIR range is essential for the

information on the higtirequerty electronic contributions.

2.1.2 Fitting models

The spectra obtained from the various spectroscopic techniques contain the physical
properties of the materials under investigation. A spectrum is most often presented as the
frequency dependence of reflectiomrtsmission or absorption of light that is directed to the
sample. The latter quantities are in turn related to the response functions of the material, such as
the complex dielectric functiod and the magnetic permeability.

In order to arrive to theasired expressions, let us go back to introducing the plane wave

solutions to the Maxwell equations 1.28d derive the following dispersion relation:

q - T 2.1
whereQh *H * stand for the complex functions of wavevector, dielectric function and magnetic
permeability, yielding:

N 22

(o 0 2.3

where the imaginary parts correspond to losses, thus the convention of the negative sign. The
complex refractive index is:

gr -7 ¢ Q0 2.4

From equations 2.2 and 2dne arrives to the following relation between the dielectric function

and the refractive index:
2 ¢ Qo - ¢t 0 25
- cE Q
If we consider the near normal incidence geometry and neglect multiple reflections from the
backside of the sample surface for thak case, then the incident waeis partly transmitted

'O and partly reflecte® , and the continuity equation at the surface yields:
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O O ©O 2.6

Introducingtheabove o t he Max wel Jwe snd epgvithahe incders and reflzced

components:
0O -0¢ p
0 -0¢& p 2.7

Now we can define the reflectivity as the ratio of the amplitudes between the incident and the

reflected waves:

Yo = 2.8
or else:
v |7|_Z _ 29

Finally, we have an expression that relates the observed quantity of the reflected radiation
derived from the experinm¢al spectra to the physical properties of the material, either described
by the complex index of refraction or the complex dielectric function and magnetic permeability.
Based on the idea above, that the light can be refletddedransmitted (Y or atsorbed ¢), the

following equation holds:
p Y Y D 2.10

The three main models that were used for the evaluation of the spectra of the current work

are presented below.

2.1.2.1 Classical damped haronic oscillator model
In the case of symmetrical and narrow IR reflection bands, or else when th® B@litting

is small, a sum of damped harmonic oscillators can be consitfered:

-] - B—HQ ¥- 2 ; 211
h

h
where]  of i-th transverse optic (TO) phonons, gng are the corresponding damping

constar.
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2.1.2.2 4-parameter generalized oscillator model

On the other hand, when tharus are too asymmetrical and broad, or else thed. @O
splitting too high, one can retreat to the generalized LST relation, where a factorized expression
of zeros and poles are us&a:

- - b % 212
h h
where] p and] j are the frequencies ofth transverse optic (TO) and longitudinal optic

(LO) phonons, and ; and’ j, are the corresponding damping constants.

2.1.3 Current setup

The neamormal incidence IR reflectivity ggtra are measured by a Foutiemsform IR
spectrometer Bruker IFS 113v in the frequency range &f3W0 cni (0.61 90 THz) at room
temperature (RT)HKigure 2.2). For the lowtemperature measurements, the gpkatinge is
reduced by the transparence of cryostat windows to 68D cni'. A pyroelectric deuterated
triglycine sulfate detector is used for the retgmperature measements, wheas a Heooled
(operating temperature 1.6 K) Si bolometer is used foe tbwtemperature measurements down
to approximately7 K. A commercial hightemperature cell (SPECAC P/N 5858)used for the
high-temperature experiments. The thermal radiation from the hot sample entering the

interferometeis taken into account in owpectra evaluation.

Globar source

Hg source
Aperture

Filter wheel
Beamsplitter wheel
Scanning mitror
Reflection path
Sample position 1
9. Transmission path
10. Sample position 2
11. DTGS detector
12. Bolometer

CO =<1 N W B W o=

Figure 2.2 Schematic representation of the FTIR experimentalpsaised in the current thesis.
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2.2 Raman spectroscopy

Raman effect or else inelastic scattering of electromagnetic radiabgnmatter, was
theoretically predicted for the first time in 1923 by Smékalhe same year, Compton detected
the X-ray inelastic scattering by particle$® and in 1928, Raman and Krishnan proved
experimentally the fAoptical analog of " he C
The same year, similar observation was done by Landsberg and Mandéfstthgugh not that
widely known.

As for all spectroscopies, the technological advances of the 1960s upgraded the experimental
systems, and launched tbaccessful Blds of Raman, IR and THz spectroscopigke main
interest of the current thesis. For Raman spectroscopy though, the invention of laser by Maiman
in 1960°! was of great importance, since the use of monochromediation was necessary.
Another significant invention that contributed to the advances of Raman spectroscopy was the
invention of charged coupled semiconductor devi&BD) by Boyle and Smitf? which up to

now is the most common detector.

2.2.1 Basic principlesof Raman Spectroscopy

Monochromatic radiation is sent to the nmateunder investigation. As mentioned earlier, the
most common sources are lasers. Subsequently, two processesetastic:(Rayleigh) and
inelastic scattering®****In the first case, the incident and the scattered photon have the same
frequency (the laser beam frequency). In the latker,incident photon loses part of its energy
due to the interaatn with the crystal lattice, which results irshift between the icident and
scattered frequency

The frequency shiftexperienced by the photorss calledRaman shiftand itcorresponds to
the frequency of collective excitations (qupatrticles) of thdattice (phonons), spistructure
(magnons, electromagnons), electron density (plasmons), to name a few. In the current thesis, we
will concentrate in the spin and lattice excitations

The Rayleigh scattering results in an intense line in the Ramanapecero Raman shift
frequency, whereathe inelastic scattering produces weaker perkis nonzero Raman shift
frequency There are two inelastic scattering processe=ation(Stokes) andnnihilation(antr
Stokes)of a phononresulting in emissionf a higher and lower energy photon (compared to the
incident one), respectivelfFigure 2.3). Therefore, Stokes lines are designated with positive

values of the Raman shift frequencies, whereasStokies with ngative.
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As discussed in paragradh3.3 the crystal symmetry is important for the selection rules of
the vibrational modes, thus the geometrical configuration of the experimental setup (orientation
of polarizer and analyzerjan yield different vibrational spectr@horough investigation of all
possible polarization configurations provides the whole set of Rattare modesfor a
particular crystal symmetryDue to the difference in selection rules betw&aman and IR
spectr@copies, a combination of the two techniques is preferable for better understanding of the
underlying physical behavior of materials.

In Figure 2.3, the differentabsorption/emission processes infraredteraherz and Raman
spectroscopies are presented, aladidp the energy and momentum conservation lawisere

nd mfil are the photon and phonon frequencies and wavevectors, respectively. The

symbol corresponds to the Stokes and-8tdkes scattering pcesses, wherannihilationand

creationof a phononrespectivelyis realized by photon scattering.

infrared and terahertz

) Raman spectrosco
spectroscopies P Py

w.’

how = h h h
k' +

w
k=q k

hQ

< |+

Figure 2.3 Absorption/emission(annihilation/creation)processes of photon (phonom) infrared
teraherz/Raman spectroscopies, respectively.

2.2.2 Current setup

The setup shown iRigure2.4 was used in the current thesis for the Raman studies of single
crystals. A Renishaw RM 1000 Mici®aman spectrometer with Bragg dils is used, equipped
with an Oxford Instruments Microstat continueflsy optical He cryostat. The experiments are
performed in the backscattering geometry in th&8B0 cni range. An Af-ion laser operating
at 514.5 nm is employed. The spectra are a#yefitted with the sum of independent damped

harmonic oscillators multiplied by the corresponding Stokes temperature’f&ctor.
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1 11 A sample
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Figure 2.4 Schematic representation of the current Raman expeirsstup.

2.3 Time-domain terahertz spectroscopy

Terahertz (THz) spectroscopy can be viewed
new field, being approximately 30 yeaskl, has attracted vast scientific attention, due to the
fundamental physical cmepts related to the THz spectral range, and thereby, the innumerous
applications in optoelectronics, medicine, biology, biochemistry, security technologies and art
conservation. But let us see why it took so long for the scientific community to exipéos® t
called ATHz gapo.

As mentioned in sectiof.1, quite a few efforts were made at the end df téntury to
approach the fainfrared range of the electromagnetic spectrum. Rubens & Snow published in
1893 experimental reks on rocksalt (NaCl), sylvite (KCI) and fluorite (CaFprisms, reaching
wavelengths of approximately 8 x o XYOq by, as they called it,
heats p e c't' A saries of publications by Rubens and his collaborators for the years to
comé? ™ triggered Max Planck to close thepgaetween the sherand longwavelengths, and
arrive to the final expression of the blackbody radiation law, historically significant for the
foundation of quantum mechani¢§:*’ Until 1930s, the exploration of the lomgavelength
spectrum was mainly done from higiiilow frequencies, thus the optical field of spectroscopies.
Thereafter, great contribution was achieumdthe field of microwave spectroscopy, thus the

electronic counterpart, aiming at narrowing the THz gap fromttehigh frequencies. As an
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example, Cleeton & Williams measured in 1934 absorption of wavelengths in the order of cm,
by the use of magnetrdi®

However, the elegance of physics hidden in the THz spectral region and the lack of
technological means did not allow its exploration almadil the 1970s. The first timdomain
THz spectrometer was used in 1988jn the microwave region, and the first results were

obtained by Yangt al. in 1971%°

2.3.1 Principles of the timedomain THz method

The THz timedomain spectroscopy (THEDS) makes use of optoelectronically generated
electromagnetic transients (higinpitude and shortluration wave). The THz transients are
produced by femptosecond (fs) laser pulses. A typical-TBI3 setup is the one presented in
Figure 2.5, where the train of laser pulses is sent to a beanespldt follow two paths: one
moving mirror serving as delay line, and the other one, going through the THz emitter, and
subsequently to the sample. Finally, the two beams interfere at the detector, and thereby the THz
signal is treated by the logk amplifier. After collection of the THz pulses by the computer, the
spectra are calculated by Fourieansform, passing to the frequersgmain. The spectral
resolution in THZTDS is defined by the inverse of the optical delay time.

One of the most important feesies of THZTDS is the access to the phase of the propagated
electromagnetic wave, which relieves from the need of the use of Kr&reenig relations for
the evaluation of the complex dielectric function. In addition, the combination of the elevated
brightness of THz transients (compared to the thermal sources used in IR spectroscopy), with the
highly sensitive gated detection of ab@ps time resolution, and the high sigalnoise ratio,
establishes THZDS as preferred technique in particular spéctrages (however depending on

the sample THz transparencyy.
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2.3.2 Current setup

delay line
AN Emitter
laser system
chopper lock-in amplifier
sample photo
P diode
sensor
photo
diode
A2 L/4 analyzer
|4
R\
polarizer

Figure 2.5 Experimental setup of the timdomain terahertz spectrometer used in the current thesis.

The THzTDS measurements for the current thesis were performed in the transmission
geometry with a custormade timedomain THz spectmeter, from 3 to @ cmi* (0.097 2.0
THz). A femtosecond Ti:sapphire laser oscillator (Coherent, Mira) produces a train of
femtosecond pulses, which generate linearly polarized beavad THz pulses radiated by a
photoconducting switch TeSED (GigaOptics). A gated detection scheme based on electrooptic
sampling with a 1 mm thick [110] ZnTe crystal as a sensor allows us to measure the time profile
of the electric field of the transmitted THz puldggure 2.5). An Oxford Instruments Optistat
optical cryostat with mylar windows is used for the {aanperature THz measurements. With
the use of a superconducting magnet, THz experiments in an external magnetid.fi€d (T)
are also possible. Anx@ord Instruments Spectromag cryostat in the Voigt configuration is then
used for these measurements, where the electric component of the THz rdfliatias set

parallel and perpendicular ke
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3 Results

The scientific significance of dynamical agnetoelectric coupling, combined with the
eminent implication of its technological applications, prompted the investigation of spin and
lattice excitations of a series of materials.

In the current chapter, the experimental findings of already widely krowhiferroic
materials, as well as entirely novel compounds, will be preseH&@by, the structure of the
coming chapter will be briefed.

The celebratedroom temperaturemultiferroic BiFeQ launches the exploration of
magnetoelectric excitations the current work Even though BiFe©possesses a complex
magnetic behaviour, and multiferroic properties originating in diverse mechanisms
simultaneously, it is considered a model multiferrdicerefore it is chosen to initiate this
chapter.The spin and laéite excitations of BiFe@ceranics and thin film are discusseds
reported in Refl42

In section3.2, thenovel double perovskitelb,MnTeG; is described for the first time, by a
series of structural, magnetic, dielectricdaspectroscopic characterization. Its crystal and
magnetic structure classify it in the rare family of antipolar antiferromagnets. The observations
on PMnTeQOs were published in Rell43

The last subchapter of the materials under investigation is dedlittathe family of Nbased
tellurides, of the corundurelated structure NiBxTeOs (B=Mn, Co) The spirinduced
colossal magnetoelectric effect insMeQ; stimulated the probe of magnetoelectric excitations,
revealing electromagnons. These results weitdished in Refl144 Exploiting the existence of
dynamical magnetoelectric coupling inzMeQs, novel compounds of Nsubstitution by Mn and
Co were synthesized and studied for the first time. The enhanced magnetoelectric properties of

the new compoundsill be demonstrated in detail.
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3.1 Spin and lattice excitations of a BiFe@thin film and ceramics

A comprehensive study of polar and magnetic excitations in BiEe@mics and a thin film
epitaxially grown on an orthorhombic (110) ThSc&ubstratewill be presented in the current
section, as published in R&#42

IR reflectivity spectroscopy was performed at temperatures from 5 to 900 K for the ceramics
and below room temperature for the thin film. All 13 polar phonons allowed by the-aotgy
analyss were observed in the ceramic samples. Thefilninspectra revealed 12 phonon modes
only and an additional weak excitation, probably of spin origin. On heating towarBk grese
transition near 1100 K, some phonons soften, leading to aragechehe static permittivity.

In the ceramics, terahertz transmission spectra show fiveeh@rgy magnetic excitations
including two which were not previously known to lBeactive; at 5 K, their frequencies are 53
and 56 crh * Heating induces softening of aflagnetic modes. At a temperature of 5 K, applying
an external magnetic field of up to 7 T irreversibly alters the intensities of some of these modes.
The frequencies of the observed spin excitations provide support for the recently developed
complex modebf magnetic interactions in BiFe®* The simultmeouslR and Raman activity
of the spin excitations is consistent with tressignment to electromagnons.

A comparson of the spiwave frequency temperature dependence in BiF&OmM the

current and previous studjas presented below as a previewthe coming section.
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3.1.1 Introduction

Among novel materials, an intense effort is concentrated on the studyitiferroics™"® A
wide range of applications, such egormation storag, sensing, actuation, and dpamics,
await pioneering materials and strategies that would produce robust magnetoelectrigaiuplin
room temperature (RP)"® The ability to maipulate magnetization in a maetoelectric
multiferroic by electric fields cafe extremely promising for such applications, due to the
simplicity and cost efficiency of applying an electric field. As one of the few splggse RT
magnetoelectric multiferroics, bismuth ferrite BiFg®at the center of attention, as it presents a
FE phase transition at approximately 1100 K anchaiiferromagnetic (AFMpne at 643 K’

The knowledge of lattice and spin excitations in BiF@Oessential for understamdj the
underlying mechanisms that induce its multiferroic behavior. A series of RamarRand
spectroscopy studies have presented controversial results concerning the assignment of the
magnon and phonon modes, as well as of the highly acclaimed electroradgeag electrically
active magnons). Probing {&ctive lowenergy excitations is hindered by a lack of sufficiently
large single crystals. Ramaative phonons of the rhombohedR8c BiFeO; structure have

148150 nholycrystalline ceramic®”**® and thin filmg>***°

been reported for single ystals
however, there is a significant discrepancy between the claimed phonon frequencies and
symmetry representations. A possible explanation for such inconsistences between the various
experimental results is thpresence of obligue phonon modes, which show a continuous
variation of frequency along the phonon propagation vector with respect to the crystallographic
axes of the probed specim®f Up to now, the phonon IR spectroscopy studies have been
focused on ceramit® **® and single crystaf§***®whereas, to our knowledge, no report of a
thin-film IR investigation exists.

