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"La frustration fait bouger le monde.”

Fred Vargas [1, p. 17]
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Chapter 1

Motivation

In order to increase the functionality of technical devices, there is ongoing re-
search for materials with sophisticated properties. Especially the coupling between
electric and magnetic properties in a material, known as the magnetoelectric effect,
has the potential to improve today’s technology [3]. The effect was predicted
already in the 19th century [2] but its application was hindered in the last century
by the low number of available materials and the weakness of the effect [4]. The
recent discovery of spin-induced ferroelectricity in ThMnO3 showed that frustrated
magnets are ideal systems to develop a giant coupling between magnetic and
electric order [5].

In magnetic oxides, frustration can arise due to competing magnetic exchanges
and anisotropies. Common examples are systems with geometric frustration or
competing nearest- and next-nearest neighbor exchanges [6, p. 173ff]. The frustra-
tion destabilizes the magnetic order which can subsequently be modulated even
by the intrinsically weak magnetoelectric effect [7]. As a result, these systems
show spectacular cross-coupling effects, such as magnetically induced polarization
flops [8] and giant magneto-capacitance [9].

Systems in which a complex magnetic structure directly induces a ferroelectric po-
larization generated great interest [10]. These multiferroic systems with coexisting
antiferromagnetic and electric order develop per definition a strong coupling of both
orders. Neutron scattering is an experimental technique which is perfectly adapted
to study antiferromagnetic materials. It has been a valuable tool to understand
the microscopic properties of these interesting materials [11,12,13]. The aim of
current research is to find novel multiferroic and magnetoelectric materials and
to understand the various underlying microscopic origins that can lead to such
effects [14].

In this thesis, experimental data on four different transition-metal oxides was
gathered and evaluated. Their magnetic properties were investigated by neutron



1. Motivation

scattering on single crystalline samples. In order to study the magnetic structure,
the critical behaviour and the dynamics of the systems, several different scattering
techniques were applied. The observations contributed to a better understanding of
the underlying physics. This work contains two introductory and four experimental
chapters which are organized as follows:

Chapter 2 introduces the recent developments concerning the magnetoelectric
effect and multiferroic materials. The focus is on multiferroics whose ferroelectric
polarization is induced by a spin-spiral structure via the inverse Dzyaloshinskii-
Moriya effect [15,16], and on the first observations of electromagnons: hybridized
phonon-magnon excitations.

The experimental technique of neutron scattering is presented in Chapter 3. The
basics of nuclear and magnetic scattering are briefly summarized, followed by an
overview of the use of neutron polarization analysis. The different experimental
techniques applied in this work are introduced.

TbMnO3, which is discussed in Chapter 4, is a prototype material for spin-induced
multiferroics. In this material, the spiral order of Mn-moments accounts for the
induced ferroelectricity [5]. The sequence of magnetic phase transitions and the
correlation of the magnetic moments were investigated. The spin dynamics in the
multiferroic phase were studied in detail and a spin-wave model was developed
which can describe the full magnon dispersion. In addition, the magnetic excitation
spectrum in the multiferroic high-field phase is analyzed and the influence of the
rare-earth ion on the excitation spectrum is discussed.

Another prototype multiferroic is MnWQy, which is presented in Chapter 5.
A complex spin-spiral of Mn-moments induces an electric polarization in this
system [17]. The properties of the sequence of magnetic phase transitions were
investigated in detail. The use of polarized neutrons in combination with applied
magnetic fields allowed to observe ferroelectric fluctuations in the dielectric phase.
Furthermore, the excitation spectrum in the multiferroic phase is presented.
Chapter 6 presents a comprehensive study of the magnetic phase diagram of
NaFe(WOy,),. The double tungstate is isostructural to MnWO, and it could be
demonstrated in this work that the system develops a similar spin-spiral structure.
In a magnetic field applied along l;, the structure transforms into a collinear
antiferromagnetic structure.

Finally, Chapter 7 presents studies on the ilmenite Nij4Mngs5TiO3. In this
material, the linear magnetoelectric effect was observed in the absence of a long-
range magnetic order [18]. It could be shown, that two competing orders are
coexistent in the spin-glass phase and that the antiferromagnetic domains can be
controlled by the application of crossed magnetic and electric fields. Furthermore,
the magnetic excitations in the spin-glass phase were investigated and compared
to spin-wave simulations.

10



Chapter 2

Magnetoelectric and multiferroic

materials

The fundamentals of electricity and magnetism, and
in particular their interaction, are stated in Maxwell’s
equations from 1865 [20]. In condensed matter, these
two phenomena are separated due to their distinct ori-
gin: electric charges on one hand, and spins on the other
hand. While there are many materials in which one of
these effects can be observed, materials with coexisting
or coupled order are rare.

Figure 2.1 sketches the distribution of electric (red) and
magnetic (green) properties in the material class of in-
sulating oxides, indicating regions of polarizability and
ferroic order. Multiferroic materials are materials at
the intersection of ferromagnetism and ferroelectricity.
Materials showing a coupling of magnetism and elec-
tric properties, i.e. the magnetoelectric effect, which
is indicated by a white region, span over four different
intersections.

In this chapter, an overview is given of the magneto-
electric effect and the class of multiferroic materials.
The focus is on the materials investigated in this work,

/~  Insulating oxides "\

Magnetoelectric Multiferroic

Figure 2.1.: Classification of mag-
netic and electric properties in in-
sulating oxides. Rounded squares
correspond to materials being elec-
trically polarizable (PE), magneti-
cally polarizable (PM), ferroelectric
(FE) and ferromagnetic (FM). In-
spired from Ref. [19].

which positions are indicated in Fig. 2.1 as a star (TbMnO3 and MnWO,) and a

triangle (Ni0.42 Ml’lo'g,g TlOg) .

11



2. Magnetoelectric and multiferroic materials

2.1. The magnetoelectric effect

The term "magnetoelectric (ME) effect” denotes in general the coupling between
magnetic and electric properties in matter. In times of a booming digital industry
with increasing demand for electronic storage and computing capacity, this effect
opens possibilities for novel applications [21]. The interest in this field of research
increased enormously since the beginning of the new century [7], revitalized, among
others, by the observation of a giant ME effect in TbMnOs3 in 2003 by Kimura
et al. [5]. A detailed overview of the recent revival of the ME effect is given in
Ref. [7].

The first reference of the ME effect can be traced back to Pierre Curie in 1894, who
pointed out the possibility of such an effect on the basis of symmetry considera-
tions [2]. But the effect was not experimentally observed before 1960, when Astrov
reported a linear ME coupling in CryO3 [22], which has been theoretically predicted
by Dzyaloshinskii [23]. Since then, a variety of materials has been discovered,
spanning over the complete region denoted in Fig. 2.1.

Following the phenomenological approach by Landau, the ME effect can be de-
scribed by the free energy F (E , H ) of a material [24]. Differentiation of F' with
respect to E or H leads to the polarization and magnetization:

g oF 1
. oF 1
Mi<E, H) = _8H- = lwi + /Loﬁbinj -+ OéijEi + ﬁijkEiHj + §’YijkEjEk =+ ... (22)

P5 and M® are the spontaneous polarization and magnetization, ¢;; is the electric
and f;; the magnetic susceptibility and € and p are the electric and magnetic
constants. The tensor susceptibility «;; describes the linear magnetoelectric effect,
i.e. the induction of an electric polarization by a magnetic field and of a mag-
netization by an electric field. The linear effect is accompanied by higher order
terms, characterized by the tensors §;;; (bilinear ME effect) and ;;, (quadratic
ME effect). In the following, we will focus on the linear effect, omitting higher
order terms.

The linear ME effect is only observed in few materials, and its limitation can be
understood by a symmetry analysis. Electric and magnetic polarization behave
differently on time reversal and spatial inversion operations. The electric polar-
ization, given by an electric dipole, is invariant under time reversal and changes
its sign under spatial inversion. The case for the magnetization can be visualized
when expressing the magnetic moment by small current loops. These are invariant
under spacial inversion, but change their current direction under time reversal.

12



2.2. Multiferroic materials

This implies, that the linear ME tensor o;; can only be non-zero for a material
which simultaneously breaks both time reversal and spacial inversion.

The symmetry constraints given above limit the number of magnetic groups in
which the linear ME effect is possible. One can deduce, that the effect is excluded
for all dia- and paramagnets, as their magnetic space groups contain the time
reversal operator 1’. Furthermore, the magnetic space group cannot posses a center
of symmetry 1. Overall there are 58 magnetic points groups, which allow for the
linear magnetoelectric effect, summarized in Ref. [25, p. 138]. The magnetic point
group of the system determines the shape of the ME tensor, e.g. the existence of
diagonal and off-diagonal terms.

A detailed study of the microscopic origin of the magnetoelectric effect in ordered
magnetic compounds was published in Ref. [26]. These are crucial in order to
understand the strength of the effect and to be able to design materials suiting
technical applications. In general, the effect can be described as a perturbation of
an external field, modulating a microscopic exchange or anisotropy parameter. As
an example, the electric field can move ions relative to its ligands, modulating the
ions anisotropy or exchange path. The relevant interactions discussed to induce
the ME effect are (in order of strength): the single-ion anisotropy, the symmetric
superexchange, the antisymmetric superexchange, dipolar interactions and the
Zeeman effect [26]. Technical applications based on the ME effect strongly depend
on the strength of the effect. In the compounds that are known until now, the

effect is relatively weak. It could be shown that an important limitation exists for
the size of the ME tensor [27]:

Oézzj < €jifbij - (23)

This upper boundary of o;; is given by the geometric mean of the materials mag-
netic and electric susceptibilities. The chances to observe a strong ME coupling
are thus increased for materials which develop strong ferroelectric and magnetic
order.