When it comes to magnon and electromagnon studies, Raman spectroscopy holds the record
for the number of excitations observed, yietdiup to 5 magnetic modes cosponding to the
cycloidal spin structure (eight cyclon and eight extracyclon males) for single crystaf€”

%4 but only one for plycrystalline thin ims.*®>%® Furthermore, the influence of strain on the
number of spin excitations and their frequencies were reported for epitaxial thin films gnow
a series ofsubstrated®’ Time-domain erahertz (THz) spectroscop¥ inelastic neutron
scattering measuremertt8 1’ and absorbance spectroscopy in the THz rdA¢eigure 3.1(b))
have revealed modes simil to the Rarmanactive ones puicted by theoretical

calculations*>173178
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Figure 3.1 (a) Temperature dependence of magnon frequencies (open symbols) in; BiEanic
below 40 cril, as obtained by IR transmission spectra by Komamdiml.">’ (b) Magnetic fiel
dependence of spin wave modes in the terahertz absorption spectrum of BiFe®, reported L
Nagelet al.”® The unwinding of the cycloidal spin structure occurring at 18:8 T is evident. Blut
lines are calculated modes of cycloid, and dotted blue lines af, and gs. (c) Magnetiefield
dependence of the neaciprocal directional dichroism spectra of Bikefihgle crystal, measured at
K with the two orthogonal polarizatior@ pp1t (up left) andO p p Tup right) respectivel
published by Kezsmarkiet al.'”’ The calculated spectra are displayed right bel@spectiv
polarizations, together with the assignment of each mode.

L
15

The best agreeent between the experimental and theoretical -spaitation frequencies
(including their splittingin an external magnetic field) was obtained for a microscopic model
that takes intoaccount the nearest and ne&darest neighbor exchange interactions, two
DzyaloshinskiiMoriya interactions, andan easyaxis anisotropy*>'’®* The same model
successfully described the leemergy imlastic neutron scattering spectfa In contrast,
Komandinet al*>’ showed IR trammission spectra with an eixation at approximately 47 cnt
which had not been previously reported by experimental or theoretical s(Edjase 3.1(a)).

The intensive discussion in the literature concerning the nature gpithexxitations raises the

qguesion: whichexcitations are pure magnons (i.e., contribute tmlthe magnetic permeability
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“*) and which are electromagnons (i.e., influence at least partially the permiifiyyit is
worth noting that according t@ recent symmetry analygts BiFeO; allows directional
dichroism and thefore spin waves can be simultaneously excited by the electric and magnetic

components of electromagnetic radiatiavhich was experimentally observed by Kezsmaiki

al .177 L '178

(Figure3.1(c)). For more details on BiFeB@pin dynamics, sethe review of Parkt a
In the current work we report spin and lattice excitations in Bgfes@amics, as measured by
the combination of IR reflectivity and tirmdomain THz transmission spectroscopy, in a
temperature range from 10 to 900 K. All 13-dBtive phonon modes are obseatyvexhibiting
softening on heating. Five lefwrequency spin modes are detected from 5 K up to RT, the highest
two appearing at 53 and 56 ciThis corresponds to the frequency range where such excitations
were theoretically predicted®"**"*but not experimentally confirmed up to now. At 5 K, the
low-energy spin dynamics in the THz range were also studied in a varying magnetic field of up
to 7 T. Softening of the (electro)magnon frequencies upon increasing the magnetic field was
observed. Additionally, a BiFe(epitaxial thin film grown on an orthorhombic (110) Tbh3cO
single crystal substrate was studiea NR reflectance spectroscopy.

3.1.2 Experimental details

BiFeO; ceramics were prepared by the sdtdte route. A stoichiometric mixture of J&g
and BpO3; powder oxides with a purity of 99.99% was ground and uniaxially-prddsed under
20i 30 MPa pressure into 8 mm diameter pellets. The pellets then covered by sacrificial
BiFeO; powder to avoid bismuth oxide loss from the pellet, amtéesed in a tube furnace at
825 C for 8 h in air. To avoid any secondary phase formation, the samples were quenched to
RT. Polished disks with a diameter oftn and thicknessesf appr oxi mately 60
were used for the IR reflectivity and THz transndasneasurements, respectively.

An epitaxial BiFeQ@ thin film with a thickness of 300 nm was grown by reactive molecular
beam epitaxy on a (110) single crystal substrate. growth parameters were the same athtor
samples reported in Ref79. A commercial hightemperature cell (SPECAC P/N 5850) was
used for the highemperature experiments. The thermal radiation from the hot sample entering
the interferometer was takamto account in our spectra evaluei

The experimental details of IR reflectivity and thdemain THz spectroscopies used for the

study of spin and lattice excitations were according to Chapter
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3.1.3 Resultsand discussion

3.1.3.1 Phonms inthe BiFeO3; ceramics

0.8 1

The temperature dependencof the //\
experimental IR refld@ovity spectra of the ’\

BiFeO; ceramics is shown ifrigure 3.2(a).

flectivity
o
[e)}
1

The reflectivity band intensities are highef 947

Re

than those in the pveusly published 0~2-a)

spectra of ceramit®®® and single 150 % ' | — 10K
—— 100K
crystal'® but comparable to the single 100
. 50
crystal spectra published by Lot al.*>® -

This confirms the very high quality and 5.

density of our ceramic samples, which is-100

essential for an accurate determination o 1oo-:I
phonon and magnon parameters.
The IR reflectiviy and THz transmission =, 10

spectra were fit simultaneously using 1]

equation 2.12, the resulting phonon

. 0.1 T T T T T T T T T T T T
parameters are listed ihable 3.1. The real 100 200 300 400 500 600
Wavenumber (cm'l)

and imaginary parts of the compleFigure 3.2 (a) IR reflectivity spectra of BiFe!

. . . ceramics as selected temperatures. (b) Redl (c
dielectric spectra calculated frometfits are jnaginary part of permittivity, as obtained from

shown inFigure3.2(b) and (c). As predicteoﬁtS-

by the factor group analysis for the rhombafagdR3c structure of BiFe@™° all 13 IR-active
phonons (A, + 9E symmetries) are clearly seen from 10 K up to RT. In Table | the symmetries
of all modes are aggied based on Raman spegtrafirstprinciples calculation™ and IR
spectra of single crystatd’ The damping of the modes strongly increases on heating; therefore,
above 300 K, the IR reflection bands broaden and mutually overlap. Note the remarkable
softening of the modes below 150 'chupon heating (seBigure3.2). Consequently, the static
permittivity U(0) determinednby tB¥% insreases of p
on heating in agreement with the LyddeBmchsTeller relationt®® (see Figure 3.3). A
gualitatively simiar temperature dependence was published in previous studies of 3BiFeO
ceramics*®*" but the absolute value of permittivity was lower, probable to a lower

density/quality dthe earlier studied ceramics.
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Table 3.1 A comparison of the parameters of thed&ive modes in the BiFg@eramics (at 10 and 900
K) and the thin film (at 10 K), obtaindtbm IR spectra fitting. The symmetry assignment of each mode is
also given

Ceramics Thin Film
10 K 900 K 10KO ~ ppm| 10KO "~ mmp
Symmetry T TE r ] ] r 1 i Y- ] [ Y-
E 758 46 815 28 64.3 409 705 19.3 747 1.4 4.3 778 1.8 4.5
E 133.7 22.8 137.4 34.6 101.0 65.1 1179 51.1 132.2 2.3 8.6 136.7 2.9 12.2
A 137.8 13.6 175.8 4.0 124.3 57.6 165.8 32.9 1452 2.4 7.4
A 231.2 140 2339 5.6 226.2 59.6 2335 314 2259 29 0.6 2274 2.2 0.7

E 236.7 7.6 243.6 13.3 234.0 317 240.8 69.3 2410 43 0.9 242.4 4 0.2
E 264.0 13.0 283.0 38.0 258.2 60.4 278.0 485 266.2 23 54 266.8 4.4 0.4
E 2885 26.2 345.8 9.2 278.4 61.6 340.7 404 2939 46 36 2795 55 10.6
E 349.0 10.0 368.1 5.0 3425 425 363.6 41.0

E 372.0 7.3 430.7 10.6 3645 50.1 420.3 514 3717 9.2 0.9
E 439.6 11.0 468.0 13.3 4240 54.3 464.3 37.1 4457 0.3 11
A; 476.2 41.2 503.7 49.1 469.8 41.0 502.8 106.2 4722 7.1 0.01

E 520.2 21.8 523.8 76.0 514.7 45.7 518.3 62.5 5240 98 0.3 516.8 12.7 0.04
A; 549.5 36.9 606.2 27.1 542.1 78.8 595.3 102.3 550.6 0.07 551.8 2.3 1
Spin wave 603.6 9.9 0.01

In contrast, the permittivity calculated from the singtgstal spectra’is slightly higher, due to
the absence of thi modes whose dielectric strength is lower than thé-symmetry modes.

We would like to stress that the temperature dependence of permittivity calculated from the
phonon contributions has been previously published mostly below’R¥and only Ref156
r epor t)edto 800 K. Experimental lodvequency (i.e., below 1 MHz) dielectric data are
also not available above RT due to 4,

. *
the presence ofignificant leakage i
70+ * ox
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comparison irFigure3.3. One can see that, at T = 523 and 850 K, Massa**® obtained the
lowestpubl i shed values ohu8(@8a). i dendh)ecopifgt &
below RT; the latter appears to be in contradiction with themsotte frequency increase on
cooling, reported in the same work. Finally, two additional phonon madds=a4 K, not
predicted by the factegroup analysis, are reported in RéP2. All these facts raise questions
about whether these resuttescribe the intrinsic properties of BiFg@levertheless, it is worth
noting the peak iHRE phssedranaitivrs neat 412@ K; ahis is tthke enly
experiment showing a dielectric anomalyTatin BiFeO;. The peak is much lower than in other

canonical FEs, apparently due to the firstder character of the phase transition fr&3c

symmetry to the highemperature®nmastructure’1"®
3.1.3.2 Excitationsin the BiFeG; thin film
The polarized IReflectivity spectra —
- -~ - BiFe0,TbScO,
of the bare (110) TbSeGubstrate and 981 ——Tbsco, .
reflectance spectra of thi 04 1. 1 '
BiFeOy/ThScQ thin film are shown in ' 1300 K

Figure 3.4. All BiFeO; mode 0.0 ,E|”|1'1c,’]
frequencies obtained by fitting ar , 087
listed inTable3.1. We note that, on the
one hand, the BiFeQOphonons below |
150 cm' are better resolved in thin:;()_() ',5” [I"‘“,)] -' , , , 'I , (b)

0.4

eflectance

[ PPT polarization with respect

Reflectivit

to the substrate crystal axes, becat
0.4
the TbScQ@ phonons are weak in thi | 300 K

E | [001]

case.On the other hand, the BiFeC g
modes at 372 and 446 thare seen 0.8

only in the F ~ Tt p polarized :
0.4°

J10K

TbScQ spectrum in this region. gp '?” [13011 I S
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Wavenumber (cm™)

the ThSc@ phonons within 370480 Figure 3.4 Roomtemperature and 10 K IR reflectiv

! P spectra of the TbhScOsubstrate and reflectae of th
cm “enhancesfie sensitivity of the IRBiFeOslTbScQ thin film for polarizations (a) and (

reflectarce to the thirfilm phonons'® F ~ ppmand(c)and (df ~ mmp

spectra, due to a more favorab

Namely, the large TQO splitting of
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Chapter3 Results BiFeG; thin film and ceramics

Therefore, due to the properties of Thgc@he two polarizations provide complementary
information on the BiFe@response. bite that some ThSe@honons seen below 150 thigsee
Figure 3.4) exhibit anomalous temperature shifts and even splitting on cooling. This is probably
caused by phonon interaction with the crystal field (and @kelectronic transitionsf>

The inplane lattice parameters of the (110) Th&eGbstrate are slightly smaller than those
of BiFeG;, inducing only a small compressive straiP0(24%) in the (00L), epitaxial film.
Here the orientation of the thin film is marked with respecthe pseudocubic crystal axis
(which is denoted by jstTheferrselagticanBEidgmain sirecturb af) o f
BiFeO)/TbhScQ was invesgiated in Refl79, 184 where two kinds of stripelike domains
separated by (01Q) vertical boundariesvere reported. The spontaneous polarizattom
adjacent domains is rotated by Ya@d its direction is tilted from the [0Q4] direction*® In our
IR spectra, only vibrations polarized in the film plane are active. SinceBlplarizationP is
tited from the normal of the thin film plane, phonons of bitland A; symmetries can be
excited. Nevertheless, we see only some of the modes due to our limited sensitivity to the thin
film. In contrast to the ceramics samples, thengmodamping observed in the thin film is much
lower (seeTable3.1). The values of the damping constants are compatalteose of single

crystals™®

which confirms the high quality of our epitaxial thin film. Similar to the case of
BiFeO; ceramics, the phonon eigenfrequencies in the film decrease on heating, leading to an
increasen the static permitti i t y ) (§k€Flyyrél3.3). The phonon frequencies of the BiReO
ceramics and the film present no significant differences, which is clearly a consequence of the
very small strain applied to the film by the subt#r Thec a | ¢ u | a)tisghdwever, Emaller

in the BiFeQ film than in the single crystal (sdggure 3.3), because, for the former sample,

only strong phonons were revealed in the IR reflectance spectra.

In the lowtemperature ~ 7T 7T pspectra, a weak but sharp and clearly observable
minimum in reflectance develops near 600 ¢faeeFigure3.4(d)]. We can exclude its phonon
origin, because the factgroup anbysis in rhombohedral structure does not allow an additional
mode. A lower crystal symmetry is also excluded because our thin film has only 0.24%
compressive strain; it is known that the films change the structurenatiystrain higher than
2%.'%" Also the multiphonon origin is not likely since multiphonon scattering usually decays on
cooling; at RT, the peak intensity is markedly lower, close to our sensitivity[eeFigure3.4
(c)]. Interestingly, the position of the peak, approximately 604 trorresponds to the
maximum magnon energy observed the Brillouin-zone boundary by inelastic neutron
scattering in a BiFe©single crystat®® Therefore, we assign this peak to scattering by the

highestenergy part of the magnon branch. The magnon density of states can be activated in the
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IR spectra due to the moduddt cycloidal magnetic structure of BiFgQhe maxima in the

density of states occur either at the maximal energy or at the Britom@ boundary.
Correspondingly, another peak in the density of states can be expected for the magnon branch at
the K and Mpoints. These magnons have an en¥fgyf approximately 525 cht which falls

into the range of the higheshergy phonon. We assume that this strong phonon screens the
weak magnon signal, which is why we do not detect the corresponding absorption in the IR
spectra. Finally, let us mention that perovskites,the manons from the Brillouirzone
boundary become frequently electrically active due to theamggh strictiort®® therefore, the

can be called electromagnons.

3.1.3.3 Magneticexcitationsin THz spectra of BiFe@ceramics

Our efforts to measure THz spectra of the Bif&lh failed, due to insufficient signal. This
can be explained by the fact that the thin film only slightly absorbs the THz waves and the index
of refractionn of BiFeG;ishh gher t han that of the substrat e
domain THz spectroscopy can be used only for studies of the thin film® aitleast one order
of magnitude higher than that of the substrate. As an example, such a technique was $yccessful
used for investigation of theE soft mode behavior near a stramducedFE phase trasition in
SrTiO thin films.*®®

In contrast, THz spectraf the BiFeQ ceramics were successfully measured at temperatures
from 5 to 900 K. The spectra of the complex refractive index €1 00 ,
determined from experimental data for various temperatures, are preseriggirm3.5. In
magnetic systemsN depends on the complex permittivity and permeability’ © via the
relationship0 7 ‘*-*. Since we cannot resolve whether the observed modes contribute to
“* (as magnons) of” (as electromagnons or polar phonons), we only presenthQ
spectra irFigure3.5(left).

In the THz spectra, one can see a gradual increaseaimd k on heating. This is mainly
caused by the softening of the T@honon and an increase in the phonon damping with heating.
The weak maxima in th€)]  spectra corresporto frequenies of magnetic excitations. Their
temperature dependences are plotteéigure 3.5(right) together with the modes observed in

1°%1%and IR®1"3spectra. Note that the modestween 32 and 44 ¢mbecome IR active

Rama and |
only in external magnetic field>'"* Besides a good agreement between the frequencies of
Raman and IRactive modes, one can see a gradual decrease moakk frequencies with

increasing temperature. Although the excitations should exist at leastTyp wee fit our THz
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spectra onlyp to 300 K, because, above RT, their damping is very high, precluding their exact
fitting. We clearly distinguish five magtie excitations. The three of them appearing up to 27
cm *correspond to the Hactive modes observed ber by other author&”**®1"3n our spectra

they exhibit an enhanced damping in comparison with sicryigtal data, mainly due to the fact
that we measured unpolarized spectra. At 5 K, two saale seen with peak absorption
frequencies of 53 and 56 trhThese modes were not observed in IR spectra before, apparently
because the samples used in previous studies were opaque above #0Thmme peak
frequencies correspond well to throdes No. &and 8reported in Raman spectra by Cazayeus
al.'®*Note that Komandiret al*>’ predicted a polar and heavily damped mode at an estimated
frequency of 47 ci!® but their rough estimation was based on discrepancies between IR
reflectivity and THztransmission spectra. Nagetl al*”® discovered additional spin excitations

near 40 and 43 cnt but a magnetic field higher than 5 T was needed for the activation of these
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Figure 3.5 (left) Temperature dependencies of the (up) refractive indexXdmowah) extinction coefficient
spectra of BiFe@ceramics, determined from the THz transmission. The spectra are shown for every 50
and 100 K below and above RT, respectivéhight) Temperature dependence of the seititation
frequencies determined Ibigs of the absorption index spectra in the THz range compared with published
frequenciesobtained from Raman scatterit*®*and far IR spectrd® The modes aD32, 41, and 44

cm ‘were predicted by FishmdAand they become IR activelgrin magnetic field above 7 2
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excitations in fafIR transmission spectr&urthermore, Fishman predictéda mode above 50
cm *which shouldsoften in an external magnetic field, and de Saisal predicted’ exactly
the two modes which we observe.