2.2. Multiferroic materials

The limitation of the linear magnetoelectric effect, given by Eq. 2.3, shows that
materials with simultaneous ferroelectric and magnetic order are best suited to
exhibit strong ME effects. The term multiferroic used by Schmid in Ref. [28] is
now widely recognized for this group of materials (ferroelectromagnets was also
used in earlier publications [29]). In its initial formulation, this term is used to
state the coexistence of at least two types of ferroic ordering, i.e. ferroelectricity,

13



2. Magnetoelectric and multiferroic materials

ferromagnetism and ferroelasticity. In a broader context, also ferri- and antifer-
romagnetic order along with ferrotoroidal order are included in the term. The
multiferroic materials investigated in this work, TbhMnO3; and MnWOy,, show the
coexistence of ferroelectric polarization and antiferromagnetic order.

It is indicated in Figure 2.1 that the magnetoelectric effect is not necessary a
property of a multiferroic material. This is for example the case for the widely
studied room-temperature multiferroics BiFeO3; and BiMnOs. It can be explained
by the distinct microscopic origin of both ordering types in these materials [10].
The first multiferroic material, in which both ferroic orderings were observed
simultaneously in the absence of magnetic and electric field, was NizB;Oq3l in
1966 [30]. There are two aspects that explain the difficulty of having magnetism and
ferroelectricity together in the same phase. On one hand, the system has to obey
specific symmetry restrictions, similar to the ME effect. The space group of the
system must simultaneously break time reversal and spacial inversion symmetry, in
order to allow for both ordering types (see Ref. [31] for a comprehensive discussion
of symmetry aspects for multiferroic materials).

On the other hand, magnetic order and ferroelectricity have a distinct microscopic
origin. Most ferroelectric materials are transition-metal oxides with perovskite
structure, where the metal ion is in the center of an oxygen octahedron. For metals
with an empty d-shell, a covalent bonding with an oxygen atom is often favored in
order to reduce binding energy [32]. The metal ion then shifts toward an oxygen
atom which induces an electric dipole moment. In materials with such an electron
configuration, it is not possible to develop a magnetization because all electron
shells are either full or empty and the electron spins cancel out each other .
Magnetic ordering is a common feature of perovskite transition-metal oxides and
arises in general from the intrinsic spin of localized electrons. In contrast to
ferroelectricity, it requires metal ions with partially filled shells. The outcome of
this incompatibility of ferroelectricity and ferromagnetism is often referred to as
d®-rule [4].

In the following, we will describe different types of multiferroic materials, with
a strong focus on systems in which a spiral magnetic structure directly induces
ferroelectric polarization. Two chapters in this work are dedicated to materials
belonging to this group, namely ThMnO3 and MnWOQO,. A more detailed distribu-
tion of multiferroic materials of all types can be found in References [33] and [6, p.
288ff].

14



2.2. Multiferroic materials

2.2.1. Classification of multiferroics

The multiferroic materials can generally be classified into two groups, following the
approach by Khomskii [34]*. The first group, called type-I multiferroics, contains
materials in which magnetism and ferroelectricity have a distinct origin. BiFeOy is
a famous example of this group, with a multiferroic phase at room temperature.
In this case, the two ordering types can be attributed to different ions, yielding a
weak ME interaction [36].

The second group, type-II multiferroics, covers materials in which one type of
ordering directly induces the other, leading to an intrinsically strong ME coupling.
TbMnOg3 was the first type-II material to be found in 2003 in the group of
Kimura [5]. Magnetic and electric order are coexistent and their origins are
coupled. The magnetically ordered state induces an electric polarization and thus
causes ferroelectricity.

These multiferroics of spin origin are known to exhibit strong magnetoelectric
effects. This renders this class of materials interesting to study for the reason of
both fundamental physics and technical applications in spin-related electronics [37].
There exist many comprehensive reviews about the spin-induced ferroelectrics,
among them References [14] and [38].

Common for all multiferroics of spin origin is the fact that the magnetic structure
breaks the inversion symmetry, which is a necessary condition for the development
of a spontaneous ferroelectric polarization. The major underlying microscopic
mechanism for this effect, which were study up to today, can be classified belonging
to one of three models: (a) exchange striction model, (b) inverse Dzyaloshinskii-
Moriya (DM) model and (c) spin-dependent p-d hybridization model [14]. We
will shortly present the main idea of the models (a) and (c¢) and focus in the next
section on the inverse DM model (b).

The ferroelectricity in model (a) can be attributed to the symmetric spin exchange
interaction jij between neighboring spins, 5’1 and §j, and is of the form

—

(a) Py o< Ji;(S; - S)) . (2.4)

The interaction can induce striction along a specific crystallographic direction, yield-
ing a net ferroelectric displacement of ions. A famous example is the commensurate
spin chain 171]] along an alternating lattice with A and B-sites. This structure
breaks the inversion symmetry. A modulation of the strength of antiferromagnetic
(AFM) and ferromagnetic (FM) exchange leads to a variation of bond-lengths,
inducting oriented electric dipoles [6, p. 297|. This can occur in systems with
magnetic chains of alternating valences, which is the case for CazCoMnOg [39].

aArtificial multi-layer compounds are excluded from this consideration. The interested reader is
referred to a dedicated review article such as Ref. [35].

15



2. Magnetoelectric and multiferroic materials

There are also single-valence systems, where the FM and AFM interactions are
modulated by the bond-angle of the superexchange. An example is the E-type
magnetic phase of the RMnOj series, where R stands for a rare-earth ion [40)].
The exchange-striction model is independent of the spin-orbit coupling (SOC) and
consequently exceeds in most systems the magnitude of the other models.

The spin-dependent p-d hybridization model is based on the SOC, similar to the
inverse DM model. The connecting vector 75, between a spin at site ¢ and its
ligand at site k can be modulated by the spin-dependent hybridization [41,42].
The resulting polarization points along the direction of the bond and is of the
form:

(¢) P o< (S - i) *Fi - (2.5)

2.2.2. Ferroelectricity in spiral magnets

The inverse DM model (b) explains the appearance of spin-induced electric polar-
ization in systems of spiral order. According to Khomskii, most type-II multiferroic
materials known by date show this effect [6, p. 293]. A spiral spin order is formed
in frustrated magnets, materials in which the magnetic ground state is highly
degenerated and thus has a complex magnetic structure. The degeneracy can be
due to competing FM and AFM exchange interaction or geometrical properties
that forbid simultaneous minimization of the interaction or anisotropy energies.
The competition of interactions leads to the development of a complex long-range
ordering of magnetic spins, which can be commensurate or incommensurate relative
to the crystallographic unit cell.

The induced ferroic displacement in spin-spirals can be related to the relativistic
spin-orbit coupling, and is of the form:

(b) Py oc 7y x (§; % S)) . (2.6)

Microscopically this effect was explained in terms of the spin-current [15], which
implies a purely electronic displacement, and in terms of the inverse DM in-
teraction [16], yielding a displacement of ions. This expression was also de-
rived phenomenological from the thermodynamic potential of spiral magnets by
Mostovoy [43]. The DM interaction (also referred to as antisymmetric or anisotropic
exchange) results from a relativistic correction of the superexchange interaction
and is of the form D;;(S; x S;) [23,44]. The situation is sketched in Figure 2.2.
Two spins S at sites ¢ and 7 interact via an oxygen ion. When the bridging ion
is displaced from the equilibrium position, the system can reduce its energy by a
canting of spins. If the neighboring spins are already canted, which is generally

16



2.2. Multiferroic materials

Figure 2.2: Sketch of antisymmetric superex-
change between two spins S; and §j with con-
necting vector 7j; via a bridging oxygen ion. The
Dzyaloshinskii-Moriya-vector follows the condition
ﬁij = Fz’j X T.

the case for spin-spirals, then the inverse effect can arise, namely a displacement
of oxygen ions away from the equilibrium position [16].

The development of a net ferroelectric polarization strongly depends on the form
of the spin spiral. While in a helical spiral, where the spins rotate in a plane
perpendicular to the propagation vector, the displacements macroscopically cancel
out to zero, in a cycloid spiral, with spins rotating in a plane parallel to the
propagation direction, the displacements occur along the same direction resulting
in a net electric polarization [34].

Prominent examples which belong to this subgroup of type-II multiferroics, are
TbMnOs [5], NigV30g [45] and MnWO, [17,46,47]. In all these compounds, the
development of a spin-spiral of cycloid type coincides directly with the onset of
a ferroelectric polarization. The close coupling leads to colossal magnetoelectric
effects, e.g. it was shown that the electric polarization can be suppressed or flopped
by applied magnetic fields. For example in TbhMnOs, the induced ferroelectric
polarization flops from P, to P, in magnetic fields parallel to @ and b [8]. The flop
coincides with a flop of the spin spiral [48]. Polarized neutron analysis turned out
to be a valuable tool to prove the coupling of spin-spiral and polarization. For
example it could be demonstrated, that an applied electric field can align and
flip the spiral domains [49,50] and the hysteresis and switching behaviour of the
spin-spiral could be investigated [51,52].