We measured THz transmittee at 5 K uder a magnetic field up to 7 Bde the )
spectra irFigure3.6). All modes exhibit small frequency shifts with increasing magnetic field. A
similar behavior was reported by Nagglal,'”® but their frequency shifts were higher due to
much higher values of the applied magnetic field @@t T). We see also weak indications of
the modes near 32, 35, 38, and 42 ¢which correspond well (except the one at 35 $o the
magnetiefield inducedmodes of Refl173 In our measurements, while the sample was kept at a
temperature of 5 K, apyphg the magnetic field of 7 T irreversibly changed the shape of the
magnetic modes in the absorption index spectrumKepee 3.6), similarly to the observations
in Ref173 This behavior is probably a conseqoernf magnetidield-induced changes in the
geometry of magnetic domains and pinning the domain walls on defects. The pronounced modes
near 53 and 56 cnican be identified with the pair of modes predicted by Fishman near'45 cm
at Hex = 15 T.**° Thus, our observations confirm the complex effective Hamiltonian describing
the magnetic interactions in BiFgQt includes nearest and nax¢arest neighbor exchange
interactions, two Dzyaloshinskifloriya interactions, and an eaayis anisotropy®> Very

recently this model was also confirmed by {emergy inelastineutron scattering spectr%

20 30 40 50
Wavenumber (cm")

Figure 3.6 Magnetic field dependence of the experimental THz extinction coefficient in the BiFeO
ceramics measured at 5 K. Téhatted line shows the zefield spectrum after applying the magnetic field.
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We were not able to fit unambiguously the THz spectra above 300 K using the modes seen at
low temperatures, owing to their heavy damping at high temperatures. Neverthelesgtha fit
one effective overdamped mode provided reasonable results. Surprisingly, this overdamped
mode with a relaxation frequency around 15 tendyY- m@® p& (Y- rising with T) was
necessary even abovk,, suggesting that there are still some paramagmuasent in the
paramagnetic phase. Alternatively, this mode might be due to a multiphonon ciDgbgsi
absorption allowed in the nesentrosynmetric phase®’

Finally, we would like to stress that from unpolarized THz spectra, we couldistimiguish
whether our magnetic excitations are magnons or electromagnons. The symmetry analysis
published by Szalleet al,?* however, allows electromagnons in the cycloiGatype AFM
phase of BiFe@ In analogy with selection rules for polar phonons which, in acentric lattices, are
both IR and Raman active, we suggest that for spin excitations, their simultaneous IR and Raman
activities indicate that they are electromagnditse polar activity of spin excitations has been

177
L,

confirmed by Kezsmrki et al,*”” who observed directional dichroi§® of a BiFeQ single

crystal in polarized falR spectra between 10 and 30'cin

3.1.4 Conclusions

An extensive study of IR vibrational spectra of Bize®ramics and an epitaxial thinrfilis
reported. The intensities of all phonons observed in the ceramics are higher thaprevious
publications™®**® Thus, the static permittivity of our samples calculated from phonon
contributions is close to the previously published single crystal'tfaBome phonons slightly
soften on heating, leading to an increase in the permittivity towd¢dNevertheless, the
permittivity is much lower than in canonic&®E perovskites, such as BaTj@Gnd KNbQ,
because thehonons in BiFe@ are much harder and the Born effective charges are much
smaller. In addition, the phonons in a BiR&EScQ epitaxial thin film were studied, showing
parameters similar to those in BiFg@ingle crystals. In the thin film, an additionakeak
excitation near 600 cnmtwas detected, which apparently corresponds to a peak in the magnon
density of states possibly activated due to the incommensurately modulated magnetic structure of
BiFeG;. Timedomain THz spectra of BiFeCceramics reveal most of the spin excitations
previously obsrved in single crystaf$®'"3Also, at 5 K, a pair of IRactive modes near 55 trh
were observed, which corresponds to spin excitations theoretically predicted by detSat%a
and Fishmarl*® This observation confirms the particular form of the Hamiltonian suggested by
Fishmanfor the explanation of the magnetic interactions in BifzeO
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3.2 Pb,NbTeOs double perovskite: an antipolar antiferromagnet

PbbMnTeGs, a new double perovskite, has been synthedizethe first time Section3.2
demonstrates there combination of an antipolAFM structure, as reported in R&#3

Its crystal structure has been determined by SynchrotremyXand Powder Neutron
Diffraction. PMnTeQs;is monoclinic {2/m) at room temperature with a regular arrangement of
all the cations in their polyhedra. However when the temperature is lowered to K120
undergoes a phase transition fré2dn to C2/c structure. This transition is accompanied by a
displacement of the Pb atoms from the center of their polyhedra due tcs’thené pair
electrons, together with a surprising-offintering of MA* (d°) magnetic cations. This strong first
order phase transition is also evidenced by specific heat, dielectric, RamidR spectroscopy
measurements.

The magnetic characterizations icate anAFM order belowTy ~ 20 K; analysis of Powder
Neutron Diffraction data confirm the magnetic structure with propagation eet@d 10) and
collinear AFM spins. The observed jump in dielectric permittivity near ~150 K implies possible
antiferrodectric (AFE) behavior,however the absence of switchisgggests thaPbb,MnTeG;
can only be antipolar. First principlealculations confirmed that the crystal and magnetic
structures determined are locally stable, and A switching is unlikely to beobserved in
PbbMnTeO:s.

The strong first ordestructuralphase transitiomccurring above 120 k previewed below,

as observed by heat capacity measurem&gsxhibits $rong temperature hysteresis.
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3.2.1 Introduction

In the pastyears, ABB@s ordered double perovskites have beadely investigated due to
the huge variety of interesting physical properties, including magnetoresistance, ferroelectricity
and piezoelectricity®® ** Also magnetoelectric balior, where magnetism and ferroelectricity
are coupled, is extensively searched for these phases, for practical applications in memories,
sensors and communicatibii'*® Thesemagnetoelectrienaterials have the intrinsic ability to
couple the electric polarization to magnetizatiandvice versawith a new degree of freedom
for the potential design of conventional devices. Hamvevhere are few compounds where
electric dipole and spin orders coexist, and the oepsrtedpresent very low magnetoelectric
response and/or low ordering temperatures. Therefore it is a grand challenge to find amaterial
with high magnetoelectric coupy aboveroom temperature (RT).

To design new magnetoelectric materials, the phases must contain magnetic cations and
satisfy any of the requirements for ferroelectricity: i) contain lone pair cations to produce
polarization; ii) form norcentrosymmetristructures with a cation able to move from the center
of its position to create an electric dipole (usualty @n with second order Jahfieller (SOJT)
effect); iii) present a collinear, cycloidal or transverse conical magnetic structure, which induces
an electric dipole; iv) undergo a transition into a chavggered polar stat€*?®|n this work,
we investigate a double perovskitith PtF* in the A site. P has a & lone electron pair that
can be polarized along a particular direction by itscefiter displacement, which results in a
highly asymmetric coordination environment. This displacement is caused by the high covalency
of Pb(6s) T (pf* Bonds due to the hybridization of the PbsBates with the antibonding oxygen
states, which is generally considered to be the effect of a stereochemically active lone electron
pair 2°>2°2For example, in PIMnWOs the dispacement occurs alongl00> and <010> cubic
axes resulting in an antipolar arrangeméné. similar to anAFE order, but in contrast to it, it
cannotbe transformed to an induc&# phase by application of an electric fiefd.

Pb-based double perovskites with magnetic cations in tk®te® are potentially good
candidates for both magnetic arkkE orderings. PHeNbQ and PbFeTa&Ds have been
extensivelystudied since both exhibiRE order close to RT with polarizatiofd) || <111> and
antiferromagnetic (AFM) order below aébdl TemperatureTy) ~ 150K.?**?**These matrials
frequently exhibit superparamagnetic clusters even above RT, and dine ldquadratic
magnetoelectric coupling K4?P?) the magnetic susceptibility exhibits anomalies atfftB@hase
transitiontemperaturé® This coupling can be very large and can even allow the switching of

the FE domains by a magnetic field, as was recently demonstrated at RT solithesolution
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between PbRgTaOs and PbZrTi,0:.2°” With this aim, the synthesis of fWnTeO; was
undertaken in this investigation and we demonstrate that it exhibits an antipolar ordering below
120 K and AFM ordering below .

3.2.2 Experimental Details

3.2.2.1 SamplePreparationand Determination of its Crysteand Magnetic Structures

PbbMnTeOs was preparedy a standard solidtate technique with reagegtade starting
materials PbO, MnC&and TeQ. A stoichiometric mixture of the starting solids was thoroughly
ground ancheated in an ©flow at 1073K for 12 hours to obtain a pure sample. The product
was initially characterized by Powder-ry Diffraction (PXD) for phase identification and
purity. PXD was performed in a Bruké&iXS D8 diffractometer (4&V, 30 mA), controlled by a
DIFFRACTDplus software, in Bgr-Brentano reflection geometry with Cu:l. = 1.5406 A. For
the structural refinements, Powder Neutron Diffraction (PN&advere collected at RT and 14
K at the POWGEN instrument in the Spallation Neutron Source in Oak Ridge National
Laboratory?® Two patterns were collected to cowkispacing between 0.4 and &5The PND
data vere refined by the Rietveld method, with the FullProf progf&mft°SynchrotronPowder
Diffraction (SPXD) measurements at 11 K and 50 K were made at beamlines X17A and X16C
of the National Synchrotron Light Source, respectively. Those data were refined with Topas
Academic?*! X-ray absorption near edge spectroscopy (XANES) was collected simultaneously
in both the transmission and puor e slBAeahtbee mo c
Brookhave National Synchrotron Light SourcEhe results from SPXD and XANES will not be
presented in the currerftdsis, but they are availabletime Supporting Informatio(SI) of Ref.

143

3.2.2.2 Magnetic, Dielectricand Heat Capacity Measurements

Magnetization measaments were carried out in a commercial Quantum Design
superconducting quantum interference device (SQUID) magnetometer MPNIB&.
magnetization was measured in zero field cooled (ZFC) and fieldd&{eC) conditions under a
0.1 T magnetic field, for teperatures ranging from 5 to 380 Isothermal magnetization curves
were obtained ab and 300K under an applied magnetici el d t hat vaTi ed
Differential Scanning Calorimeter (DSC) experiments were performed on a Perkin EImer DSC 7

with liquid nitrogen cooling (98300 K). Pyris Software (Version 11.0.3, Perkin Elmer
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Instruments, 2009) was used for control and evaluation. The temperature dependence of Heat
Capacity Cp) was measured with the Heat Capacity option of the Physical Property
Measuement System (PPMS9, Quantum Design). The standard relaxation method was used for
the measurements of low and high temperature parts. The data close to the structural transition
were measured by application of large temperature pulse and independerticevaluleating

and cooling part, in order to capture the effect of hysteresis-ftejyuency (1 Hzl MHz)
dielectric measurements meperformed between 40 and 3ROwith a Novocontrol AlphaA
high-performance frequency analys@ooling and heating ratwas 5K/min. The sample was

placed in a Hdlow Leybold cryostat; good thermal contact was secured by He gas in the sample
chamber. We attempted to measureA&it hysteresis loop close and beldw at frequencies

from 1 to 50Hz with our custormade setupThe results from DSC will not be presented in the

current theis, but they are available the Sl of Ref.143

3.2.2.3 THz, Infrared and Raman Studies

The experimental details of IR reflectivity, Raman and tdoenain THz spectroscopies used

for the study of spi and lattice excitations were according to Chapter

3.2.2.4 Theoretical Calculations

Density functional theory (DFT) calculations were performed with the Viennanifib
Simulation Package. PBEsol pseudopotentials withd®l6 and &; Mn 3s, 3p, 3d, and 4; Te
5sand %; and oxygen and 2 valence sites were used. A 5@V plane wave cutoff was used
for all calculations. Ak-point mesh with approximately 0&" spacing between each point was
used. Structural relaxations werensidered converged once thectron each atom was less
than 1meV/A. The Dudarev approach to DRT+vas used to approximate electronic correlation
in the Mnd-orbitals. Reported results useld= 5 eV. VaryingU between 3 and @V did not
significantly ater our results. The Isotropy Software Package was used to study symmetry

related properties.
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3.2.3 Resultsand discussion

3.2.3.1 Crystal Structure

PXD of PbMnTeO; demonstrates the

formation of a pure perovskdeased .

)

compound Figure 3.7). The crystalc:é
structure refinement were performed
from PND at RT and 14K, and
confirmed by SPXD. At RT BMnTeGs

is refined with the monoclinicspace -dd
group 12/m (No. 12). Figure 3.7(up)

Intensity (

6 QA 8 10 12
shows theexcellent agreement between

PND experimental and calculated data__
andthe inset show how other space group§
cannot explain the splitting of some of thez

[%2)
reflections. OnlyP2;/n could explain the §
data similar td2/m, but the reflections + =
k + | I' 2n do not appear’ Which Indicatbs H ::: :: I\” I\" :: I\I\‘ ) lI: :\HII AEULTITCOETNER O YN O o

i i K- ) " . i | N " L VP AOHS WP AU
centering of the unit cell. Moreover, the M R i . .
2 4 6

factor for thel2/m model (Ryragg= 3.83%) o (AY

is significantly better than that of tl2:/n Figure 3.7 (up) Observed (crosses), calculated
line) and difference (bottom) PND Rietveld profile:
RT. Upper inset shows the refinement for,\?hTeQ,
few other reported double perovskitin R-3, 14/m and I2/mspace groups.dowr) PNC
with the same svmmetr includintRieweld profiles at 14 K. The two sets of reflec
y y ‘patterns correspond to crystallographic and mac
PhCoTeQ, Ph,CoWO;, SLCoOsQ@ and structures. Inset left: TeO(blue) and MnQ (grey)
212215 where it is shown the displacement of Mgide the Ot
SrCoTeQ. The cell parameterof Inset right: Environment of Pb cations and itscé#hter

model Rgragg= 5.720). There are only a

[2/m model are related to thdeal cubic

perovskite aristotypeag & 4 A) asa & b 432a,, andc & 2a. It is defined with one single -&ite

for Pb atoms atifx, 0, 2), two crystallographically independent B positions for Mna&020, 0)

and Te aBc(0, 0, ¥2) and two nonequivalent oxygen atoms (Oligt @, z) and O2 at §x, V, 2))
(seetables 1 and 2 of Rell43 for the refined crystallographic parameters, atomic coordinates,
thermal parameters and eddility factors at RTjnteratomic distanceand bond anglesAt RT

there is no significant movement of the Pb atom from the center of the polyhedron. The average
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<Pb-O>bond distance &T is 2.874A, comparable to that expectedin the ionic radii sums of
2.89A for X"PIF* (i.r.: 1.49A) andV'0? '(i.r.: 1.40A);%® and als similar to PbO distances in
other double perovskites, e.g., 2.8%4in PbMnReQ;,**” and 2.898A in PbMNWOs.2* In
addtion, MnOs and TeQ are regular and do not demonstrate cationic displacements. The
average <MrD> and <TeO> bond disances at RT, 2.159 A and 1.945 respectively, are
somewhat smaller than the calculated valuestdn?* (i.r.igh spiny 0.83A) and O? 'of 2.23A
and"'Te®* (i.r.: 0.56A) and G "of 1.96A, from Shannon ionic radii tablés However, similar
Pb-based double perovskites, RmWOs and PBMnReG;, have sinlar Mn-O bond distances
(2.124 A and 2.106(5A, respectively), and BBoTeQ has a comparable T@ distance
(1.929(1) A) as well?*?