It was mentioned before, that the induced ferroelectricity in this type of multifer-
roics is based on the spin-orbit coupling. It can be written as Hgp = M-S in
the LS scheme, which applies for most transition-metal oxides [53, p. 35|, with L
being the orbital momentum. The spin-orbit constant is proportional to the atomic
number”. In transition-metals with 3d electrons, SOC is generally weak and enters
the Hamiltonian of the systems only as perturbation. Nevertheless, it can play a
significant role in frustrated system leading to the fascinating multiferroic phases,
as discussed above.

PFor hydrogen-like atoms A < Z* is valid. The dependency is more complex for solids and is
closer to A oc Z2 [53, p. 35].
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2. Magnetoelectric and multiferroic materials

Figure 2.3: Sketch of zone center

magnon modes of a cycloid spin spiral

propagating along b. The static spin c

structure is marked by gray, and the lo- \
. b O 4 -

cal fluctuations by colored arrows. The p f‘ L -

modes can be separated in a rotation L

around the normal vector of the cycloid @ \ = L_Z)
(top, phason mode), around the propaga- . j < /T\\

tion direction b direction (middle, cycloid 74 :
mode) and around ¢, the vector in the )
cycloid plane perpendicular to b (bottom, Z/ - J

helical mode). The axis vectors show the
oscillation of the spin vector products

5:1' X S_;jo /
2.2.3. Electromagnons: hybridized excitations

The close coupling of magnetic and electric properties in the spin-induced mul-
tiferroics also results in a new type of hybridized magnon-phonon modes, often
referred to as electromagnons. Katsura et al. developed a theoretical model for the
excitation spectrum in the case of a cycloid spin-spiral [54]. Following the inter-
pretation by Senff et al. [12], Figure 2.3 sketches the different expected collective
spin excitations at the zone center for a bc spin spiral propagating along b. From
top to bottom, we can distinguish three different excitations, corresponding to (i)
a rotation of spins around the normal vector of the cycloid @, the phason mode,
(ii) a rotation around the propagation vector I;, of the cycloid, the cycloid mode,
and (iii) along the vector ¢, which is perpendicular to the normal vector and the
propagation vector of the cycloid, the helical mode. The same expressions are used
to distinguish the different modes as in Ref. [55].

Based on the DM mechanism, represented by Eq. 2.6, it is possible to attribute
an electric character to the zone center modes. The direction of induced electric
polarization is dependent on the cross product of neighboring spins, the vector
chirality:

— —

Uchiral = SZ x S (27)

<

The modulation of Uy, for the three modes is presented in Fig. 2.3 by colored
vectors in the coordinate system. While the phason mode has no influence on Ugjpal,
the cycloid mode (middle) rotates i along b and the helical mode (bottom)
rotates Ueniral around ¢. From Equation 2.6, we can deduce that only the cycloid
mode modulates the direction of the ferroelectric polarization, which results in
an oscillation of P along d@. The magnetic cycloid mode should thus be excited

18



2.2. Multiferroic materials

by an applied electric field. This mode is the Goldstone mode of the ferroelectric
transition and should possess zero energy [54, 56].

The first experimental observations of electromagnon modes in a multiferroic
material was reported by Pimenov et al. [57|. By using infrared (IR) spectroscopy
they observed two modes in ThMnQO3, which were magnetically active and could
be excited by an electric field. Later IR studies revealed two additional modes at
higher energies in the same compound [58]. The lower mode could be identified
by inelastic neutron scattering (INS) with polarization analysis to correspond
to an out-of-plane excitation at the magnetic zone center [12]. The assumption,
that this mode corresponds to the electromagnon of the DM mechanism could be
manifested by successive IR [59,60] and INS experiments [56,61], showing that the
electromagnon follows the orientation flop induced by magnetic fields. Another
electromagnon of DM-origin has been observed in Eug 55Y.45MnO3 [62].

The electromagnon with the strongest spectral weight, which is observed in ThMnOj3
at higher energies, has to arise from a different effect. Several experimental
observations in applied field excluded an DM-origin for this mode [59,63,64,65]. In
multiferroic RMnQOj3, the strongest magnetoelectric mode is always found along @,
independently of the orientation of the cycloid plane. Valdés Aguilar et al. were able
to explain this mode based on a modulation of the symmetric exchange [66]. The
electric field induces a structural distortion, which is associated with the rotation
of the [MnOgl-octahedra around ¢ in RMnOj. The distortion modulates the FM
nearest-neighbor exchanges along 5, resulting in a rotation of spins. Instead of the
DM-electromagnon, which is a zone center mode, the Heisenberg-electromagnon
is at a finite momentum transfer k = 1 — k;,,. near the zone boundary [55]. The
electromagnon based on Heisenberg exchange can be much stronger than the one
of the DM mechanism [66].

Electromagnetic excitations have been observed in a series of spin-induced multi-
ferroics (see Ref. [14] for a review) and were recently observed also in the absence
of spin-driven ferroelectricity, e.g. in CuFeOs [67]. They enlarge the spectrum of
fascinating effects correlated to the strong magnetoelectric coupling in this group
of materials. Possible applications of this type of excitation, especially in the field
of spintronics, are discussed for example in References [68] and [69]. It was also
suggested to use the multiferroic Goldstone mode in order to deliver electricity
without energy loss and to manipulate domain walls [70].
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Chapter 3

Neutron scattering techniques

The principal experimental technique applied in this work was coherent neutron
scattering on single crystals. There are several advantages of using neutron as
projectile, in comparison to X-rays, rendering them most suitable for the study of
magnetic structures and excitations. Their weak interaction with matter allows
for complex experimental setups, the variation of scattering lengths enables the
investigation of light elements and different isotopes, their de-Broglie wavelength
can be modulated to be in the range of lattice parameters and most of all, their
intrinsic magnetic moment can interact with unpaired electron spins in matter.
The experiments presented in this work were performed at the neutron reactor
sources Institut Laue-Langevin (ILL) in Grenoble (France), Laboratoire Léon Bril-
lowin (LLB) in Saclay (France) and Forschungsreaktor Minchen II (FRM II) in
Garching (Germany). Different instrumental techniques were applied including
magnetic diffraction, inelastic magnetic scattering, neutron spin-echo spectroscopy
and neutron polarimetry.

In this chapter, the principal formulas for elastic and inelastic scattering on the
crystal and magnetic structure are presented, along with a brief description of
the instrumental approaches applied in this work. The focus is on techniques
using polarized neutrons, which allows to increase the information obtained from
scattering experiments.

For a comprehensive documentation of experimental neutron scattering, the inter-
ested reader is referred to dedicated literature, e.g. by Wills and Carlile [71] or by
Furrer et al. [72].
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3. Neutron scattering techniques

3.1. Principal neutron scattering formulas

The first observation of antiferromagnetism was achieved by neutron diffraction
by Shull and Smart in 1949 [73], shortly after the discovery of the neutron by
Chadwick in 1932 [74]. The idea of magnetic neutron scattering originated from
Bloch, who pointed out, that the intrinsic magnetic moment of neutron and proton
are similar [75]. The scattering technique was extended by Brockhouse and Steward
in 1955 in order to also detect inelastic processes on crystal excitations [76]. In
the 70 years since then, the flux at the neutron sources was increased and the
experimental techniques were perfectionized. The theory of nuclear and magnetic
neutron scattering is presented for example in References [77] or [78], from which
the formula were taken.

The neutron is a subatomic particle of spin S, = 1/2 (u, ~ —1.91 puy, with ux
being the nuclear magneton), with an average vanishing electronic charge and a
rest mass of my, ~ 1.67-1072"kg. The energy of propagating neutrons is given
by E = %mvz. It is common to give different equivalent dimensions to describe
the energy of neutrons: Energy in meV, Temperature T' = E/kp in K, wavelength
A = h/mv in A and wave vector k = 27/ in A™". Neutrons with wavelengths in
the order of lattice parameters of crystals correspond to a temperature of about
300 K and are denoted as thermal neutrons. A conversion table for several neutron
energies is given in Appendix A.

Neutrons are scattered by the nuclei and by the unpaired electrons in the material.
The result is a superposition of nuclear and magnetic contributions, and both have
to be taken into account in order to understand the observed data.

The ratio of total scattered neutrons per time I; and incident neutron flux I is
denoted as cross section ooy = I5/Lior. In an experiment, only a part is covered
by the detector, given by the double differential cross-section d?c/dwdFE, within a
given solid angle df2 and an energy interval E to F + dFE. In a scattering process,
we differ between initial state ¢ and final state f. When the state of the scattering
system changes from \; — Ay and the neutron wave vector and spin state change
from (k;, 0;) — (l;f, o), the differential cross section is given by Fermi’s golden
rule:

d?o
dQdE Rk

Lky [ m 2 . BN
=51 (o) open X (RopdlVIRo )| 8(E+ By —By,) . (31)

Aio; Afog
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3.1. Principal neutron scattering formulas

In the equation, p; is the probability to find neutron or the system in the initial state
and V' is the interaction potential. This is the master formula for neutron scattering
and it is valid even without the knowledge of the exact interaction between sample
and neutron [78]. It is the basis for all neutron scattering experiments.

3.1.1. Nuclear scattering

Neutrons interact with the nucleus via the strong-force interaction. The efficiency
of neutron scattering by a single nucleus is expressed by its scattering length b:
b? = oot /4m. The strength of the nucleus-neutron interaction depends on the
details of the nuclear structure, which cannot be related to the atomic number in
a simple way. The value of b can vary greatly between elements of similar atomic
number and even between isotopes of the same element.

The wavelength of thermal neutrons is of orders of magnitude higher than the
dimension of the nucleus, and the interaction potential of a system of N atoms at
positions ﬁl can be approximated by a delta function:

2k o
Ve (F) = fn S bs(i - Ry . (3.2)
l

The proportionality factor b is called neutron scattering length and varies for
different elements and isotopes. In a material which is a composition of isotopes,
this gives rise to coherent scattering and incoherent scattering. The coherent
part shows interference effects and enables to deduce informations about the
nuclear structure. The non-interfering incoherent part arises from deviations fo
the scattering length relative to the mean value. In the following, we will focus
only on coherent scattering.

By inserting Vi, in Equation 3.1, the differential cross section for elastic coherent
nuclear scattering can be derived:

d 8 o 5
C%)Nh:i%EJBMM”&Q—ﬂ, (3.3)

with the scattering vector Cj = Ef — lzl and the volume of the unit cell vg. The
positions of atoms in a periodic crystal can be expressed as:

Bilt) = B+ 75+ 1) (3.4)
The vector B, denotes the coordinate of the unit cell, 7; is the equilibrium position

of the atom in the unit cell and #;(t) is the displacement from the equilibrium
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3. Neutron scattering techniques

position due to thermal motion. The nuclear structure factor is given by:

(@) =) bjel@meMal@) (3.5)
J

The term e~ "a(@ is the Debye-Waller factor, which takes into account the effect of
thermal motion of atoms on the interference pattern. The coherent nuclear Bragg
scattering can thus be derived from the calculation of the nuclear structure, which
takes into account the lattice symmetry, the position of atoms in the unit cell and
the different scattering length.

Instrumentation

With the help of Equation 3.3, it is possible to compare experimental observed
intensities at nuclear Bragg positions with calculations of FN(@) for a given struc-
ture. Such experiments are generally performed on powder diffractometers or,
when investigating single crystals, on four-circle diffractometers such as the D10
at the ILL [79, p. 38f]. The correct integration of intensity, which is broadened
in Cj—space due to a ()-dependent instrument resolution and a finite mosaicity
of the crystal is a crucial part of the experiment. In addition, extinction effects
and absorption can temper the observed intensities and have to be taken into
account [80].

The analysis of nuclear scattering intensities determined on D10 has been done
using the program FullProf [81]. In addition, a program for MATLAB [82] was

written to calculate Fiy(Q) for the materials investigated in this work.

3.1.2. Magnetic scattering

Magnetic neutron scattering arises from the dipole-dipole interaction between the
magnetic moment of neutron and unpaired electrons in matter. The interaction
potential of a neutron in spin state oy and propagating electron with momentum
p and spin § can be written as follows:

(3.6)

- o xR D X R
Vinag(T) = —v1n21B0N - [V % (T) e
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3.1. Principal neutron scattering formulas

The gyromagnetic ratio 7 = 1.9132 and the nuclear and Bohr magneton, pn and
iB, enter the equation. The two terms of Vj,,e in brackets are due to the intrinsic
electron spin and the orbital motion of the electron, respectively. Vi, is, in
contrast to V,,,., anisotropic due to the axial symmetry of the dipole field. By
integrating V.. in the master equation, Eq. 3.1, the elastic and purely magnetic
cross-section for an unpolarized neutron beam can be written as follows:

d 1 8 =
(), =% e BTG IRLCAE (.1)

with N, being the number of magnetic ions and 7y = 7 + k being the reciprocal
vector of the magnetic structure. k is the propagation vector of the magnetic
structure and denotes its perlodlclty relative to the crystal structure. Finally, the
magnetic mteractlng Vector FM | is connected to the magnetic structure factor FM

as Fyi = Q x Fy % Q. Only scattering from electron spins perpendicular to Q
contribute to the magnetic cross section. The magnetic structure factor is given
by:

F’M(Q’) _ Z f}\d(@)n—ijeié-Fje*Wd(Q) ) (38)
J

ij is the magnetic form factor which describes, similarly to the atom form factor,
the distribution of magnetic moments in an atom. This leads to a decrease of
magnetic intensity at larger (), whereas the nuclear scattering length is independent
of Q). Furthermore, the magnetic cross section is strongly dependent on the direction
of the magnetic moments relative to Cj , as only the components of the magnetization
perpendicular to the scattering vector account for the magnetic cross section.
When the magnetic unit cell has the same size as the lattice unite cell, magnetic
reflections are at the same position as the nuclear reflections. In this case, the
coherence between neutrons scattered by the nucleus and the magnetic moment
is of importance. Only in case of scattering from an unpolarized neutrons beam,
where the direction of neutron spins is distributed randomly, interference terms
cancel out and the absolute intensities of nuclear and magnetic scattering simply
sum up to the total intensity:

I o |Fiotal]® = |Fx]* + | P ]? - (3.9)
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3. Neutron scattering techniques

Instrumentation

Elastic magnetic scattering can be investigated at powder diffractometers and
four-circle diffractometers, similar to nuclear Bragg scattering. The data analysis
is done by comparing experimental intensities with calculated intensities. In this
work, the program FullProf has been used to analyze nuclear and magnetic Bragg
scattering [81]. In addition, a code for MATLAB was written in order to calculate
nuclear and magnetic structure factors for the materials investigated in this work.

3.1.3. Inelastic neutron scattering

Until now, only elastic scattering processes were considered, in which no energy
is transfered, i.e. |k = |Ef| In inelastic scattering processes, two transfers
can be associated moment transfer @ = Ef — k= ¢+ 7T and energy transfer
hw=FE—-FE; = (k2 k?), which occur for both nuclear and magnetic scattering.
In this section, only the cross section for inelastic magnetic scattering we be derived.
The starting point is again the master equation for neutron scattering, Eq. 3.1.
This time, we allow also an energy transfer during the scattering process. The
double magnetic cross section for unpolarized neutrons and spin-only scattering
can be obtained as:

d?c B Qk’f 29/ R *Wd (@) QaQﬁ a,B(A
(deE>Mmh = (o) - (@) aZﬁ (5%5 - 7) §*(Qw)

(3.10)
where «a, § denote positions (x,y, z) and ¢ is the classic radius of the electron.
The magnetic form factor and the Debye-Waller factor were already discussed.
The term 0,5 — QQ§ is the polarization factor, which determines that neutrons

can only couple to a magnetization perpendicular to Q. The magnetic scattering
function S%P is given as:

528 (3, %hz/ G-Rp) (Go(0) S8 (e e, (3.11)

7]00

with Sj‘l being the spin operator of the jth ion at site éj. This result for Sa’ﬁ(@, w)

is an approximation, which is valid for modest values of Cj [72, p. 18]. The term
<S§“(0)Sjﬁ, (t)) is the spin-spin pair correlation function, stating the thermal average
of the time-dependent spin operators.
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3.1. Principal neutron scattering formulas

Instrumentation

Inelastic neutron scattering can be measured using a triple-axis spectrometer
(TAS). The name originates from the rotation axes of monochromator, sample and
analyzer. By a nuclear Bragg reflection at the monochromator, a specific neutron
wave vector k; is defined. The neutrons are scattered at the single crystalline
sample, which can be rotated within a defined scattering plane. Finally, the energy
of the scattered neutrons is analyzed by another nuclear Bragg reflection at the
analyzer. The functionality is described in detail by Shirane et al. in Ref. [83].
This technique allows to individually select positions in (@, w)-space and investi-
gate elastic and inelastic scattering processes. Using a large monochromator and
analyzer crystals, horizontal and vertical focusing, as well as curved neutron guides,
it is possible to increase the neutron flux at the sample, enabling the detection
of even small inelastic signals. Furthermore, the setup allows the investigation
under extreme sample conditions, such as high magnetic field and high pressure,
and can be equipped to allow for polarization analysis. The different polarization
techniques will be described in Section 3.2. Another interesting option is the use
of multi-analyzer systems, such as FlatCone at the ILL [84], which covers a large
solid angle. This allows for the simultaneous investigation of multiple positions in
(@,w)—space.

The majority of experiments presented in this work were obtained at TAS instru-
ments. A complete list is given in the appendix. The analysis of TAS data was
carried out using MATLADB, in combination with a library of programs developed
by P. Steffens [85].

Another technique used to measure inelastic neutron scattering, is time-of-flight
(TOF) spectroscopy. In direct mode, the incident neutron wavelength \; is selected
by a velocity selector. A disc-chopper separates the monochromatic beam in short
pulses, which arrive separately at the sample stage, after a delay of At. The
scattered neutrons are position- and energy-dependent analyzed in a detector bank,
which covers a large horizontal and vertical solid angle. The position detection
is achieved by position-sensitive detectors, while the energy is determined by the
varying flight time of neutrons of varying energy. Within this work, an experiment
has been performed at the IN5 spectrometer at the ILL [86]. The data analysis
was done using the Horace suite for MATLAB [87].

Simulation of inelastic magnetic scattering
The dispersion of magnetic excitations obtained at INS experiments can be com-

pared to calculations which allow for the determination of magnetic exchange
interaction and anisotropy parameters. A commonly applied model is the linear
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3. Neutron scattering techniques

spin wave theory, developed by Bloch and Slater [88,89]. It treats the excitations as
perturbations of the static structure and was initially applied to collinear magnetic
structures [90].