When the temperature is lowered, around 1R0the compound undergoes a structural phase
transition, as demonstrated 6y(T), dielectric measurements, IR and Raman spectroscopies (see
below). The PND data at 14 KF{gure 3.7) are explained with the monoclinic2/c (No.15)
space group, with a relation of the unit cell parameters to those of the ideal cubic perowskite as
& c & a6ag, andb a d2ay. This lowtemperature phase is unusual for perovskites. It was described

318,219

for similar PBRSbQ double perovskites (R rare earths which contain a completely

ordered array of alternating B@ n d ¢ Baddaledra sharing corners, tilted in antiphase along
C2/c to 12/m space groups has been never reported before, since REBPG the sequence is
C2lc Y P2/n Y R3Y Fm3m, different from the one observed in RmTeQ;. In C2/c
structure, Pb atoms are placed at the WyckifK, §, z) A sites; Mn and Te atoms at the(d, v,

Yy and 4(Ys Vs 1) B and BO6 sites, respect i vtareey ; arl
crystallographically nonequivalent positions &ix8y, ). The BraggR-factors obtained at 1K

for the refinementof the two PND frames are 5.82% and 6@2The refinement of the
occupancy of Pb and O atoms indicates full occupancies; no oxygancies at any position

and no antisite disord&etween Mn and Te, at RT and K4see Refl143for the tables with the
refined parametersYhis structure is confirmed by SPXD data collected at 11 K $$et Ref.

143, showing that the magnetic difftaan peaks discussed below do not have any nuclear
contribution from a lower late symmetry. SPXDalso reveal the sasnstructure at 50 K,
proving that the only structural transition is the one in the range 120 K to 168, Khe 20 K
transition is pugly magnetic (guctural parameters from the-tdy refinements are given the

Sl of Ref 143. The following analysis is based on the neutron data, which are much more

accurate.
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Figure 3.8 (left) Suscetibility vs temperature of Pb2MnTeO6 ceramics measured at 0.1 T. (insets) (i)

Il nverse of the susceptibil i ttgresifliodps a Sland 300 K. fright Cu r
Magnetic structure with the spins over the Mn atoms (purple atomsjtones are brown, Pb atoms are
orange, and oxygen are red.

At low temperature the structure changes, significantly increasing the dist&tiicaatoms are
now situated in distorted polyhedra, in which we can consideld8coordination if we discard
the Pb-O distances longer than 341 Pb atoms present efenter displacement, due to tr# 16ne
pair. There are three b shorter distances creating a BB@nvironment (E being the lone pair),
as was described in FmSbQ.**° The right inset ofigure 3.7(down) shows the environment of
Pb atoms and the arrow marks tiieection of their displacement, which is almost alongtihe
direction. This antiparallel displacement of Pb from the centroids of their polyhedra motivated the
study of possibleAFE character in this compound. The Pb-c#htering also implies the
displa@ment of Mn cations inside their octahedra (0.8%4loser to one octahedron edgemed
by the O3 atoms@and moving away from the RD shorter disinces (see left inset éfigure
3.7(down)); while Te cations areat displaced. This offenter displacement is highly unusual for
the magnetic and Jafireller-inactive Mrf* (d°) cation, mimicking the behavior which usually
occurs ford® catonsThe phenomenol ogVaercée MoBal @BVEN’6°E heb® n d
to estimate the valences of the cations, by an empirical relationship between the observed bond
lengths and the valence of a bond. Th&ues obtained at RT, Mn (2.22(1)+) and Te (6.04(3)+),
are close to the expected values of 2+ and 6+; although the slightly higher valence observed for
Mn could suggest a minor compressive stress on these bonds. We corroborate the oxidation

states of MA" and T&" by X-ray absorption spectroscopy (@IRef.143).

3.2.3.2 MagneticMeasurements

The magnetizations. temperature curves recorded in ZFC and FC moligsire 3.8(left))
show that P¥MnTe(O; undergoes an AFM traition atTy ~ 17 K, as observed by a drop in the
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magnetization. ZFC and FC curves showdinergence in the entire 300K temperature region.

The high temperature data were fitted to a CWieiss law,c = C/(T-gcw) (inset (i) of Figure
3.8(left)). The fitting allowed us to extract the effective magnetic monmat: 5.98n%, which

agrees well withmyn2+= 5.92ms. The CurieWeiss constantjcyw = -105 K, indicatestrongAFM
correlations in the system. Note thhe fit was done for the temperature range above the
structural transition (T > 160 K). In inset)(of Figure 3.8(left), the isothermal magnetization
curves are shown. They indicate a inparamagnetic behaviat 300 K and an AFM behavior

at 5K showing a lack of saturation even at the highest measured field (as expected for an AFM
material); however a slight curvature is observed in the M vs H data at 5 K, indicating small

competition of magnetic interactioaslow temperature.

3.2.3.3 MagneticStructure

The magnetic structure determinatias carried out from PND at K New reflections of
magnetic origin appear in the PND diagram ¢ERef. 143), which can be indexed with thke=
(0 1 0) propagation vector. Thmagnetic symmetry analysis has been performed with the
ISODISTORT softwaré?” The collinear AFM solution was found with a magnetic space group
Pc2/n, subsequently transformed into the set of constraints to be used in the Fullprof grdgram.
In this case, the crystallographic and magnetic unit cells coincide, but the crystallographic unit
cell is C-centered, whereas the magnetic unit cell is primitive. So, the translation symmetry is
acually different for the crystallographic and magnetic structures, lifting ouCthentering
translation to correspond to the (0 1 0) propagation vegétiver the full refinement of the
profile, including the magnitude of the magnetic moments, the l®sedancy factor oR =
9.78 % was obtainedThe magnetic moment on th@n atom has a value of 3.64(R} and is
aligned along thé axis of theC2/c unit cell (<110> axis of conventional perovskite subcell). A
view of the magneticteucture is displayeth Figure 3.8(right). The magnetic moments on Mn
atoms are ferromagnetically arranged into chains running alond thes. Each chain is
surounded by four nearest neighchains with the opposite direction ofirsg resulting in the
AFM structure. The long distance superexchange magnetic interactions vi@i Wi Oi Mn
paths, account for the relatively Ioly. Other examples of AFM double perovskites with similar
Ty and containing one magnetic cation at B sitteamelnorma gnet i ¢ i oGrSbh@ t B Nj
(Tn = 12K),?* SpLFeWQ; (Ty = 37K)?**and PbCoTeQ (Ty = 16K).%*?
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3.2.3.4 HeatCapacity

Figure 3.9 shows the temperature dependenc&€®fThe peaks seen near 117 K (cooling)
and 160K (heating) indicate a structural phase transition that exhibits a large thermal hysteresis,
characteristic of a firsbrder phase transition. Similar values of critical temperafltigg Were
obtained with DSQSI of Ref. 143). The measurements wereproducibleandthe change of
enthalpy was 0.48 0.01J/g atTc. The peak near 17 manifests the AFM orering, which
shifts down by 0.&K in external magnatifield of 9 T (Inset ofFigure3.9).
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Figure 3.9 Temperature and magnefield dependence of heat capacity. Large thermal hystereSisiof
seen.Tnexhibits 0.4 K shift down with an apptienagnetidield.

3.2.3.5 Dielectric and acConductivityMeasurements

Dielectric data Figure 3.10) are strongly influenced by leakage conductivity of the sample.
Note that the conductivitgNj] dr ast i cal | y equency and eraperatuvgigurdr b ot
3.10(c)); at 50K the sNj i slers®f nagnitude higher at 900 kHz than &izl This is caused
by a nonRhomogeneous conductivity in the cerars@nple; the grains exhibit large conductivity
(seen at high frequencies), while the grain boundaries are less conducting and therefore they
radically reduce the loMrequencysN;. The resistive grain bounc
creation of internal &rrier layer capacitors with ultra low thickness. They enhance the electric
capacity of the sample and cause a fAgiantao

reaches in our case values aboD00 at temperatures above 20QseeSI of Ref. 143). This
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Afcol ossal o0 diel ec 1004 — 100kHz ve | |
. . . ] 10 kHz
known in many dielectrics anc 80 1 kHz
multiferroics ~ with nomnegligible -, | 1?3 :2
conductivity??® The conductivity is also &7 TRz
responsible forhe high dielectric loss 40— _,
(Figure 3.10(b)). Nevertheless, the 100;
o E
influence of conductivity oeNj dec § ]
with increasingfrequency, thereforeN;j 10?;
in PMnTeQ; seen at 900kHz has ]
intrinsic values, at least, up to 200 K. | 10'53 __"_:
. 1 1
Figure 3.10(a), one can see remarkabl aj -
= 10% :
stepdown of eNJj near 120K (on E 3 3
- - 226 “ 1 1
cooling), typical for AFE or & 10"y | i
improperferroelectrié?’ phase : (C)}
transitions. Accorithg to our structural 10'14;] T 100 1m0 200 2% 360
refinement, the lowemperatureC2/c Temperature (K)
] _Figure 3.10 Temperature dependence of (a) diele
crystal structure is centrosymmetrip e r mi t t i vi ty U Nj, (b) d

conductivity OGN measured
(solid lines) and heating (dashed lines). Large the
change ofa\J{ is seen on heating, buhysteresis of drog o wn i n U Nj rstcsdertphyas

. _ transition.
the anomby occurs ~4XK higher, which

thus theFE order is excluded. Similat

is evidence for a firsbrder character of the phase transition. The temperatures of dielectric
anomalies correspond well to the temperatures of the phase transitions Gg@i (Rigure3.9).

The centrosymmetric character of the both phases was also confirmed by Second Harmonic
Generation (SHG) that showed only very weak SHG response (close to the noise limit) even with
an unusually long colleah time.

Since the unit cell doubles belol¢ in PMnTeG; like in AFEs and the step down @N;j
observed afl¢ is reminiscent of a dielectric anomaly AFE phase transition, we tried to
measuréAFE hysteresis loops. Only linear increase of polarization with electric field typical for
paraelectrics was observe#figure 3.11), but we cannot exclude th&®FE hysteresis loop
appears at higher electric fields than our 28 kV/cm, however, we could not apply higher field due

to a finite conductivity of the sample.
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Similar step down of permittivity as ir
P PermEY P (uClom’)os- P, TeO,

our case has been observed in othe 50 H

Z
double perovskites including
PhCoTeQ?? and  PBMNWOg2%

Authors of both references claimed th

their lowtemperature phases awFE

—85K
although they did not measuhgsteresis 115K
— 120K
loops. Here we would like to stress th 145K
160K

both materials are likely antipolar an

v hvst is | i Figure 3.11 Polarization hysteresis loops measured .
only hysteresis 100p measurements €y, 49 at selected temperatures. Loose oval looy

distinguish between AFE (switchable S€en aboveTc due to leakage conductivity in |
ceramics. StraighHine seen belowW¢ is characteristic ft

polarization) and antgdar  (NOR paraelectric behavior. Similar, just slightly more ope

switchable) behavior. loops were observed at 10 Hz.

3.2.3.6 Infrared and THz Spectroscopy

IntrinsiceN] i s determined by the sum of phonon
(it corresponds to the lofvequency edge of THZN] FRigare 3.12(b) and (c)), so if aNJ{
changes neaf¢ (120 150 K), some phoan shifts and splittings are expected. For that reason,
IR reflectivity and THz transmissiorpectra were measured down toK2Dramatic changes of
the reflectivity with tempeature can be observed Figure 3.12(left (a)). Four asymmetric
reflection bands abruptly split belowc. Fits of IR reflectivity and experimental THz
permittivity reveal 16 IR activdi.e. polar) phonons above 130 and 30 phonons at lower
temperatures (see mode parameters iaof Ref. 143). Jumps in phonon frequencies are clearly
seen neal¢ in the temperature dependence of polar phonon frequeiktigse 3.13(left)). For
the explanation of the number of observed phonons, we performed factor agralysis of
lattice vibrations, using the known site symmetries of atoms, obtained from our structural
investigations. In the higtemperature phad@/m, the primitive unit cell contains one formula
unit with 10 atoms with 30 degrees of freedom, andefloee, 30 phonons are expected. The

following phonon counts and symmetries in the Brillouin Zone (BZ) center were obtained:
Goim = 7TA(X*, xy) + 7A,(2) + 5B, (xz, y2) +11B,, (X, y) 3.1

Here, X, y, andz mark electric polarizationsf the IR radiation for which the phonons are IR

active, whereas the rest of the symbols are components of thenRansor. After subtraction of
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Figure 3.12 (left) (a) IR reflectivity spectra at selected temperatures together with (b) real and (c)
imaginary part of complex dielectric permittivity obtained from fits of IR reflectivity. Symbols at low
frequencies are experimental data obtained from-tiomaan THz spectrometefright) Raman scattering
spectra taken at various temperatures. Abrupt change typical for structural phase transition of the first
order is seen between 130 and 140 K.

1A, and B,, symmetry acoustic phonons, 15 IR and 12 Raman achisagns are expected in
the spectra of the higiemperature phase.
In the lowtemperature phase the crystal structure chang€2/wand the unit cell doubles,
so 60 phonons are expected. We obtained the following symmetries and activities of the

phonons:

G, =13A, (X%, xy) +16A,(2) +14B,(xz, y2) +17B, (X, ) 3.2

Likewise after subtraction of 3 acoustic modes, 30 phonons are IR active and 27 phonons should
be active in the Raman spectra. As expected, 30 phonons were obsehestRirspectra below

130 K (Figure 3.12(left)) and 15 polar phonons in the hitggmperaturel2/m phase, which
exactlycorrespond to the factor group analysis. One extra mode observed in both phases can be a
geometical resonance in anisotropic media, caused by two LO modes with similar
frequencie$?® An alternative possible explanation is that the extoale is very weak (one near

20cm ¥ see Sbof Ref. 143 Figure S8), which can be a central mode, that describes dynamical

hopping of Pb cations among several equivalent positions. This central mode is seen only in the
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THz dielectric loss and can be as well caused by multiphonon alosorptie only surprising
observation is, that this very weak and heavily damped mode remains in the THz spectra even in
the lowtemperature phase, where both central mode and multiphonon absorption should
disappear. The last and most probable explanatioihéoextra mode is that it is a defégntiuced

mode, which can be heavily damped, if its frequency lies in the range of acoustic pffonons.

3.2.3.7 RamanSpectroscopy

Phonons in the Raman scattering spedfigufe 3.12(right)) exhibit gradual decrease of
damping on cooling and anraipt change between 140 ar8DK, where PBMnTeQ; undergoes
the phase transition. Some of the modes shift and some of them splitTee{eee temperature
dependence of mode frequenciesFigure 3.13(right)). We can again compare the numbér
observed phonons with theoretically predicted phonons. In thetéimgperature phase, we see
11 Raman active phonons instead of 12 allowed by symmetry. At low temperatures we observed

15 Raman active modes instead of the 27 allowed.
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Figure 3.13 Temperature dependence of frequenciegleft) IR- and (right) Ramanractive phonons
obtained from the fit ofR reflectivity andRaman spectreespectively
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Chapter3 Results PbbMnTeG; antipolar antiferromagnet

The missing modes can be explained by their weaksitterby their overlapping with other
strong nodes, or by contributions of multiple differently oriented grains to the spectra, if the
grain size is smaller than the lasep o t size (about 2 Mnme0sis T he
around 13200 nm. More detailed Raman scattering experiments performdrbMnTeO;
single crystals are required to resolve all allowed Raatdive modes.

Both Raman and IR spectra support a first order structural phase transition. Most of the
phonons exhibit abrupt shifts and splitting . Changes of polar phonon frequesciand
related changes of their dielectric strengths, due to Lyd&auohsTeller relation, are
responsible for the drop down @flJ) belowTc. On the other hand, no soft mode activated from
high-temperature BZ boundary due to multiplication of the unit cell was observed in the spectra
below Tc. The latter indicates that the structural, and highly probable, antipolar phase tmansitio
IS not driven by a soft phonon from the BZ boundary. Such soft phonons were observed in the
Raman spectra of SrTidelow its antiferrodi®rtive phase transition at 106%*° Note as well
that BZcenter phonon softening was observed fgain both IR and Raman speatt®?* of
canonicalAFE PbZrG;, although no phonon softening was observed at the BZ boundary in this

material>*?