Recently, Toth and Lake extended the linear spin wave theory for incommensurate
structures [91]. Their approach is based on work by Haraldsen and Fishman [92]
and Petit [93]. Common in all models is a generalized technique for determining
the static and dynamic properties of magnetic structures with canted spins. A
local coordinate transformation is introduced for every magnetic atom in the unit
cell. By doing so, the ground state is transformed into a state with collinear spins,
in which the spin wave spectrum can be calculated [93]. Toth and Lake extended
this model to incommensurate structures by adding an additional rotation which
takes into account the incommensurability [91].

The algorithm developed by Toth and Lake is implemented in an open source
toolbox for MATLAB, called SpinW [94]. The formalism uses the following
Hamiltonian:

me,nj mi mi

The crystallographic unit cell is indexed by m,n € [1, .., L] and the magnetic atoms
are indexed by 4,7 € [1, .., N]. Furthermore, gmz are spin vector operators, jmi’mj
are 3 X 3 matrices describing the pair coupling between spins, flmzmz are diagonal
3 X 3 anisotropy matrices, B is an external magnetic field and g; is the g-tensor.
This matrix formalism can be used to describe isotropic exchange (diagonal matrix),
Dzyaloshinskii-Moriya exchange (antisymmetric matrix) and different anisotropy
terms. The single-ion anisotropy can be expressed as easy-axis or easy-plane with
any arbitrary orientation.

In order to solve the Hamiltonian by linear spin wave theory, one has to assume
that the fluctuations only weakly reduce the expectation value of the spin operators.
This is in general the case at low temperatures and with systems with an ordered
spin of S > 3/2 [91]. The spins are expanded in terms of bosonic creation and
annihilation operators, using the Holstein-Primakoff approximation [95]. These
operators are then expressed in a rotating frame, taking into account the specific
magnetic structure. The reformulated Hamiltonian has to be diagonalized, in order
to find the eigenstates and eigenvalues, which is done by the formalism proposed
by Colpa [96]. Finally, it is possible to calculate the dynamic correlation function
S (Cj, w), cf. 3.11. The differential neutron cross section can be derived from S (@, w)
which enables to directly compare the calculation with inelastic neutron data.
An exemplary calculation will be presented in the following. We start with the
Pbnm crystal structure of LaMnQO3. We assume only a contribution of the Mn
moment, which carries a spin of S = 4/2. There are four Mn ions in the crys-
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Figure 3.1.: Linear spin wave calculation with SpinW [94]. (a) Sketch of a the A-type
antiferromagnetic structure with k= (0, 0, 0) and moments along b. The exchange
constants are ferromagnetic in the ab-plane, J,; = —0.4meV and antiferromagnetic
along ¢, J. = 0.8meV. (b) Calculated magnon dispersion between the Bragg positions

Q1=(0, 1, 1), @2 = (0, 0, 1) and Q3 = (0, 0, 2).

tallographic unit cell, occupying the 4b Wyckoff site at (0,0,1/2). The model
of the magnetic structure is shown in Figure 3.1(a). The moments are aligned
in an A-type antiferromagnetic structure with ferromagnetic ab-planes which are
antiferromagnetically coupled along ¢. The propagation vector of this structure
is k = (0, 0, 0) [97]. The moments are chosen to be oriented along b, and
two exchange interactions are assumed, which are compatible with the magnetic
ground state: a ferromagnetic interaction in the ab-plane, J,;, = —1.68 meV and
an antiferromagnetic interaction along ¢, J. = 1.22meV. The easy-axis anisotropy
is STA, = 0.15meV. These values were determined by Moussa et al. by INS
data [97]*.

The calculated magnon dispersion using the Spin W model between the Bragg posi-
tions @1 = (0, 1, 1), Qo = (0, 0, 1) and Q3 = (0, 0, 2) is shown in Figure 3.1(b).
The result corresponds perfectly to the model from Moussa et al. [97].

2The interaction parameters in the Spin W model are increased by a factor of two, relative to
the values by Moussa et al. due to a different formalism.
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3. Neutron scattering techniques

3.2. Neutron polarimetry

Neutron polarimetry, or neutron polarization analysis, denotes in general the
investigation of cross sections in dependence of incident and final neutron polar-
ization. In the previous section, two circumstances were mentioned in which the
polarization of neutrons is crucial: (i) the interaction of the neutron spin with the
magnetic moment of the nucleus and (ii) the polarization factor which limits the
magnetic scattering to components parallel to the scattering vector Q The use of
a polarized neutron beam, i.e. a well defined quantization axis of the intrinsic spin
of the neutron, enables one to observe additional information about the scattering
system.

In the first part of this section, we will present the basic formula and concepts
which are important to follow the data analysis. More comprehensive descriptions
can be found for example in References [98] and [77]. In the second part, different
experimental techniques will be presented which are based on polarized neutrons
and, which have been used throughout this work.

3.2.1. Basic formulas

In a neutron scattering experiment with analysis of the polarization of neutrons,
one has to define a quantization axis of the incident neutron beam. The polarization
of the incident beam along this direction is defined by:

p_Nu—N.  FR—1
" Ny+N_,, FR+1’

(3.13)

with N4; being the neutron intensities parallel and antiparallel relative to the
quantization axis 7. The value of P; ranges from 0, for an unpolarized beam, to +1,
for a fully polarized beam. The value F'R; = N,;/N_; is called the flipping ratio.
Experimentally, this is an important value, as it describes the quality of beam
polarization. Common values for F'R on nowadays instruments range between 15
and 35, corresponding to a beam polarization of 88 to 94 %.

The first experimental implementation of neutron polarization analysis was achieved
by Moon, Riste and Koehler on a TAS instrument [99]. By looking at the master
equation for neutron scattering, Eq. 3.1, one can derive the behaviour of nuclear
and magnetic scattering processes along given quantization axis. For this, we look
at the correlation function, which can be expressed as (S;|V|S;). We define the
spin states S as | 1) = (1,0) and | |) = (0,1). For nuclear scattering on a single
nucleus, the interacting potential can be reduced to V.. = b, with b being the
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scattering length. We can deduce the following scattering processes:

(St Vel iy = b(SpS;) = b, for [ 1) = | 1) and | L) — | 1)
=0, for [1) = [})and | ) = | 1) . (3.14)

We can differentiate two scattering processes: non-spin-flip | 1) — | 1) and | |) —
| }), and spin-flip | 1) — | 1) and | }) — | 1). According to Equation 3.14, purely
nuclear scattering does not affect the polarization direction of the neutron spin
and thus it occurs only in non-spin-flip processes.

The potential of the dipole-dipole interaction between neutron and electron spin
is more complex. The exact expression, given in Eq. 3.6, can be simplified to
Vinag X &kﬁML, with the Pauli spin matrices ¢, the index k£ = z,y, z and the
magnetic interaction vector ﬁM L = (M,, My, M,). The scattering processes for
magnetic scattering at a given propagation vector and a quantization axis of the
neutrons along z are:

(S Vinagl Si) = M.  for [ 1) = | 1)
= —M. or [ 1) — [ 1)
= M, —iM, for | 1) — | 1)
= M, + 1M, yfor | ]) — | 1)

(3.15)

Two important rules can be derived from this simple consideration, which are valid
for magnetic scattering in general:

(i) non-spin-flip processes are sensitive only to components of the magnetization
parallel to the neutron spin,

(ii) spin-flip processes are sensitive only to components of the magnetization
perpendicular to the neutron spin.

The use of polarized neutrons thus allows for the separation of magnetic scattering
from nuclear scattering. In real systems, one has to look also at nuclear-spin
dependent processes. These processes, together with Equations 3.14 and 3.15, are
summarized in the Moon-Riste-Koehler equations [99]. They also allow for the
separation of coherent and incoherent scattering processes.

The upper description is called longitudinal polarization analysis, as incident and
final neutron polarization are along the same direction. The general case, when
incident and final polarization direction can be arbitrarily chosen, is referred to as
spherical polarization analysis. The corresponding theoretical ground work was
reported independently by Blume and Maleev [100,101]. A detailed derivation
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3. Neutron scattering techniques

was presented by Brown in Ref. [102]. It is common to define three orthogonal
polarization directions:

— 1« is parallel Cj,
— z is vertical to the scattering plane,

— g is perpendicular to x and z.

The advantage of this choice is the resulting form of the magnetic interacting vector:
ﬁM 1L = (0, M,, Mz). As only magnetic scattering perpendicular to the scattering
vector @ occurs, this coordination system allows the separation of magnetization
along two orthogonal directions. The components of the 36 possible cross sections
are given in Table 3.1. The different contributions to the cross sections o;;, with
1,] € x,y,2,7,y, Z are listed. Often, one distinguishes only between spin-flip and
non-spin-flip scattering, and the notations #SF’ and “NSF’ are used to describe
the diagonal cross sections o_;; and o;;, respectively.

The contributions to the polarization cross sections were separated into four parts
in Table 3.1. Nuclear scattering N N* is independent of the polarization direction
of the neutron and it appears for non- Spln—ﬂlp processes. The magnetic scattering
can be separated along y and z with M, - Mj = M,M; + M.M;. In addition,
there is a chiral magnetic term, which will be dlscussed below The last column
contains the terms that arise from nuclear and magnetic interaction. These are
in particularly interesting to investigate antiferromagnetic domains [102]. For
example, a reversal of a 180°-domain changes the sign of M . This is not visible
in the quadratic terms M M™* but can be measured for the interactions terms of
the form N M, when nuclear and magnetic scattering appear at the same position
in reciprocal space.

One of the magnetic terms that can be measured directly by neutron polarization
analysis is the chiral magnetic term —i(M, x M?),. This term can be determined
for example by the subtraction of the cross sections oz, and o,z. For a suitable
scattering geometry, this term allows the observation of the vector chirality vepirai,
cf. Eq. 2.7. In the case of a monodomain spin-spiral, with non-zero v.p;q;, the chiral
magnetic term will produce a difference in both spin-flip cross sections along z. It
was mentioned in Section 2.2.2 that such spiral structures are present in specific
multiferroic materials and account for the ferroelectric polarization. The reversal of
electric polarization P, is accompanied by a reversal of the spiral, finally resulting in
a sign-switch of vy Providing a suitable scattering geometry, neutron polariza-
tion analysis can detect the sign of vepia and thus directly link the states of P, and
Ueniral- This has been demonstrated for example by Yamasaki et al. in ThMnOj [49).
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Table 3.1.: Scattering cross sections for spherical neutron polarization analysis. The
coordinate system is chosen in a way that z||@, z vertical to the scattering plane and
y =z x z [103].

nuclear magnetic chiral magn. nuclear magn.

xx = NN*

XX = M, - Mt —i(M, x M),

xx = M, - Mt (M, x M),

xx = NN~

yy = NN*  +M,M; +2Re(M;N)

vy = M. M

vy = M, M

y7 = NN*  +M,M; —2Re(M;N)

2= NN*  +M.M;? +2Re(M:N)

27 = M,M;

77 = M, M;

7z = NN*  +M.M;: —2Re(M;N)
2xy = 2yx = NN*  +M,-M* —i(M. x M3), +2Re(M;N) +2Im(M;N)
2xy = 2yx = NN*  +M, - M* —i(M, x M?), —2Re(M;N) —2Im(M;N)
2%y = 2yx = NN*  +M, - M +Hi(M, x M1), +2Re(M;N) —2Im(M;N)
2%y = 2yx = NN*  +M, - M* +Hi(My x M), —2Re(M;N) +2Im(M;N)
oxz = 22x = NN*  +M,-M; —i(M. x M3), +2Re(M:N) —2Im(M;N)
oxz = 22x = NN*  +M,-M; —i(M, x M?), —2Re(M:N) +2Im(M;N)
9%z = 2zx = NN*  +M,-M; +Hi(My x M), +2Re(MIN) +2Im(M;N)
2%z = 27x = NN*  +M, - M: (M, x M?), —2Re(M;N) —2Im(M;N)
2yz =27y = NN* M, - M} +2Re(M, M) +2Re(M;N) +2Im(M;N)
2yz = 2zy = NN*  +M, - M} —2Re(M,M;) +2Re(M;N) —2Im(M;N)
252 = 22y = NN*  +M, - M7 —2Re(M,M;) —2Re(M;N) +2Im(M;N)
252 = 22§ = NN*  +M, - M7 +2Re(M,M?) —2Re(M;N) —2Im(M:N)
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3.2.2. Experimental techniques

Since the first experiments with polarized neutrons in the 1960’s [99], several
different instrumental techniques were developed which make use of the unique
nature of the neutron. The difficultly of such instruments is the creation of a
strongly polarized beam. The strict component separation, as shown in Table 3.1
is only valid for a fully polarized neutron beam. Experimentally, this cannot be
achieved due to the limited efficiency of neutron polarizers, polarized guides and spin
flippers. This imperfection always results in the superposition of spin-flip and non-
spin-flip channels, which is moderated by the instrument- and experiment-specific
flipping ratio, cf. Eq. 3.13. As an example, the experimentally observed spin-flip
cross section along = will be composed as 0z edxp = (1— FLRQC)UQM’ + F+%m “Ozzexp- Lhe
success of a neutron polarimetry experiment thus crucially depends on an optimal
setup. A clear overview of the technological progress in neutron polarization is
presented in Reference [71].

A large part of the experimental studies presented in this work was performed
on instruments using polarized neutrons. The different approaches will be briefly
discussed in order to facilitate the understanding of the data analysis.

Longitudinal polarization analysis

This technique allows for the determination of the diagonal polarization cross
sections. The initial and final polarization of the neutrons are collinear. Exper-
imentally, this is achieved by a set of three Helmholtz coils, which are oriented
around the sample position [104]. The neutron polarization at the polarizer and
analyzer is in general along the vertical direction. By a correct tuning of the coils,
the direction of the (small) magnetic field at the sample stage can be set along the
polarization axes x, y and z. The quantization axis of the propagating neutron
spin adiabatically follows the direction of the magnetic field. The Helmholtz setup
was used in this work in combination with the TAS instruments IN14 at the ILL
and 4F1 at the LLB.

Furthermore, this technique is initially integrated in the multi-detector spectrome-
ter D7 at the ILL [105]. At this instrument, only the polarization of the scattered
neutrons is analyzed and thus all energies k; are integrated in the scattered in-
tensity. The polarization geometry slightly differs from a TAS instrument: The
Helmholtz coils, which define the polarization axes x, y and z are fixed and do
not depend on Cj The angle between x and the incident neutron beam is called
Schirpf-angle [106]. By the application of the z,y, z-polarization, it is possible
to separate incoherent and coherent nuclear scattering as well as in-plane and
out-of-plane magnetic scattering [105].
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3.2. Neutron polarimetry

Spherical polarization analysis

The experimental determination of all polarization cross sections shown in Table 3.1
requires the independent control of initial and final neutron polarization. This was
achieved for the first time at the ILL by the development of the Cryopad [107,108].
We will briefly describe the functionality of the third-generation device, which
is presented in detail in Reference [109]. The incident and final neutron guide
fields are separated by a zero-field sample chamber. The neutron polarization
is defined outside of the chamber, enters it by conservation of its polarization
state and finally, the polarization of the scattered neutrons is analyzed outside
of the chamber. The zero-field condition is accomplished by a p-metal shielding
and two superconducting Nb-Meissner shields, which furthermore account for the
conservation of the neutron spin state when entering the chamber. The initial and
final polarization state are set by an adiabatic change of the quantization axis in
the nutators before and after the zero-field chamber.

Neutron spin-echo spectroscopy

The complex neutron spin-echo technique is discussed in short. For a detailed
description we refer to the work edited by Mezei et al. [110]. The instrumental
approach is based on the Larmor precession of neutrons in a magnetic field, which
is perpendicular to the quantization axis of the beam. The Larmor frequency of
the precession wy, = —7|FI | can be tuned by the applied magnetic field. A beam of
polarized neutrons, which not necessarily have to be monochromatic, enters a path
of constant magnetic field H in which each neutron precesses at a constant wy..
This causes a polarization of the beam due to the variation of neutron velocities. At
the sample stage, the polarization of each neutron is reversed either by a m-flipper
or by a magnetic spin-flip process. Finally, the scattered neutrons propagate along
a path of same length and of opposite magnetic field —H. This leads to a recovery
of the polarization of the beam at the end of the path.

For elastic processes, which do not effect the neutron velocity, the full polarization
is recovered at the detector, which is called the spin-echo effect. Energy transfers
during scattering lead to a change in k; (and in v;) which decreases the final polar-
ization. By scanning the magnetic fields along the paths, one can directly measure
the intermediate scattering function 1(Q,t) = S(Q,¢)/5(@,0). This technique
allows for experiments with a very high energy resolution. Within this work, ex-
periments have been performed at the spin echo spectrometer IN11 at the ILL [111].
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Chapter 4

Electromagons in TbMnOj

The observation of ferroelectricity in ThMnO3 was the
discovery of a new group of multiferroic materials, in
which a complex magnetic structure directly induces
macroscopic electric polarization [5]. ThMnOj3 has be-
come a reference system for this class of materials due to
its sizable ferroelectric polarization and its large magne-
toelectric coupling [9] and is well suited for elucidating
the magnetic excitations and the coupling mechanism
for such multiferroic materials. Since 2003 more than
250 relevant publications [113] are listed proving the
high interest in this compound.

One of the strongly discussed topics are hybridized
magnon-phonon excitations in multiferroic materials.
These were experimentally observed in ThMnO3 by in-
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frared spectroscopy [57] and inelastic neutron scattering [12]. The microscopic
origin of these electromagnons is still under debate and several different approaches

were postulated [54,66,114).

In this chapter, different neutron scattering techniques were used in order to
investigate the phase transition towards the multiferroic phase and the magnetic
excitations in the multiferroic low-field and high-field phases. Polarized neutrons
were a crucial tool to probe specific properties of the magnetic system, such as its

chirality.
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4. Electromagons in TbhMnQOs

Figure 4.2.: (a) Crystal structure of ThMnOg3. The orthorhombic perovskite structure
is distorted due to a tilted staggering of [MnOgl-octahedra along ¢. (b) The distortion
of octahedra leads to a competition of ferromagnetic nearest-neighbor interaction Jgjys
and antiferromagnetic next-nearest-neighbor interaction Jyy in the ab-plane.

4.1. Introduction

4.1.1. Crystal and magnetic structure

ThbMnOj belongs to the series of rare-earth manganates* RMnQOj3 and its structure
can be described in the orthorhombic space group Pbnm. The lattice parameters
are given in Figure 4.1. The main characteristics of TbhMnOj3 will be discussed in
this section. For a detailed description of the crystal and magnetic structure of
the RMnOj series, we refer to previous work [116,117].