3.2.3.8 Density FunctionalTheoryCalculations

PbMnTeOs; was relaxed in the expected high symmetry culdéoda structure. The
computed cubi¢Odod structurehas a lattice constant for the conventional cell of 8.073 A and
the MnO bord lengths are 0.172 A shorter than theéond lengths. We computed the
phonons at the zone center and zone boundary points, showing that the cubic structure is
unstable to polar distortions and to a variety of oxygen octahedron rotation patBims.

symmetry is established by the addition of @a'c’ octahedral rotation pattern to the cubic

structure, andC2/c symmetry by the addition of ah; mode, wich primarily corresponds to a

complex pattern of oxygen octahedra rotations aboufGf&] cubicaxis. The Lg mode also

allows the Pb ions to offcenter along thexis in an antipolar ordering, accounting for most of
the observed offcentering pattern. A small deviation of the Pb ions displacement frdm the
direction is from GM5+ modé seethe lattice distortion irC2/c structure inFigure 3.14. The

I2/m and C2/c structures were relaxed with a variety of spin orderings on the Mn ions. The
lowest energy magnetic ordering for each structure is the aeldringobserved experimentally
(Figure 3.8(right)). The relaxed AFMC2/c structure is our calculated ground state, in agreement

with the experimetal low temperature structuréh@ structural parameters of théaseedl2/m
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Figure 3.14 Antipolar C2/c structure from DFT calculations. Pb and oxygen atoms are shown in black and
red, respectively. MnPand TeQ octahedra are shaded in purple and brown, respectiielgtdMs are

shown at their high symmetry positions with arrows indicating the direction of their displacements in
C2/c. (a) View down the [110] cubic direction. The octahedral rotations in the C2/c structure are clearly
seen. (b) View down the [001] cubdlirection. The complex rotation pattern about the [001] axis is
evidenced. The motion of Pb along the b axis is set by the L3+ mode. The remainder of Pb ion motion is
set by the GM5+ mode.

and C2/c structures are presented in Table S3 of S| of R48 showing excellent agreement
with the structures of the phases experimentally observed@ and 14K, respectively.

The presence of an antipolar ordering of Pb cation displacements@2Ahphase suggests
the possibility of antiferroelectricity. To expko this, we searched for a low energy metastable
polar structure that could be induced by an applied electric felBirst, we relaxed the
structures obtained by freezing in the unstable polar mode along various directions ([100], [110]
and [111]) leading to structures with 10 atoms/primitive cell and space gdaps Imn2, and
R3m, resgectively. These structures are mutiigher in energy than th€2/c ground state.
Furthermore, none of these polar structures are local minima of the éneagi has multiple
instabilities corresponding to various octahedral rotation patterns. In each case, the addition of
octahedral rotabin distortions and further relaxation yields a nonpaifgucture detailed in
Table 3 of Ref. 143, with the exception ofmn2 combined witha’a’c’. In this case, the
structure ha®mr2; symmetry, with a nonzero polarization along the [110] cubic dinecbat
is not a local minimum of the energy, exhibiting an instability corresponding toatlcBrotation
pattern. Relaxing this rotation pattern into tAenr2; structure leads to the nonpolB2;/n

structure. While a lovenergy metastable polar phase with a more complex structure is not ruled
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Chapter3 Results PbbMnTeG; antipolar antiferromagnet

out by our search, switching would require a changbe octahedral rotation pattern that would
almost certainly result in a large switching barrier, and consequently a coercive field above the
breakdown field. Therefore, we conclude tWe€EE switching is unlikely to be observed in
PbbMnTeO:s.

3.2.4 Conclusions

We have succehilly prepared the novel double perovskite;®bTeQ;. This compound
exhibits a firstorder phase transition from a room temperatiZén structure to a low
temperature (below ~120 K)2/cstructure.

The number of phonons observed in thealRl Raman spectra correspond to the number of
phonons expected from the factor group analysis in both phases. Abrupt changeshaith IR
and Raman spectra confirm fastder character of the phase transition seen as well in thermal
capacity and dieldric permittivity measurements. The low temperature phase is characterized
by large displacements of the Pb atoms, forming azBEdvironment with shorter P® bonds.

This distortion induces offentering of MA" magnetic cations from the center of thetahedra.
Due to this strong antiparallel displacement the pos#BIE character of the compound was
investigated, but nFE loops were detected, which suggests thatstructure is only antipolar.

First principles calculation confirms th&FE switching is unlikely to be observed in
PbbMnTeOs. Near 20 K, magnetic, heat capacity and PND studies revealéd-lsinphase
transition with a collineaAFM structure at low temperatures. ThusMbTeQO; belongs to a

rare group of antipolar antiferromagnets withatentiallarge magnetoelectric coupling.
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3.3 Ni-basedTellurides

The last subchapter of the experimental results of the current thesis incorporates the
investigation of dynamical magnetoelectric effect in the -gpiluced multiferroic NjTeGs,
followed bythe examination of the role of Mrand Cedoping inthe multiferroic propertiesThe
current section consists dbur subsections: The first one dedicated to the dynamical
magnetoelectric coupling of NieG;, the second to the novel multiferroic,MinTeG;, the third
to the Cedoped NiTeOs compounds NiCoTeQ and NiCeTeGs, and the last one covers a
comparison among the counterparts of theBliTeO; (B=Mn, Co) family.

The table belowsummarizeghe main findingsof the forthcoming subchaptepréviously
reportedstudies on NiTeQs; are included for comparisonpll compounds present the non
centrosymmetridR3 space group symmetrnAFM spin structure, and spiitop transition. The
critical temperatures of the temperatumad/or magnetic fiekihduced magetic transitions vary
among the compounds. Spin excitations were observed in all compounds. In addition to the pure

magnons, NiTeO; and NiCeTeGs also display electromagnons.

NiCOzTEOe

crystal symmetry  R3** R3 R3 R3
TN 53K 73K 55 K 52 K
Hspin—flop 8T® 5T 7T 3T

magnons 2t 2 4 6

electromagnons 244 - - 2

88



Chapter3 Results Ni-based Tellurides

3.3.1 Magnetoelectric excitationsin multiferroic Ni 3TeOg

The spinorderinduced FE antferromagnet NjTeO; transcends the magnetoelectric
performance of all other singfghase multiferroics, because it exhibits fysteretic ctossal
magnetoelectric couplin}

Spin and lattice excitations in NieQ; were investigatetdy a combination ofR, Raman and
THz spectroscopies. Two spin excitations (near 13 and 3% were observed simultaneously in
Raman and timedomain THz spectra below the é¢l temperaturely=53 K. We propose to
assign them to electromagnons, which are activated by the dynamic magnetoelectric coupling. A
third magnon is seen only in the Raman spectra near 206 cm

Thefigure below previews the two elestagnons observed in fNieGs by THz and Raman

spectroscopies, as published in Ref4.
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3.3.1.1 Introduction

The high demands for energy and cost efficiency of the technological world have led to the
necessity of multifunctional devices. Magnetoelectric rfaritbics are strong candidates for
such novel applications owing to the potential use of electrical field to tune their magnetic
properties.?

However, only a few singiphase multiferroics manifest a strong magnetoelectric

Couplin963,235 238

and all those materials are typemultiferroics, where thd-E polarization is
spinorderinduced®®%2%%7 Among them, only NiTeO; exhibits a norhysteretic colossal
magnetoelectric effect. However, this occurs only at magnetic fields neaf8#hd 53 T>>°

where spidflop and metamagnetic phase transitions occur, respectively. The absence of
hysteretic behavior in the magnetield dependence of magnetization aR& polarization
precludes losses, which is higlpromising for a number of magnetoelectric applications.

At room temperature, NTeOs hasa corundunrelated structuravith the polar R3 space
group?**2*A collinear AFM order appears belowy = 53 K**! giving rise to a spirinduced
FE ordering (Figure 3.15).°® The previous report of &E phase transition at 1000%% is
guestionable, because the reported dielectric dispersion is typical of the Muxsgeler
relaxation in conducting systerfiS,and no switchabl&E polarization has been observed above
53 K. Latticedynamics of NjTeOs; were investigated above 150 ¢msing IRspectroscopy as a
function of temperature and magnetic fiéfd Phonon anomalies due to sgihonon coupling
were observed neanyand a spirflop transition close to 9 T, but also near 30 T, which suggest
another magnetic phase transition at 3¢>Tn addition, interlocked chiral and polar domain
walls were observed at room temperature, unveiling a edoggupling between the chiral and
polar order parametef’

Due to sum rules, the static magnetoelectric coupling should be governed by magnetoelectric
excitations (electromagnons) in the GHz and/or THz redith$hese spin excitations can
contribute to the dynamic magnetoelectric coupling between the magnetic permeability and
dielectric permittvity, and if the magnetic structure is sensitive to the static magnetic or electric
field, the electromagnons can be tuned by these fféfd&The possibility to modulate the index
of refraction could promote the design of novel optoelectronic devices. Since electromagnons
very often lie in the THz rangef the electromagnetic spectrum, THz spectroscopy is an
essential tool for detecting such excitations.
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Figure 3.15 (a) Antiferromagnetic phase transition occurring at 53aK, seen from susceptibil
measurements. (b) Magnetic field evolution of the dielectric anomaly. (c) Colossal magnet
coupling at the vicinity of the spifiop transition,D8 T. (d) Spirinduced polarization, reachir3,00(
eC/n? below 5 K*

However, a combination of spectroscopic techniques are required to account for the nature of
the detected excitations, since the spin exichs can be pure magnons (contributing only to the
magnetic permeabilitg) or electromagnons (contributing also to the permittitd)y Polarized
THz or IR spectroscopy of single crystals is commonly used for distinguishing between magnons
and electromagnons>*?*°put, to this aim, all possible polarized spectratiee directional
dichroism should be measured. Such experiments require relatively large single crystals with
dimensions of the order of several millimeters, which are often unavailable. Since each polar
excitation should be both IR and Raman active inoa-centrosymmetricFE phase-* the
combination of both these techniques can be used for identifying the electromagnons even in

polycrystalline samples.
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In tha fashion, we studied RlfeGs; single crystals and ceramics by FouTeansform IR,
Raman and timeéomain THz spectroscopies, in a temperature range between 4 and 300 K. We
show that N§TeQs exhibits dynamic magnetoelectric coupling, inducing at leastciations

simultaneously detected by Raman and THz spectroscopy, interpreted as electromagnons.

3.3.1.2 Experimental Details

NisTeOQs was prepared as polycrystalline powders and single crystals. Gre&eQyi
powders were synthesized by solid state methods frorohgimetric amounts of analytical
grade NIiO and Te§) and heating the mixture at 800 °C for 12 hours ifl@v. The single
crystals were grown from a flux composed of the previously prepared powdergT&Oi
V205, TeG, NaCl and KCI in a molar ratio df:5:10:10:5. The mixture was heated for three
days at 830°C and then cooled down to 600°C during five days-sRkged green single
crystals ~2 mm in diameter and with thicknessl60&m were obtained.

The experimental details of IR reflectivity, Raman and tdoenain THz spectroscopiesed
for the study of spin and lattice excitations were accordirightpter2.

3.3.1.3 Results

Lattice excitationsin NizTeG;

The IR reflectivity spectra of the NTeQ; ceramics for selected temperatures from 7 to 300
K are shown irFigure3.16(a). We present the spectra only from 150'cimecause other weak
excitations are seen only below 4m' and these are better resolved in the THz spectra, which
will be discussed below. As predicted by the factor group analysis for the crystal structure with
R3 symmetry?3*2409 E(x,y,x*-y? xy,xz,yz) and A(x*+y?,7,z) modes are expected, both IR and
Raman activé?® All 18 modes can be seen in the IR spectra up to 300 K.

No significant changes in phonon eigenfrequencies and/or respective damping are observable
as a function of temperature, apart from the expected decrease omglaippn cooling. The
spectra reveal similar mode frequencies as the previously studieég@yf** with 10 of the
modes seen above 360 ¢orresponding to the vibrations of the gaf@tahedr&*’ Since there
is no change of crystal symmetry at the AFM phase transition, no change in phonon selection
rules is expected. The phonon @aeters obtained from the IR spectra fits are liste@aile
3.2, together with the frequencies reported by Yokosuk &tand with phonon frequencies

obtained fronour polarized Raman spectra of the single crystal.
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The complex permittivity calculated from IR spectra fits is presentddgure 3.16(b) and
(c). One can notice that the static permittivdyp) attains a valu®f ca. 4.5 only, which is

common among the spinducedFEs. The difference between our static permittivity and its

value of nearly 11 observed in the radio 0.4

frequency region by Ofet al®® could be >
S

0.3

explained by thehigh porosty of our B
=0.2 1

ceramics (about 58%). 2
0.1

In the inset ofFigure 3.16(b), the mode

around 310 cm shows a remarkable 0.0

increasein intensityupon cooling towards 81
6_

—— 300K
07— 100K
— 40K

accompaied by a slight hardening. e

4_ T T T T
L2
Below Ty 53 K, the same phonon exhibits N
01b)

a small decrease in intensity. Since the,, = T

40 K due to a decrease in phonalamping, “o©

structure displays no anomaly By, this is

probably linked to the transfer of itSw
1+
dielectric strength to a lowamergy spin 3

——300K —— 40K
excitation appearingn the THz spectra in 100K —— 7K
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.. _Figure 3.16 (a) Experimental IR reflectivity spectra
243
by Yokosuk et al,” who observed itSyj teq, ceramics at selected temperatures from

hardening by 2.5 cthon cooling down to300 K. (b) Real and (c) imaginary partsf
permittivity, as obtained from the fits. Ins

Ty and its softening bel Ty, which they Temperature dependence of IR reflectivity of

lained b ioh i mode around 310 cfrshowing, on cooling, a mark
expiained by SpHphonon coupling. decrease in its damping, accompanied by a freq

We measured polarized Raman bacncrease (hardening).
scattering spectra of the fTeG; single crystals in all possible polarization configurations and at
temperatures from 4 to 300 K. Raman spectra measured in four pidarizenfigurations at 4
K are shown irFigure3.17. The temperature dependence of the epmdarizedz(xy)d Raman
spectra (according to the Porto notatf6hgan be seen ifigure 3.18, where 13 phonons were

observed.
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Figure 3.17 Raman spectra of the ;NieG; single crystal collected at different polarization configurations
at 4 K.

In the notation followed in this paper y and z directions are mutually perpendicular; z
direction is paallel to the hexagonai-axis, whilex andy directions are lying in thab-plane.

The combination ofx(zz)af and z(xy) a spectrareveals all 18 predicted modes. The
eigenfrequencies of different configurationgify) o x(yz) of x(zz) dfard z(xy) 4], together

with the respective symmetry assignment, are listedTable 3.2, which provides their
comparison with the polar phonon frequencies obtained from our IR spectra. The frequencies of
Raman andR modes correspond to each other, confirming the prediction of the factor group
analysis that these modes should have the same symiReEyA(LO)symmetry modes near

179, 385, 495, 691 and 720 ¢mwhich are allowed ire(xx)al spectra, appear as Wi the

z(xy)Al spectra E symmetry), possibly due to polarization leakagech mode mixing could be
attributed to sample misalignment, crystal imperfections or depolarization #fféttFinally,

two modes observed in the IR spectra were rer geany of the Raman spectra.

Below 210 crit, in the AFM phase, a number of new modes are activated ia(gal
Raman spectréFigure 3.18). Among them, the mode near 206 timecomes very sharp and
intense on cooling, whereas the mode activated on thdérémuency edge of our spectra at 9.9
cm™ (40 K) hardens on cooling to 12.7 ¢ng4 K). These modes, together with attenes
resolved below 200 cth cannot be new phonons, because the space group R3 does not change
belowTy. These must be spin excitations. This conclusion will be confirmed below, because two
modes seen below 40 &min the THz transmission spectra argiy sensitive to external
magnetic field. Lastly, the weak modes between 130 and 19b aiginate probably in

multimagnon scattering.
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Electromagnonsn NizTeGQs

In order to investigate the fiR domain, we measured tirt®main THz spectra of AieOs
ceramics (crystals were too small) in a temperature range from 10 to 300 K in an external
magnetic fieldHex Up to 7 T. The THz spectra for selected temperatures and magnetic fields are
shown inFigure3.19. Both corigurations withHey: Ethz andHex U E1y, were measured, and
both orientations reveal similar features. Here we present only the latter spectra.

The THz spectra were fitted together with the IR ones, according to the model mentioned
above. Two spin extations are clearly seen in both real and imaginary parts of the refractive
index spectra, corresponding to frequencies of approximately 16 and 3acmK (seelable
3.2). These two modes are not active ab®ve Upon cooling, one weak and broad excitation
appears at 48 K near 25 ¢rand hardens to 32 ¢émAnother sharp mode activates near 16'cm
This excitationmarkedlysoftenswith Hey (Figure 3.19). Unfortunatey, we could use magnetic
field only up to 7 T, so we could not see the influence ofsgiia flop transition occurring at
approximately 8 T on the mode frequencies. The second mode seen near' 32erns to
exhibit splitting upon applyingHex, but it is not well resolved, because the sample is
polycrystalline. Since both excitations activate only belayand their frequencies are sensitive

to magnetic field, these must be spin excitations.
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Figure 3.18 Tenperature dependence zky[Raman spectra of the NieQ; single crystal. Inset: Detail
of the lower spectral range, where the two spin excitation modes around 12 and &perar below 45
K, and harden upon cooling. The activation of other modes 2p6 cnil is discussed in the text.
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Table 3.2.Frequencies of the IR active modes in thgTRO; ceramics at 7 K and Raman active modes in
NizTeGs single crystal at 4 K, as obtained by the fits of IR reéfldy with e =2.2. The first column
corresponds to the IR mode frequend®@0 K) from Yokosuket al*** Apart from the frequency, we list
the damping constants and dielectric strength of thactize modesThe LO modes observed in Raman
spectra are marked Byin superscript.

Raman 4 K IR7TK

Symmetry x(yy)x x(vz)x x(zz)% z(xy)z
wrp 243 wrolem™)  wrolem™) wplem™)  wrolem™') wrolcm™") Yrolem™!) Ag
- electromagnon 10.5 12.7 16.2 2.1 0.004
- electromagnon 353 324 83 0.007
171 A 176.0 176.0 179.4+ 185.0 464 0.12
- (electro)magnon 205.6
214 A 217.5 217.5 2193 44 0.08
217 E 220.6 220.5
228 E 232.0 2321 2.6 0.05
- 259.2 37.0 0.07
278 E 280.4 279.3 42 0.09
278 A 279.6 279.7 303.1 24.2 0.21
310 E 313.5 3134 313.2 313.2 3.1 0.02
- A 317.0 345.2 17.8 0.04
360 E 362.2 361.7 8.3 0.14
370 A 370.0 370.0 380.0 6.7 0.02
- 385.1+
451 A 419.1 406.6 30.0 0.06
456 E 454.7 454.9 4545 454.2 10.0 0.18
- 484.3% 484.5+% 494 8+ 466.1 23.2 0.15
513 E 510.7 5107 516.5 274 0.11
541 A 540.9 541.8 542.0 536.6 413 0.18
597 E 574.8% 609.5+ 596.1 597.1 13.7 0.03
649 A 646.9
666 E 664.9 664.0 661.2 25.0 0.10
692 A 693.0 693.0 693.0 690.5* 690.5 454 0.06
- 7204+ 7177+

In order to compare the results of the two distinct spectroscopic techniques, we present in
Figure 3.19(c) the Raman spectra in the ldsmequency region at temperatures up to 45 K. The
frequencies of the two spin excitations in Raman spectra are approximately 13 andig%ham
single crystal, whereas those observed in the ceramics bylomain THz experiments amount
to 16 and 32 cfh If we take into account the different crystallinity of the samples, such
discrepancies lie within the experimental error, therefore we assert that both experiments reveal
the same pair of excitations and we propose that these are electromagnons. Magusuredigre
extremely weak in Raman spectra, but if a magnon becomes electrically active, it can be stronger
and it should follow the same IR and Raman selection rules in polar crystal stfa&imee the
electromagnons are activexyiRaman spectra, thegyust haveE symmetry.

Below Ty, another sharp and strong excitation activatepig[Raman spectra at 206 ¢m
(Figure 3.18). It probably also has a spin origin and, because iErgsnmetry, it could alsbe
an electromagnon. Nevertheless, this mode is resolved in neither our nor gfefRostsidies,

S0 we cannot confirm its polar character.
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Figure 3.19 Temperature dependence of (a) real and (b) imagetyof index of refraction, as obtained
by the THz measurements Ht,, U Ery, for the NgTeOs; ceramics. Two excitations appear below 48 K
(close toTy\@a 53 K) . Up on Hg ppptd v T, asoftening of thé lowest frequency mode is
observed. (c) Temperature evolutionzgky)a[Raman spectra of the NieQ; single crysthbelow 45 K.

3.3.1.4 Discussion

NisTeOs has a polaR3 structure at least up to 1000°R and its norswitchable polariation
must be, due to the space group symmetry, oriented alongakis. BelowTy, the exchange
striction ( S&;) between collinear spins of Ni cations changes the bond lengths between these
atoms>® The question arises whethersReQ; is truly FE, or rather merely pyroelectric with a
spontaneous polarization which is just influenced by the magnetic order. The second scenario is
also supported by the experimental fact that the external magneticefieideshe spontaneous
polarization and this polarization change is most remarkable at the spin flop transition near 9
T.238

Our electromagnons have tlie symmetry, because they are active in tfez)af and
Z(xy) alpolarized Raman spectra, andrdfore they must be IR active in tBe z spectra. Since
the spontaneous static polarization is oriented atarpgs and the electromagnons are polarized
perpendicularly to this direction, the spin excitations become electrically active due to dynamic
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fluctuations of spins (and the related polarization) out ofzthgis. This dynamic polarization
can be induced by the same exchange striction mechanism stattbeolarization. Generally,
electromagnons must receive their dielectric strength from polar phonons of thegametry.

In NisTeOs; Yokosuk et al** observed 3 IRactive phonons of symmetry (at 310, 59and
668 cm') exhibiting anomalies &y, while noA-symmetry phonon exhibited any anomaly at the
AFM phase transition. As discussed earlier, we observed frequency hardening and an intense
decrease in the damping of the 310 cmode on cooling, howeveno trace of anomaly was
seen for the higher frequency modes (597 and 668).citherefore, the electromagnons are
coupled with theE-symmetry phonon near 310 @mThe abovementioned anomaloug
phonons are related to stretching or bending of the oata@heaes of Tegand NiQ inducing a
further modulation of the superexchange interaction between the Ni ions alangxisé*®

Even though polycrystalline ceramic samples were used for the THz experirtients,
electromagnons are still reasonably sharp. Unfortunately, the size of the-csysjidline
samples¢ 1 mm diameter) was not sufficient for the IR and THz spectroscopies, since large and
well-polished surfaces are needed for these techniques. Sjudsiented singlerystalline
samples by THz spectroscopy would help to confirmBisymmetry and polar character of the
electromagnons,and the possible directionaldichroism could be investigated. In addition,
splitting of electromagnons in an externadgnetic field might be observed.

One can argue that the dielectric strengths of the electromagnons should enHagloev
Tc, however such behavior was not observed in the temperature dependencepafrted in
Ref. 63. This is due to the small dielectric strength of both electromagi¥ens+(Y- T8t p p
at 7 Ki seeTable3.2). Such small contribution cannot be resolved irfY. Note that- Y
exhibits only small peak in permittivity aic (Y- 18 0, and this dielectric anomaly can be
caused by a softening of the electromagnons down to microvsage meafc. Similar effect
was recently observed in the multiferroic Mn\M@y Niermanret al.>?

Lastly, we performed Raman studies of thgTe(; single crystal in an external electrical
field parallel to thec-axis (up to 60 kV/cm), in order to investigate the behavior of the
electomagnons on external bias. However, no significdfieicewas observed. Bad quality of
contact electrodes, namiformly applied electrical field and/or defects in the crystal may have

hindered our efforts for such observation.
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3.3.1.5 Conclusions

To conclude, we studied the dynamic magnetoelectric coupling imthigferroic NisTeOs
by a combination of IR, Raman and tkdemain THz spectroscopic techniques. A thorough
investigation of lattice and spin excitations was conducted by Raman spectroscopy of single
crystals, measuring all possible polarization configars, and reported fothe first time in
literature.

At least two spin excitations around 15+2 tand 35 crit appear simultaneously in the
AFM phase in both THz and Raman spectra, thus corresponding to electromagnons. The lowest
frequency electromagnatiisplays a strong sensitivity &xternal magnetic field, by increasing
its intensity and decreasing its frequency. Another sharp excitation appearsTheh@ar 206
cm™. Since it is not resolved in unpolarized IR reflectivity spectra of ceramics, wmassis a
magnon. Nevertheless, we cannot exclude that it is also an electromagnon, which would be
screened by a strong@rsymmetry polar phonon near 219tm

Further studies of NTeQ; single crystals by polarized tirdomain THz spectroscopy are
requred for a detailed polarization analysis of electromagnons, a possible detection of a
directional dichroism, and for determining the dependence of the electromagnon frequency on
the external magnetic field strength (including a possible splitting). Aratiderstanding of the
electromagnonic behavior can lead to a deeper insight into the mechanisms of dynamic

magnetoelectric coupling in multiferroics.
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3.3.2 The novel multiferroic Ni-MnTeOg

In section3.3.1, we saw the impressiveolossal magnetoelectric effect of the polar -anti
ferromagnet NiTeO;,*® in combination with the presence of elementary magnetoelectric
excitations*** Aiming at higher critical temperatures, immensely convenient for applications,
one can consider substitutionif by other transition ntals.

In the current, as well as the next section, we will see the effect of Ni substitution by Mn and
Co, however keeping the same polar crystal structure Ratlspacegroup. Here, the novel
compound NiMnTeG; is presented. AMMFM phase transition takgdace at approximately 73
K, almost 20 K higher than the countampounds THz spectra revealed one new excitation
below Ty, which is tuned by external magnetic field, thus assignedreynon.

The impressive increase of thie, by Mn-doping is displayedn the figure below,in
comparison with the Gdoped compoundd)y the temperature dependence measurements of
magnetization and permittivity. Traces of a lower temperature phase transition at 23 K suggest
the presence of MieG:s.
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3.3.2.1 Introduction

In pursuit of multiferroic compounds with crystal structure other than that of the perovskites,
the corundunrelated (AbO3) family with structural formulaA3BOg, with A being a divalent or
trivalent paramagnetic cation, and B a pen&vaor hexavalent (usually) diamagnetic cation,
scoresa success among the magnétf®>3?®° and lately, due to NTeQ;, the multiferroic
Community§3’144’239’244

During the 80s, a few studies corundum and cryolite-related (aNagAlFs) compounds
suggestedFE properties for a series of fWleQ; compounds, with Mcorresponding to
paramagnetic cationand the reportecCurie pointslied around 500 K>3?>* However, no
evidence of noitentrosymmetric structure for any of the above compoahdsom temperature
was reported ever since, apart froNizTeOs. MgsTeQ; and Mn3TeQ; correspond toa
rhombohedral'Yo space group, Gde(Q; and CaTeQ; to monoclinic P2;/n, CosTe(Os to
monoclinicC2/c, and CyTeG; to cubic'Ojo. To this point the only compourslin literature that
present noftentrosymmetricity are BTeQs; and (Mny2Nipg)sTeOs (Ni substitution with20%
Mn).?®® The latter compound preserves the {tcentrosymmetricR3 space group, and
interestingly enoughdisplayshigher AFM transition temperaturéy=67 K. The phase diagram
of the Mndoped MTeG; structures with M=Ni, Co, Cu is shown Figure 3.20, where the
respective space groups alEM transition temperaturel, for each composition are indicated.
The diagram suggests that by increasing the Mn concentration in zklriNTeO; compound

and comsidering stabilization of thB3 space grouply is expected to continue increasing.

80 ,
Cu: 3
(cubic 1a3)
60r "
¥'Z 40+ O~ -,<>_VMHIXCO17X(rhombohedral R3)
- | oy
ol :Co (monoclinic C2/c) Vv —e
E Mn L
(rhombohedral ‘R3)

0 20 40 60 80 100
% Mn

Figure 3.20 Phase diagram for fleQ; compounds, with M=NiCo, Cu, as a function of Mn doping. The

only noncentrosymmetc branch of the diagrarfboth above and beloW) corresponds to NTeG;, and

subsequent substitutions of Ni with Mn, up to 20%, accompanied by striking increase AFNhe
transition temperature, from 52 to 67 (Knage taken froniRef. 260
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In that faslkon, the novel NsiMnTeOs was synthesized for the first timeh&magnetic ad
dielectric properties oNi,MnTeG; in the form of single crystals and ceramwere studied
together with thénvestigationof lattice and spin dynamic$he prediction on thencrease of §
for Mn-doped NiTeO; by Mathieuet al®®® is confirmed, since NMnTeQs; exhibits AFM
transition at 73 K. In addition, THz spectra unveil a spin excitation bejpw T

3.3.2.2 Experimental Section

The samples were sthesized by the eauthors of Rf. 144, from Rutgers University.
Polycrystalline NiMnTeQ; was preparedrom stoichiometic amounts of analytical grade NiO,
TeO, and MnCQ. The mixture of the starting materials wasated in a tubular furnace under
oxygen flux at 800°C with intermediate grindings between 700 and 800°C. Single crystals were
prepared in dollowing step by flx method:Nio,MnTeG;: V,0s: TeO:: NaCl: KCI in a molar
ratio of 1:5:10:10:5The mixture was kepttwo days at 80 and thercooleddown to 600C
during threedays.Plate shaped green crystals e2 Inm of diameter were obtaineto identify
the phase andupity of the polycrystalline powders the samplas characterizelddy powderX-
ray diffraction (XRD) (Cu I, a= 1.5406 A). For the structural refinements powder neutron
diffraction (PND) and synchrotrorX-ray diffraction (SXRD)were performed PND was
collected at the ILL, Grenoble. The data at room temperature (RT) was collected in the High
Resolution instrument, D2B (&= 1.5940 ). F
used D20 (o= 2.410 j) i nstrument bed brmbeaann 5
lineX-16C (&= 0.70019 ) at the Brookhaven Nat.
Diffraction data analysis and Rietveld refineméhtswere performed with the Fullprof
softwaré®® and TOPAS packagde! The structure of the single crystafgas determined by the
use ofsinglecrystal X-ray data (SCD) collected on a Bruker Smart APEX CCD diffractometer
with graphite monochromatizeMo Ky r adi ati on ( &= K ThelsBuétdgl ) at
characterization data will not be presented in the current thdsignetic measurements for
NioMnTeG; single crystal were performezh a Quantum Design SQUID systemhereador
polycrystalline N}MnTeQ; on ACMS and VSM options (extraction and vibrating sample
magnetometers) of the PPMS apparatus (Quantum Design) in fields uf tanthtemperatures
down to 2K.

The IR refectivity and THz complex perntivity spectra were fitted assuming a sum of N
indeendent thregparameter damped harmoscillators gee sectio.1.2.1 equation 2.1
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3.3.2.3 Results

Structural Characterization

Basedon the RT PND characterizatiorhé structural analysis data will not be presented in
the curent thesis for brevity purposed)lioMnTeQ; was definedwith NisTeQs structural type
(rhombohedral, space group B8 (No. 146), Z = 3); as A,BB'Os-type corundum derivative
The structurecontairs two crystallographically distindili atomsat the Asites defined here as
Ni' and NI', orderedMn and Te on both B sites, and two independent oxygen atoffise
structure is formed by layers in thb plane of edge sharing octahedra. The layers are formed by
TeOs andNi'Og octahedra, and Mbs andNi'"Og octahedraalternated between them. The layers
are connected alormforming TeDg/Ni" O and MrOg/Ni'Og dimers that share fase

Due to electrostatic repulsignthe cations inside thectahedra that are sharing faca®
displaced from the center of the octaheslang thec direction, getting in all cases closer to the
octahedra vacancies and farther away to the other cation in the dimer. It produces three long and
three short octahedra distances. This effect is more pronounced in the cagdrofedy than
NisTeOs.?** The same effect has been eh&d in similar compounds as MieWQ; with the

same structuré®?

Magnetic Structure

PND was performedat low temperatures in order to determine the magnetic structure. The
thermal evolution of the PND and the evolution of the r@uand magnetic moments with the
temperature are illustrated gure 3.21(a) and(b). By PND, the magnetic transition at 73 iK
clearly seer(Figure3.21(c)), 20 K highe than pure NiTeGs. The magnetic structure is defined
as anAFM structure with propagation vector k=(0 0 3/2). The structureriméd byFM ab-
planescoupledantiferromagneticallplongc-axisas FMFM-AFM-AFM, asillustrated inFigure
3.21(d). The magnetic moments at'NNi" and Mn positions have been refinad 5 K as
2.deaol for both N/molfooMnirespeaivelgNi' and tii' nbmehts have
been constrained). The moments over Ni positioasaager than the ones expected fof' 8pin
state S=1, but it can be explained by the disorder with*Mvhich is expected to be in a spin
state of S=5/2.
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Figure 3.21 (a) Thermal evolution of the PNpatternof polycrystalline NiMnTeQ;, demonstrating the
peaks related to the antiferromagnetic transition occurring at {B)K.emperature dependenoé the
volume and magnetic momenger magnetic cation. (c) Prominenagmetic transitiorat 73K as seefby
the evolution of the PND peakd) Schematic representation of the magnetiacsure of Ni-MnTeGs
(purple: Mn, cyan: Ni)

Multiferroic properties

The temperature dependence of the magnetic susceptibility measurementadVior éQ;
single crystal is diplayed inFigure3.22, for two orientations of the magnetic fieldey: ~ c-axis
andHey ~ ab-plane. The antiferromagnetic transition is manifested approximately at 67 K, with a
salient preference alongaxis as expected due to the magnetic structiigu¢e 3.21). The
discrepancy étween thattributed Nel temperature of 73 K frolBRND dataand67 K fromthe
magnetic measurements, can be ascribed to the different experimental techniques, as well as the
different samples, that being polycrystalline for the first case and singlaldorsthe second.