Figure 4.2(a) shows the structural unit cell of ThMnO3. RMnOj; compounds crystal-
lize in a distorted GdFeOj3 perovskite structure with tilted [MnOgJ-octahedra [118].
The distortion of the octahedra is induced by the reduced size of the rare-earth
ion. As a consequence, the symmetry of the crystal is reduced from cubic to
orthorhombic and the Mn-O-Mn bond angle changes from the linear value of 180°
in GdFeO3 to about 145° in ThMnOj3 [119].

The Mn3* has four electrons in the 3d orbitals, which loose their degeneracy in
the orthorhombic environment in the RMnOj3 series and transform to tgge; [120].
The Jahn-Teller effect in RMnO3 leads to a staggered ordering of single-occupied
d3z2_r2 and dg,2_,2 orbitals in the ab-plane [120]. This results in a ferromagnetic

2The rare-earth lanthanides in order of ionic radius are (from large to small): La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu [115].
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nearest-neighbor exchange in the ab-plane [119]. The coupling between the planes
along the c-axis is antiferromagnetic [119]. The exchange interactions perfectly
explain the A-type antiferromagnetic order in LaMnOs.

The tilting of the octahedra enhances for smaller rare-earth ions. This distortion
modulates the exchanges paths in the ab-plane, which is the origin of the multitude
of different magnetic structures in this series [119,121,122]. Figure 4.2(b) shows
the arrangement of MnOg octahedra in the ab-plane. The bond-angle of the
nearest-neighbor exchange Jrj; in the undistorted system is 180°, which renders it
ferromagnetic, following the Goodenough-Kanamori-Andersen rules [123,124]. The
reduction of this Mn-O-Mn bond angle weakens the ferromagnetic superexchange
coupling Jry; between next neighbors. In addition, the reduction of the distance
of the inner oxygen ions leads to the enhancement of the antiferromagnetic next-
nearest neighbor interaction Jyy in the ab-plane. This exchange is possible along
a and along b but Jyy is stronger along b due to the different staggering of oxygen
ions along both paths [119].

In LaMnQg, the octahedra distortion is small and the moments in the ab-plane
order ferromagnetically (Jgy > Jyn, A-type ordering with iy = (0, 0, 0)). In
HoMnQOs, the distortion is large and the moments order in antiferromagnetic
stripes (Jyn > Jrpar, B-type ordering with kg = (0, 0.5, 0)) [119]. In the region
of intermediate rare-earth ion size, the system is strongly frustrated between both
ground states when Jry, < Jyy which is the case for R = Th, Dy. As a result,
Ehe Mn-moments order in an incommensurate structure with propagation vector
k= (0, qk, 0) and 0 < q < 1/2 [119].

In TbMnOs3, the Mn-moments order at Ty =42 K in an A-type longitudinal spin-
density wave (SDW) with a propagation vector of ko = (0, qx, 0) [125]. Applying
Bertaut’s representation theory for the space group Pbnm and /;ic, one can derive
that the magnetic structure can be described by four irreducible representations,
which correspond to four modes A, C, F and G [126]. These modes lead to different
superstructure Bragg reflections. The reflections Cj = (h, k, 1) follow the extinction
conditions [127]:

A-mode: h+ k =even, [=odd, F-mode: h-+k =even, [ =even,
C-mode: h+ k =odd, [ =even, G-mode: h+k =odd, [ =odd.

In the SDW-phase, the value of the incommensurability is ¢x ~ 0.28 and the struc-
ture can be described by a single irreducible representation I'* = (Gz, A,, F,) [127].
Neutron diffraction data in this phase could be refined using only the A-mode
along b, and ordered moment is of the form MSPW = (0, M, cos(ki - 7), 0) with
My, =29 pup [11]. Upon further cooling, the incommensurability decreases slightly
until about 31 K where a quasi-lock-in at a value of gx =~ 0.276 sets in [128]. A
model of the magnetic structure is shown in Figure 4.3(a).

At Trp = 28K, a second magnetic transition occurs. In this phase the magnetic
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4. Electromagons in TbhMnQOs

order corresponds to an elliptic cycloid still modulated along the b-direction. The
spiral can be described using a coupling of two irreducible representations I'? x '3,
with I'? = (C,, F,, A.) [127]. Kenzelmann et al. could describe their data by
MFE = (0, Mycos(ki - 7), M,sin(ki, - 7+ 6)) with M, = 3.9 up and M, = 2.8 ju.
The phase between both components could not be resolved in the experiment but
from the size of the moments, Kenzelmann et al. deduce that the Mn-moments
form an elliptical spiral in the be-plane, described by two A-modes [11].

In addition, detailed neutron diffraction experiments revealed a smaller Mn-spin
component to be along the a-axis, which corresponds to a G-mode [127]. A model
of the dominating A-mode magnetic structure is shown in Figure 4.3(b). This
SDW to spiral transition is accompanied by the appearance of a spontaneous
ferroelectric polarization Prg parallel to the c-axis. The underlying mechanism
will be described in the next section.

The terbium moments order separately below T, = 7K and form an incommensu-
rate SDW with moments mainly oriented parallel to @ and a propagation vector of
kry, = (0, 0.415, 0) [125]. The transition is visible in the magnetic susceptibility,
the dielectric constant, the thermal expansion, the ferroelectric polarization and
diffraction experiments [8,9,125,129]. The magnetic Bragg peaks are reported to
be significantly broadened which emphasizes a short-range order.

Although the Th-moments order at a lower temperature as the Mn-subsystem, it
was shown that the two magnetic ions couple. Already at 15 K, the Th-moments
contribute to the spiral ordering of Mn-moments and had to be taken into ac-
count for the structure refinement of the Mn-order [11]. At this temperature, the
Tb-moments order weakly primarily along @, and can be described by C-, F- and
G-modes [48,130]. It was proposed that the Mn- and Th-order remain coupled
even below Ty, through their wave vectors, 3kg, — kp, = 1 [131]. The coupling of
the rare-earth ions with the Mn ion Jy,_ g has also been reported for DyMnOj [48].
In TbMnOs;, the rare-earth ion significantly contributes to the magnetic properties
of the Mn-order and even to the ferroelectric polarization [131,132].

4.1.2. Multiferroic phase

TbMnOj3 was the first compound in which it was observed that a ferroelectric
polarization is directly related to an antiferromagnetic spin-spiral ordering [5,11].
That the spiral magnetic structure [11] directly induces ferroelectricity was later
on explained microscopically by the mechanism of the spin current [15], the
mechanism of the inverse Dzyaloshinskii-Moriya (DM) interaction [16] and in a
phenomenological approach [43]. In all cases the induced polarization is of the form
P Tij X (5’1 X 5’]), with the neighboring spins 5_‘;, §j and their distance vector 775 ;.
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4.1. Introduction

Figure 4.3.: Magnetic structure of manganese moments in ThMnQOj. The zig-zag chains
of [MnOg] octahedra are shown along the direction of the propagation vector, with darker
oxygen octahedra in the back and brighter in the front. The propagation vector was
chosen to be k = (0, 0.25, 0) for a better visibility. The Mn-moments order below T
(a) in a spin-density-wave with moments modulated parallel b, and below Tpg (b) in an
elliptical spiral in the bc-plane.

In the RMnOj series, the compounds with R =Tb, Dy, Gd and Eu;_,Y, develop
a spin-induced ferroelectric polarization at low temperatures [5,9,133,134, 135].
In TbMnOg, the onset of a spontaneous electric polarization P. parallel to
the orthorhombic c-axis is observed at Trrp ~ 28 K. The ferroelectric order
appears as a secondary effect which is visible in the small value of polariza-
tion (P, = 0.08pCcem™2 at 10K in comparison to P = 26 1Ccm™2 in BaTiO3
300K [136]). The direction of polarization can be deduced from the magnetic
structure of the Mn-subsystem in the incommensurate spiral phase. The accuracy
of the model in ThMnO3; could be demonstrated by the application of magnetic
and electric fields to the system [8,49]. The application of magnetic fields will be
reviewed in the next section.

The direction of the ferroelectric polarization is connected via the DM mechanism
with the cycloid structure of Mn-moments. Clockwise and anticlockwise rotation
have an opposite sign of vector chirality vepjral = 5’1 X 5} which determines the sign
of the ferroelectric polarization. This relation was demonstrated using polarized
neutron diffraction in combination with the application of an electric field to the
sample [49]. Using longitudinal polarized neutrons, it is possible to distinguish
different contributions to the total scattering. One of the magnetic term is of the
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4. Electromagons in TbhMnQOs

form j:z(M x M )z, cf. Tab. 3.1. Depending on the choice of scattering geometry,
it is thus possible to directly measure the sign of the vector chirality v of a
magnetic structure. The reversal of the electric field applied to the sample along
the direction of polarization thus leads to a modulation of scattered intensity
in the spin-flip channels parallel to Q (0,5 and oz,). With this technique, it is
possible to determine the absolute polarization state of the sample. In following
neutron studies, polarized neutrons with an applied electric field have been used to
investigate the hysteresis behaviour of the magnetic structure in the multiferroic
state [52,137], the relation of the quasi-lock-in with the spin cycloid and the
time-resolved switching of the cycloid [128].