In Figure 3.22(right), the temperature dependence of permittiintyceramicsis shown, as
measured at 1 MHz. The anomaly appearing at 67 K, at the vicinity odhRM transition,
indicates inteplay of the magnetic anBE phase transitionAdditional dielectric anomaly is

clearly seen at 23 K. This temperature corresponds to the AFM phase transitiogTi@(yin
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Although XRD did not reveal any secondary MaQOs; phase in the NMnTeQ; ceramics, a
small concentration (less than 3%) may have been overlooked. According to litdvhtsFe Qs
should hold the noncentrosymmetric rhombohedrd¥o space group down to 5 R®
Nevertheless, it is possible that MieQOs undergoes a not yet recorded spmer inducedE
phase transitin at 23 K, but theFE distortion is so small that it is not seen in previously
published PND. Note that most of sgrder inducedFEs were not resolved in diffraction
experiments, but only in dielectric measuremétits.

In Figure 3.23, the magnetic field dependence of magnetization for boiMMNreG;s single
crystal (left) and ceramics (right) is presented. The single crystal experiment was done at 5 K and

for two magnetic fieldorientations:Hey:  C-axis andHeyx  ab-plane, upto 5T. The ceramics

21.5
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Figure 3.22 Temperature dependence @eft) magnetic susceptibility for MilnTeQ; single crysal, at

0.1 T with two distinct orientation$l.,,~ c-axis andHe,; ~ ab-plane. The anomaly appears at around 67 K.
(right) Temperature dependence of permittivity Ni,MnTeQ; ceramics recorded at 1 MHz. ThAFM
transition for NjMnTeQs occurring around B K is responsible for the dielectric anomaly. Secondary
phase of Mgl'eQ; is probably responsible for the anomaly at 23 K.
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Figure 3.23 Magnetic fielddepemlence ofmagnetization for NMnTeQ; (left) single crystal and (right)
ceramics In the single crystal a spiifop transition occurs at around 4.5 T, however not visible in the
ceramicsRight inset: the low magnetic field hysteretic behauoceramics most possiblyin Mn;TeG;
secondary phase.
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were measured at 2 and 30 K, up to 14 T. The single crystal shows aloagdbgaxis of
magnetization a nehysteretic spifflop transition around 4 T, resembling its undoped
counterpartNisTeQOs, yet appearingtaD3 T lower value of magetic field. Curiously, the
ceramics barely present a negligible bend of the magnetization curve approximately at 4.5 T,

whereas a hysteretic behavior of possHW origin appears at very low fields, below 0.3 T.
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Figure 3.24 Temperature dependence ohgnetizationat a) upto 14 T, b) at 0.1 Tof Ni,MnTeG;
ceramics. Two conspicuodg-M transition temperatures at 23 and 70 K attest the presémwe distinct
phases, MsTeQ; and NiMnTeQ; respectively. d) A hysteretic magnetic field dependence of
magnetization, recorded latv magnetic fields up to 0.8 T and at 2 K

Figure 3.24(a) presens the temperatte dependence of magnetizatifum the polycrystalline
Nio,MnTeGs;. The magnetic transition takes place at around 70 K, presenting proximity to the
PND results Oddly, a noteworthy anomaly at 23 K, suggests a secondary magnetic transition.
However, no tracef any other phase transition was present at neither the PND nor the single
crystal susceptibility measurements. Interestingly, the magnetic transitionsdelyoccurs at
23 K, a fact that implies the presence of a secondary phase in the polycrysaitipée.
Another possible explanation for the noted feature might be impurities from the grain
boundaries, which can contribute to the total magnetizalibe. magnetic structure changes

above 0.4 T (double hysteresis loop is seBigure3.24(c)), and therefore the lowemperature
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anomaly in M(T) Figure3.24(a)) disappears at higher fieldBhe magnetization peak seen near
70 K exhibits aninteresting anomaly with magnefield. It shifts from 70 K (at 0.1 T) to 65 K

(at 14 T) with some nonlinearity arou6d'.

Spin and lattice excitations

The IR reflectivity spectra of the
NioMnTeQs; ceramics are shown in
Figure  3.25a) for seleted
tempeatures from 10 to 300 K,
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permittivity. As predicted by factor

group analysis for th&3 structure, 9 30 (b)
E(X,Y,X*-y% XY, XZ,yZ) and 9 20+
A(X*+y?,7%,Z) modes are expected, both 104 a0k
IR and Raman activeanalogously as © -18: 200 K
for the NsTeQ; case'**** Al 18 0l igi
modes are clearly visiblein the IR -30 4

spectra up to 300K. Similarly to 10;

NizTeQs, the phonon eigenfrequencies

are  practically unaffected by

temperature changes, since th8 0.1

space group is preserved up to RT. 0.01

Merely the damping of the modes — T T T — T — 1 1
0 100 200 300 400 500 600
slightly decreasesupon cooling as wavenumber (Cm'l)

expected A few of the mode Figure 3.25(a) IR reflectivity experimental spectaa selecte
temperatures fronl0 to 300 K. (b) Real and (c) imagini

frequertieslie close to the values o'part of permittivity, as obtained from the fits.

those reported for NisTeQ;, 44243

most of themcorresponding to the vibrations of the ke@rtahedrd?’ The eigenfrequency
values of the measured IR active modes at 1QoKether with the respective damping and
dielectric strength, are presentedliable3.3. The previously published MieQs; IR modes at 7

K by Skiadopoulotet al***

are alsdisted, for comparisanThe possiblestructural distortion at
the AFM (andFE) transition at 67 Ksuggested by thanomaly in the permittivity dat&igure

3.22(right)) should have only a negligible effect the IR spectra.
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In Figure 3.25(b) and (c), he real and imaginary parts @ermittivity are displayed
respectivelyafter fitting the reflectivity spectra dfigure 3.25(a), by the use of thrggarameter
damped harmonic oscillatorsee Section 2.1.2.1equation2.11). The static permitvity
corresponds to approximately 10, quite close in agreement with the value reportegl & Ni
by Oh et al®® who reported permittivity around 11 in radi@quency range. Note that the static
permittivity of NisTeQs; ceramic pellets observed by Skiadopoutstual'** was significarly
lower D5), due to the presence of high porosity in the samples. The ceramic samples of
Nio.MnTeG; of the current study are exceptionally dense, resulting in almost doubling of the
absolute value of the reflectivity, and therefore nearly double static permittivityiHz
permittivity of our ceramics seen Figure 3.22(right) has value even highéran 20, but it is
probably enhanced by a contribution of interlayer barriers on grain boundaries, which are
responsible for Maxell-Wagner contribution to permittivit§?> dominant especially above 100
K.

The highly dense ceramics allowed

. . , . 300 K
micro-Ramanstudies with the possibility __ ;540 | 200 K
: : : : 2 ] 100 K
of focusing at a single grain, since thg ] . {50 K
L C S ] N 50 K
grain size of50 * & was much Iargeré ] 20K
than theD2 * @& size of the laser spot. > 0 K
2]
The spectra were collected #tack g 10004 1‘?}5
c 4
scatteringgeometryin both parallel and ¢
©

crossed polarizatits, at temperatures%

R

from 4 to 300 K.Here, only the crossed«

polarized spectra are presented, since 80 ]

significant differences were observed
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Figure 3.26 Raman crosgolarizal spectra for differe
logarithmic plot of the Raman spectra, temperatures from 4 to 300 K.

between the two polarizations, apart
from the intensity magnitudes.A

selected temperatures from 4 to 300 K, is showkigure3.26. The Raman mode frequencies at

4 K are presented imable 3.3, in comparison with the IR modes at 10 K. The pojgtalline

nature of the samples does not allow for symmetry analysis of the observed modes. From the 18
modes observed in the spectra, 6 @dable33)guit e
presumably originatig from polarization leakage, since each grain has a random orientation in

respect to the beam propagation. Some of the Raman modes might also be LO modes (similarly
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as in NgTeGs T see the tabl@able3.2). As for 324

the case of IR spectra, no substantial temperature

3.221
changes are evidenced up to RT.

Time-domainTHz transmissiomeasurements - 3.20

were performed for the BWMInTeQ; ceramics 3184
(thickness 1.9 mm), at temperatures from 4 to

300 K. In Figure 3.27 the temperature 3.16-

dependence of the THz spectra is presented for
selected temperatures. A gradual decrease of thed-03-

real part of the index of refraction occurs on

002+
cooling. The increase af towards the higher

frequency range comes fro the phonon .01

contribution, and its value of approximately 3 is
0.00

in agreement with the static permittivity value : : ; ; ; ;
10 20 30 40 50 60

wavenumber (cm™)
frequency excitation at around 6 ¢rappears atFigure 3.27 Temperature dependencetbe (a

.. real and (b) imaginary part of the complex in
60 K, below theAFM transition ofD70 K, and of refraction, obtained from THz tirrdomair

upon coolimy it sharpens and shifts to 8 ¢rat 4 SPectroscopy.

obtained from the IR spectra. A new low

K. Note that the signal is rather noisy below 8'cmince it is on the border of our frequency
region.The emergence of the new excitation below the magnetic transition, in combination with
the fact that all 18 phwns predicted by factor group analysis are resolved in IR and Raman
spectra, and lie abo\2160 cm', suggest that this new excitation has magnetic origin. A broader
excitation is also notable at higher frequencied0cm?) in ' spectra, and also emerging
below Ty, possibly dug¢o multimagnon absorptioHowever, it is alsgossible to caespond to a
single magnon excitatiosjncea similar excitationwas observed at 32 ¢hin NisTeQs; the high

value of damping could be attributed to the chemical disorder of Mn in the lattice (PND revealed
Mn in B sitesof A;B,Os (B=Mn, Te)).
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Table 3.3 Frequencies of the IR active modes in thgMiTeQ; ceramics atlO K and Raman active
modes a# K, as obtained by the fits of IR reflectivity wita =3.9. The low frequency mode in the first

line comes fran the THz spectrarhe first column corresponds to the IR mode frequermiddiz;TeQ;
ceramics at 7 Krom Skiadopoulouet al’** The damping constants and dielectric strength of the IR
active modesre also listedThe modes observed as weak in Raman spectra are marked by w in subscript

NisTeOs** Ni,MnTeGQ;
IR7K RamaiM K IR 10K
¥1o (cm?) Fro(cm?) Yrocm?)  orolcm™) pU
16.2 7.9 1.3 0.04
32.4
164.6 163.1 5.8 0.12
185.0 185.5, 189.2 28.5 0.34
211.2 205.4 54 0.85
219.3 214.8 6.4 0.16
232.1 240.9 23.9 0.23
259.2 266.0 262.8 14.5 0.83
279.3 284.2 17.3 0.74
303.1 300.0 293.6 8.7 0.07
313.2 354.1, 345.8 18.1 0.50
345.2 369.7 369.8 7.2 0.10
361.7 403.2 397.2 33.4 0.25
380.0 431.4 9.8 1.17
406.6 436.5 435.7 6.3 0.21
454.2 475.6
466.1 484.3
516.5 501.6 509.3 14.4 0.29
536.6 538.0 518.7 17.1 0.31
570.8, 525.5 55 0.01
597.1 590.6 590.6 24.6 0.09
661.2 603.4, 653.9 17.7 0.27
681.Q,
693.6
720.Q,

We investigated THz spectra also in external magnetic field up to 7 T in the Voigt
configuration withHe, parallel and perpendicular to electric vedit of THz beam.Here, we
present onlythe spectrawith He » E" (Figure 3.28), since the magnetic field effect upon the
spin excitation was more pronounc@et qualitatively the same)At 30 K (Figure 3.28(left)),
the magneticmodebelow 10 crit shifts down anghampenswith increasing magnetic field. At 5

K (Figure3.28(right)), a conspicuous sharpening up to 4 T takes pléalywed bydecreaseof
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Figure 3.28 Real andmaginary part of index of refractiolnom the THz measurements Ni,MnTeG;
ceramics at external magnetic field indigt configurationHe, » E", for 30 K (left) and 5 K (rightlas
measured.

its intensity uponincreasingHex up to 7 T. Such behaviommight be related to the spin
flop transition occurring at around 4.5 Figure3.23) or by reduced sensitivity of our detector
at low frequencies. Nevertheless, at 5 Klear magnon frequencygofteningis exhibited with

increasingHex, from 8 cntat0 Tto 6 critat 7 T.

3.3.2.4 Discussion

The novel compound of PWMnTeQs; was successfullgrown for the first time in form of
single crystals and ceramjasbtaining the polaR3 space group symmetry. The magnetic order
is AFM along c-axis, organized irfFM ab-planes.It exhibits multiferroic propertiessince
magnetic and dielectric anomaliggpaar at the same critical temperature of approximately 70 K.
Ni,MnTeQs behaves quite similarlgs its undoped counterpartsWeQ; 23 however with the
advantage of highekFM transtion temperaturef D70 K, almost 20 K higher than the 53 K of
NisTeOs. Such behavior was predicted by Mathiet al,*®® who studied 20% Mimloped
NizTeQ; presentingly=67 K, with the samdR3 polar space group symmetry as the undoped one.
Their study revealed the increase AFM interaction strength upon increasd Mn

concentration, sinc& and— are coevarying, thus leaving the magnetic frustration parameter
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"Q .y unchanged.t is noteworthy to mention thathe nonrpolar (space groupYo)

Mn3TeQ; presents a highly frustrated longnge incommensurate magnesitucture, which
orders below 23 K°##°however NiMnTeO; crystalizes in the polaR3 symmetry and keeps
the low magnetic frustration values of;NeGs.

In addition, a spitflop transition was observed in the single crystaDatT, however only
slightly seen in the ceramgample. NiTeQ; exhibits colossal static magnetoelectric coupling at
the spinflop transition, which occurs @8 T. Pyrocurrent or capacitance measurements at
external magnetic field are required, in order to investigate the possibility of similar @ghavi
which would favor applications, being at higher temperature and lower magnetic field.

Surprisingly a second anomalat 23 K was observedn the dielectric and magnetic
measurements of polycrystalline ,NinTeQ; samples.This anomaly was absent in thege-
crystal dataThe natural suspicion is to consider that it arises from the presence of a secondary
phase of MgTe(;, since the latter presents magnetic ordering at 2Briviously published
structural studypy PND claimsa norcentrosymmetric rhomitedral'Yo structure belowly,?®
but it cannot explain the anomaly sei@rmpermittivity at Ty. A dielectric anomaly is signature
of a FE phase transition, so the lesmperature structure is probalit@, but it was not revealed
in PND, probably due to a smaRE distortion induced by the spin orddfurther chemical
analysis of the ceramic samples should be made, in order to investigaecdémdary phases
and/or impurities. Preliminary energy dispersive spectroscopy (EDS) studies revealed
stoichiometric NiMnTeQs; composition.

The lattice excitations studie$ Ni,MnteQs; ceramicsby IR and Raman spectroscopy record
all 18 IR and Raman ag® modes, as predicted liye factor group analysis for the3 space
group. The high quality dense ceramic samples produce almost double reflectivity values in
comparison with the porous fieO; samples studied previously by the same autl{6ras a
result, the obtained value of static permittivity of about 10 lies closet,taviich was observed
by Ohet al®®in NisTeQ; atthe radiefrequency range.

The timedomain THz spectroscopy spectra reveal a-flmguency excitation below the
AFM transition of about 70 KThe excitation is turge by the application of external magnetic
field Hex, up to 7 T. A similar excitation was seen in3zNeQG;, however, appearing
simultaneously in both THz and Raman spectra, thus corresponding to a magnetoelectric
excitation, or else electromagnon. In,MnTeQ; the excitation is not seen in Raman spectra,
most possibly because its frequency is much lower, starting from6atr80 K (it was not

possible to resolve #t higher temperatures) and reaching 8'ca 5 K. These frequencies are
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quite low for theRaman studies, since they are screened by the sju@sgelastic scatteng of
the laser beam and/or ofit limit of the Bragg filter whichin the current casis around8 cmi’.
In order tomoderatethe screening effecas well as the heating of thengale by the laser beam,
we reduced the laser power down to 10%, but still no excitation was Beweover, the
NisTeO; Raman data were recorded with a single crystal, whereas the polycrystalline
NioMnTeG; could reducghe magnon intensity. Neverthelessymerous grains were studied to
make sure that it is not a crystallite orientation effé¢hat is more, further Raman studies of
multiple grains and/or angular dependence of the spectra would assist for a detailed symmetry
analysis.

Lastly, the very smalsize of the single crystals did not allow for the proper spectroscopic
studies based on the orientation of the crystal structure. For example, dalegittbnoism could
reveal the character of the spin excitation observed in the THz spectra, whetlerrgsgionds
to a pure magnon or electromagnon, like in its undoped counterpdi¢i In addition, by
using the single crystals one can avoid the possible impurities often present on the grain
boundaries of polycrystalline samplebus the mysteriousnamaly seen at 23 K could be
clarified. And last but not least, capacitance and pyrocurrent measurements at external magnetic
field of Ni,MnTeGQs single crystals could shed more light the multiferroic properties of
NioMnTeG;, since the very similar compad of NgTeOs presents colossal magnetoelectric

effect, among the highest observed in single phase multiferroics.

3.3.2.5 Conclusions

Single crystals and polycrystalline ceramic samples of the novel compoundMiTéG;
were synthesized for the first time. Thendoping of NgTeQs; induces increase of thkFM
transition temperature by 20 K, thus reaching approximately 70 K, while at the same time it
preserves the pold®3 space group of the undopeds;QOs. An anomaly at the same critical
temperature is also seen the lowfrequency permittivity spectrumHowever, the second
anomaly at 23 K requires further investigation. Moreover, a-fpmntransition is triggered by
external magnetic field above 5ile. D3 T lower than that of NTeG:s.

The high quality dense ceramic samples revealed all expected IR and Raman active modes of
the R3 symmetry. A magnetic fieltuinable spin excitation at approximately 8 tis clearly
seen in the THz spectra, beldw. Themarginally low frequency othe magnon does not allow
simultaneous detection in Raman spectra, leavinggthestion open on whether it beas

magnetoelectric character or not.
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3.3.3 Co-doped NgTeOg

Analogously as for NMnTeGs, the case of Ni substitution o in NTeG; follows the
same concept of modifying the magnetic structure, while keeping theembrosymmetricityof
R3 space groupThe NixCoTeOs compounds do not present highgy than their undoped
counterpart NiTeQs, as the impressive 20 K irease ofly performed by NiMnTeOs. However,
they demonstratenarkedly rich spirwave spectra, strongly influenced by temperature changes
and external magnetic field.
Below, the impressive magnetic excitations in the THz spéatréa K and as a function of
the external magnetic fieldre displayed, as review to the coming section. At leastot of
them correspond to electromagnons, due to simultaneous detection by THz and Raman

spectroscopies.
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3.3.3.1 Introduction

The foundationof the multiferroicity hypothesis for MiCo,TeOs compounds is the same as
described for NMnTeGQs in paragrapt8.3.2.1 The striking difference though is that no previous
attempt of Cedoped NiTeQ; was ever reportedh contiadiction to (M 2Nig.g)3TeGs (20% Mn
doped NiTeQs),?*°thus one might say that NiCo,TeOs surpass NMnTeQs in novelty terms.

Interestingly enough though, the cryoliated CgTeQ; with a monoclinicC2/c space
group symmetry down to 1.9 R’ undergoes at least 3 magnetic phase transitions at
approximately 26, 21 anB1K.%"?%%¥265 The |ast onenanifestsa firstorder phase transition,
as seerby anomaliesin lattice parametersheat capacity andielectric measurement’?%2
suggesting multiferroic  character. PND  experiment$>® supported by symmetry
consideration$®®?%* yield an uncommon to spinduced FEs coexistence of magnetic order
parameters with distinct propagation wavevectdfgure 3.29). The critical temperatures
mentioned above might slightlgliffer AEM PM
among the various publications, 111 i I
possibly due to the high complexity c
magnetic interactions and/or mixe
valence states of Gband Cg*20>%%® |
The diversity among oxidation states ¢ K, co/cl’

Co cations originates in the five K
3

Y

17.4 211 26.0 T (K)
Figure 3.29 Phase diagram depicting the three mag
and squargyramidal geometrie%,67 phase transitions of the spimduced ferroelectr

. L . CoTeQs. Phase | corresponds to incommensi
Each geometral coordinationof Co in gtrycture, whereas Phases Itidh to commensurate. T

the oxygen environmentdesignate Propagation vectors are:® mhmd yhmdro |

D rmmh® P ¢ P . . (image taken from R
263)

different crystallographic sites, whicl

coordinate Co in tetrahedral, octahedi

diverse crystal fieldsplitting (Figure
3.30).
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Figure 3.30 Crystal field splitting for the octahedrahé tetrahedral geometry of Co in the lattifimage
created by the author)

The peculiar multiferroicityand magnetic orderingf CosTeQs, in combination with the
capital magnetoelectric coupling in JeQG;, led to the concept of Cdoped NiTeG:.
Ni,CoTeQ and NiCaTeQ; were synthesized for the first time, in form of single crystal and
polycrystalline samples. They both crystallize in the p&arspace group, such as the parent
structure of NiTeGs. The AFM phase transitions occur approximately52 and49 K for
Ni,CoTeQ and NiCaTeG;, respectively. Anomalies in the permittivityere observed at the
magnetic transitions for both compoundhe spin excitation spectra are remarkably rich,
particularly for NiCeTeQs. Two spinrwave modes are seen simultangly in THz and Raman
spectra, thus assigned as electromagnons.

3.3.3.2 Experimentaldetails

Single crystal and polycrystalline pellets were successfuibyvg in the composition of
Ni,CoTeQ and NiCaeTeQ;. The experimental proceduref sample preparation and
charcterizationfor the above compoundsas identical to thene of Ni,MnTeQ; of section
3.3.2.2
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3.3.3.3 Results

Multiferroic properties

Single crystals and polycrystalline samples of0wTeQ and NiCeTeOs were characterized
by PND andXRD, revealing pure phases of the rmentrosymmetridk3 space group symmetry.
The temperature dependence of susceptibility faCblTeQ and NiCeTe(s single crystals
revealsAFM phase transitions at 55 and 52 K, respectiyElgure 3.3{a) and (b)) Evidently,
the magnetic transition of both samples resembles the ongTd#®j unlike the Mrdoped case
of the Nibased telluride family, which orders antiferromagnetically at around 7dhe.
measurement was done after applying 0.1 T, at zero field goalivd for two different magnetic
field configurations:Hey = c-axis andHey = ab-plane In contradiction to the NMVInTeGOs
behavior of c-easyaxis magnetization, both @Gioped compounds preseit-easyplane
magnetization. Aradditional anomaly at around 35 K is present isgO¢iTeQ, possibly due to a
second magrie phase transition.

In a similar way, the polycrystalline samples exhibEM ordering, however at slightly
lower temperatures of 52 and 49 K, for,CoTeQ and NiCaTeQOs; respectively, as
demonstrated in the magnetization temperature dependertiigure 3.31(c) and (d). At the
same plot one can also see the magnetic field dependence of the magnetization curves, upto 8 T
for Nio,CoTeQ and up to 12 T for NiCdeGs. The first shows a slight increaseTafup to 3 T
and thengradual decrease, whereas the second displays a clear continuous deciBase of
approximately down to 35 K at 12 T. The lower temperature anomaly fro@oNeQ single
crystal is not apparent in the ceramics, probably due to its weaker naturethih high
temperature one, the fact that it is oalyplane sensitive, and most essentially, the averaging of
the crystallite orientation in the polycrystalline sample.

The magnetic field dependence of magnetization is showmgure 3.32(a), (b) for single
crystals and (c), (d) for ceramics. ;NDTeQ presents a hysteretic sgilop transition at
approximately 7 T, very close to the one of diG; at 8 T. The spisilop transition is not seen in
the single crystt measurement, unfortunately because the experiment was only possible to be
done up to 5 T. On the other hand, the dfmp transition of NiCeTeQ; appears at a lower
magnetic field ofaround 3.5 T,and is simultaneouslyobseved in both single crystal and
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Figure 3.31 Temperature dependence of (a)TeQ and (b) NiCaTeQ; single crystabusceptibility at
0.1 T, for magnetic field parallel to-axis andab-plane. Temperature and magnetic field dependence of
magnetization for (¢) NCoTeQ and (d)NiCo,TeQ; ceramics.
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Figure 3.32 Magnetic field dependence of magnetization for (a), (¢CblleQ and (b), (d) NiCo,TeG;
single crystals and ceramics, respectively.

ceramics. Nevertheless,NiCo,TeQ; ceramics @ 0.1 MHz
manifest the transition at almost 1 T lower field2o5}
value.Finally, the hysteretic behaoi increases for
both samples ooooling. 204 F
As expected by the multiferroic behavior ofl
both the undoped and Mioped NiTeG;, alsothe
Co-doped courdrparts express interplay of the

9.62

magnetic andFE properties, as indicated by the

1

NiZCOTeO .
53K

dielectric anomaly seen at th&leél temperature

(Figure3.33). The critical temperatures appear at 53 g
and 47 K for NiCoTeQ and NiCaTeOs ceramics N S
10 20 30 40 50 60 70 80 90

respectively. The permittivity valuediffer among Temperature (K)
. . Figure 3.33 Temperature dependence
the two compounds, with MLoTeQ resembling permittivity for Nib,CoTeQ and NiCaTeQs

NisTe0s.% ceramics, as measured at 0.1 MHz respecti

119



Chapter 3 Results

Spin and latticeexcitations

As will be more analytically discussed later in an attemptaimpare and understand the
effect of Ce and Mndoping in NgTeQ;, the main structural properties for the entire family of
the compounds present almost identical vibrational spectra. Once more, all 18 vibrational modes
of the R3 structure § E(x,y,x*-y?,xy,xz,yz) and 9A(x*+y* 7,z)), both IR and Raman activas
predicted by factor group analysis, are present in the IR reflectivity spediatiofCedoped

compounds irFigure 3.34(a) (left and right).The corresporidg mode frequencies are listed in

Table3.4.
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Figure 3.34 (a) Temperature dependence of IR reflectivity speabra(feft) Ni,CoTeQ and (right)
NiCo,TeQ; ceramics, at selected temperatur€be reflectivity spectra from the THz range are also
presented, for frequencies below 70crwith dotted lines. Inset: Temperature dependence of IR
reflectivity of the modesl¢ft) 220 cm' and (right) 215 ci, showing conspicuous decrease of damping
on cooling, accompanied by frequency hardenifij. Real and (c) imaginary part of the complex
permittivity, as obtained from the fits.

The anticipated lack of substantial tempera dependence of the IR reflectivity spectra of
Ni,CoTeQ and NiC@TeQOs; proves once more the resemblance among the four compounds.
Naturally, the damping constants of the modes decrease on cooling. In a repeated manner as in

NisTeO; for the 310 cm' mode the modeseen at 224 and 211 cm?, of Ni,CoTeQ and
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Table 3.4 Frequencies of the IR active modes in theQdiTeQ and NiCgTeQ; ceramics at 10 K and
Raman active modes at 4 K, as obtainedhegyfits of IR reflectivity withe, =4.6 and 4.1 respectively.

The low frequency modes in the first lines come from the THz spectra. The damping constants and
dielectric strength of the Hactive modes are also listed. The modes observed as weak in Raectia

are marked by w in subscript.

Ni.CoTeQ NiCo,TeC;
Raman 4 K IR10K Raman 4 K IR10K
¥ro(cm’) Yrolcm?)  oro(cni?) pU Fro(cm’) ¥rolem?) oroem’) U
16.87 1.5 0.02 6.6 1.1 0.02
28.7 6.0 0.02 18.9 2.4 0.02
31.0 2.5 0.006 21.9 23.1 5.3 0.05
34.2 3.5 0.01 35.0 11.6 0.002
60.0 38.3 0.06 43.7 7.0 0.007
60.6 59.4 30.6 0.05
162.1 165.2 13.2 0.10 154.7
193.4 29.9 0.04 198.8 195.2 32.7 0.43
212.3 100 0.41 213.5, 211.4 15.8 0.98
224.3 54 0.20 237.5 15.2 0.19
244.4 15.4 0.16 241.4 23.9 0.23
278.5, 269.6 12.4 0.52 254.9, 255.1 22.7 0.83
289.3 14.9 0.79 278.2 18.6 0.74
309.6, 297.9 10.0 0.104 297.4 288.4 112 0.09
349.3, 349.2 19.1 0.33 3215 320.0 11.9 0.06
372.1 375.8 10.5 0.32 345.8 38.5 0.25
417.4 424.5 33.4 0.25 372.0 373.2 9.9 0.37
442.5 441.7 10.5 1.17 411.4 413.4 31.8 0.42
446.8 6.7 0.19 430.5 428.8 12.2 1.12
481.5 473.2 433.1 6.3 0.19
505.1 513.0 16.7 0.42 500.3 504.1 19.1 0.36
536.9 523.7 13.4 0.28 526.2 512.7 53 0.01
530.7 7.0 0.03 517.0 17.2 0.31
583.7 19.8 0.08 561.4 573.0 29.2 0.06
644.0 578.9,
668.3, 645.1
683.2 685.5
713.1, 714.2,

NiCo,TeOs respectively, exhibit a conspicuous frequency hardening, together with decrease of
damping. The repeated phenomenon of mode intensity loss Bglowght again be related to
coupling between the phonon and a lower energy magnon. As we will see below, both
compounds evidence several spin excitations at the THz range, thus when the magnetic ordering

occurs transfer of dielectric strength from the phonon to a spin excitation may take plac
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Although the THz spectra will be analyzed later, here it is worth mentioning that the
corresponding reflectivity values, as calculated by the complex index of refraction obtained from
the THz spectra, coincide with the ones measured from the IR refieetkperiment, and they
are also plotted iffigure3.34(a) (left and right), below 70 ch

A significant number of sharp modes can be seen in the temperature dependence of Raman
spectra for both compoundbigure 3.35). 14 modes are apparent in the,GbTeQ spectra,
whereas 17 in the NiGde(;, all listed inTable 3.4 in comparison with the IR modek an
analogous way as mentied for NpMnTeGQ;, it is not possible to resolve all Raractive

modes, due to the polycrystalline nature of the samples.
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Figure 3.35 Temperature dependee of Raman spectra for (left) MioTeQ and (right) NiCaTeG;
ceramics. The inset in the left figure of NiTeQ, shows the temperature evolution of a spave below
Tn.

NiCo,TeQs; shows two additional modes at the kngquency range, at approximately and
60 cm®, which develop below th&FM transition, therefore of magnetic origin. The one at 22
cm® is astonishingly strong (shown in the insetFigure 3.35(right)). As we will see below,
both modes are alsabserved irthe THz speca

The most excitinginding from the whole family of Co,Migloped NiTeGQ:s is unveiled by the

time-domain THz spectroscopy of the doped ceramics. The temperature dependence of the

122



Chapter3 Results Ni-based Tellurides

complex index of refraction in the THz rangeslsown inFigure 3.36 for (left) Ni.CoTeQ and
(right) NiCo,TeOs ceramics oD1.9 mm thickness. The spectra were measured from 300 down
to 5 K. An initial decrease of the real part of the index of refraabiorcooling is observed,
followed by a pronounced development of two modes balevor both NpbCoTeQ (Ty 52 K)

and NiCaoTeGs (Ty 49 K). All excitations sharpen and harden on cooling, with evident splitting
for the broader one3he spectra were fitted simultaneously with the IR reflectivity spectra, and

the corresponding frequencies, damping constants and mode strengthecieTeble3.4.
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Figure 3.36 Temperature dependence of tlealrand imaginaryparts of thendex of refaction for (left)
Ni,CoTeQ and (right) NiCaTeQ; for selected temperatures from 5 to 300 K. At lefage spin
excitations appear beloW, for both compounds.

Ni,CoTeQ displays 5 modes at the lowest temperature of 5 K, whereasT™Qgpresents
6. The apid development of these modes belyyvespecially the sharp ones, suggests that they
correspond to spin excitationds mentioned above, the 22 ¢mimode of the latter sample is
simultaneously seen in the Raman spectra, implying a polar characteigrinieris assigned as
an electromagnon. The broader mode of 60dm also seen in Raman, but it most probably
corresponds towo-magnon scattering

Time-domain THz measurements at the Voigt configuration Wigh~ E" up to 7 T and at

temperatures ofBand 5 K are presented kiigure 3.37. Both compounds show magnon tuning
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