4.1.3. Application of magnetic fields

As a result of the strong coupling of magnetism and ferroelectric order in spiral
multiferroic materials, the application of external magnetic fields leads to giant
magnetoelectric effects [38]. It has been shown in ThMnOj that the direction of
the ferroelectric polarization flops from the ¢ to the a-axis above critical fields
H | @and H | b [8]. Contrarily, in fields H || & the polarization is completely
suppressed [8]. The flop of the ferroelectric polarization coincides with a first-
order transition of the spin cycloid plane from bc to ab, which is fully consistent
with the proposed DM mechanism [48]. The propagation vector of the magnetic
structure changes from a slightly incommensurate to a commensurate value of
keom = (0, 0.25, 0) for both field transitions H || @ and H || b [138,139] as the
incommensurate spiral becomes instable above those fields [140]. In this chapter,
we will distinguish the low field incommensurate phase (LF-IC) from the high field
commensurate phases (HF-C) which are similar for magnetic fields H || @ and
Hb.

The flop of the spiral plane in magnetic fields applied along @ and b could be
reproduced phenomenological as an influence of the strong anisotropy evolving
from the rare-earth spins which are coupled to the Mn moments [43]. Contrarily,
Mochizuki and Furukawa developed a model where the field flop arises due to
a competition of Mn easy-axis anisotropy and a field-dependent antisymmetric
exchange interaction [141]. We will discuss their model in detail in Section 4.3.
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Figure 4.4.: Sketch of the magnetic excitations at the zone center of the cycloid
structure in the LF-IC phase (left) and in the HF-C phase (right) of TbMnOs. The static
spin structure is marked by thick gray, and the local fluctuations by smaller colored
arrows. In each of the two phases there are a phason mode (top) and rotation modes
around the b-direction (middle, cycloid mode) and around the vector in the cycloid plane
perpendicular to b (bottom, helical mode). The axis vectors show the oscillation of the
vector chirality S; x gj.

4.1.4. Magnetic and magnetoelectric excitations

The strong magnetoelectric coupling in spiral multiferroics should also influence
the character of the magnetic excitations, and the existence hybridized magnon-
phonon modes was predicted in 1982 [29]. Katsura et al. developed a theory for
helical magnets and proposed the existence of these modes in such systems [54].
In addition, the authors predict two electrically inactive low-lying magnon modes.
A sketch of the magnetic polarization of these excitations in both multiferroic
phases, LF-IC (bc cycloid) and HF-C (ab cycloid), is shown in Figure 4.4. The
three expected zone-center modes correspond to the rotation of the spins around
one of the principal directions: the rotation around the normal vector of the cycloid
(phason or in-plane mode) and two modes associated with the rotation of the
cycloid plane around either the propagation vector direction b (cycloid out-of-plane
mode) or the vector in the cycloid plane but perpendicular to b (helical out-of-
plane mode). The rotation around the b-direction keeps the cycloid character,
whereas the helical rotation changes the character introducing a helical component.
When we apply the inverse Dzyaloshinskii-Moriya mechanism, which explains the
static multiferroic phases, to the magnon modes, we find that only the cycloid
out-of-plane mode affects the direction of the induced electric polarization. This
cycloid mode should thus possess a strong dielectric component. Furthermore this
component should follow the flop of the cycloid plane from the LF-IC to the HF-C
phase.
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The magnon dispersion in ThMnO3 was analyzed using inelastic neutron scattering
(INS) by Senff et al. [12,142]. Three low-energy modes were found at the magnetic
zone center and their polarization could be investigated by the use of linear neutron
polarization analysis. The authors identify an in-plane mode at w; ~ 0.1 meV
and two out-of-plane modes at wy ~ 1.1meV and w3 =~ 2.5 meV, respectively, at
17K. The exchange interactions could be estimated by applying a Heisenberg
model to the different magnon branches, but without reflecting the incommen-
surate character of the order [12]. Recently Milstein and Sushkov described the
magnon dispersion in ThMnOj3 and DyMnOj3 using the o-model-like effective-field
theory [143]. We will discuss this model in Section 4.3. In a subsequent neutron
scattering experiment, the excitation spectrum in the HF-C in magnetic fields
H || @ was investigated [56]. Three branches were found and their polarizations
perfectly fit to a flop of the cycloid plane.

Complementary studies of the dynamics in the multiferroic phase in ThMnO3 were
done using infrared (IR) spectroscopy. Pimenov et al. [57] discovered a signal,
which is suppressed by a magnetic field; they interpreted this as a mixed excitation
and called it electromagnon. Two such electromagnon modes are present at low
frequencies and perfectly match the energy of the out-of-plane modes found in
INS [59]. This and the matching temperature dependence of IR and INS mode
frequencies [61,144] strongly support the electromagnon interpretation given in
Ref. [54]. In the HF-C phase, only fields H I b were accessible for IR experiments
due to instrument limitations. There, Shuvaev et al. claimed the existence of a
weak c-polarized mode in the HF-C phase above the H, transition [60], which
would correspond to the electromagnon activated by the DM mechanism.
However, the various IR and optical measurements performed on the RMnOj series
yield a much more complex picture [66,145,146] recently resumed in Reference [55].
There are at least three different optical electromagnon contributions. In particular
the strong IR signal is always found along the a-direction [59], even for materials
in the HF-C phase associated with an ab cycloid. A distinct electromagnon origin
was proposed to explain this strong a-polarized signal based on a magnetostrictive
mechanism where the Heisenberg interaction is modulated by a variation of the
Mn-O-Mn bond angles [66, 145].

4.2. Diffuse scattering above the magnetic and
multiferroic phase transitions

The cycloid ground state ordering of the Mn-moments in TbhMnOj3 results from
the strong magnetic frustration in the ab-plane, namely between the ferromagnetic
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nearest-neighbor interaction Jgjy; and the antiferromagnetic next-nearest neigh-
bor interaction Jyy, see Fig. 4.2(b). One thus expects sizable diffuse magnetic
scattering well above the transition temperature Ty. Its characterization and tem-
perature dependence will help to understand the complex system and to evaluate
the interaction parameters determined from the magnon dispersion (cf. Ref. [12]
and Section 4.3).

Subsequently, we will focus on the ferroelectric transition from SDW to spiral
at Trg. Precursors of this second-order transition are present even in the SDW
phase. These precursors will be discussed in context of chiral diffuse scattering as
observed by Finger et al. [137].

The single crystals of TbMnOj3 used in this section have been grown by A. C.
Komarek in a mirror furnace [147].

4.2.1. Antiferromagnetic transition at Ty

In order to investigate the diffuse magnetic scattering in the paramagnetic phase, a
single crystal of ThMnOj3 has been mounted in the [0, 1,0]/[0, 0, 1] scattering plane
in a closed-cycle cryostat at the cold neutron triple-axis spectrometer 4F'1 installed
at the LLB, with longitudinal polarization analysis. The neutrons were polarized
by a supermirror bender and analyzed using a Heusler monochromator. At the
sample stage, a set of Helmholtz coils was used to guide the neutrons. Through-
out the experiment, we worked with a fixed neutron energy of £ = 13.6 meV

(E = 2.57 A_l) which corresponds to an energy resolution of about AE ~ 0.5meV.
The polarization of the neutron beam has been verified at the nuclear Bragg
reflection Cj = (0, 0, 4) and a flipping ratio of F'R ~ 27 has been observed.

In polarized neutron experiment, a dedicated coordinate system is used, where x
is parallel to the scattering vector Cj, z is vertical to the scattering plane and y is
perpendicular to z and @ A sketch of the scattering geometry at Cj = (0, 0.28, 1)
is shown in the inset of Figure 4.5(a). The scattered intensity is measured along the
principal directions z, y and z for spin-flip and non spin-flip processes. With the
help of the selection rules for neutron scattering, the polarization of the magnetic
moment can be deduced from these cross sections, cf Tab. 3.1. We find that for
the chosen scattering plane z is always parallel to @. For spin-flip processes, we
get the contribution of magnetic moments parallel @ (M. = Mz). « and y are in

—

the scattering plane and thus depend on the scattering vector (). The scattered
intensity depends on the angle o. In the spin-flip channels we find a combination
of magnetic scattering along b and & The scattered intensity depends on the angle
a between C,j and the axes, as I o sin?(a). In the case of the magnetic Bragg
peak Q = (0, 0.28, 1), the scattering comes mainly from the b-component, as
sin®(a) = 0.88 for b and sin?(a) = 0.12 for @
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Figure 4.5.: Neutron polarization analysis of elastic scattering in ThMnO3 at 4F1.
(a) Elastic scan along @ = (0, k, 1) at 11 K. The directions of the polarized neutron
scattering cross sections are shown in the inset. (b) and (¢) Temperature dependence
at Q = (0, 0.28, 1) and Q= (0, 0.74, 1) of all three cross sections. The dashed lines
indicate the phase transitions at T and Trg.

The spin-flip scattering in all three channels along [0, k, 1] at 11K in the cycloid
phase is shown in Figure 4.5(a). 11 K was the base temperature of the mounted
displex cryostat. Three observations can be deduced from this scan. At k ~ 0.28
we find the A-type Bragg peak (Cj = (0, kpm, 1)) of the be-cycloid which results
in a scattered intensity concentrated in the zSF channel. The sharp peak at
k =~ 0.73 can be identified as G-type Bragg peak (@ = (0, 1 — kpm, 1)). These
reflections have been reported previously and were assigned to an induced ordering
of Th-moments by the Mn-structure because of their relative weakness and their
temperature dependence (concave curvature upon cooling) [125,130,131]. The
polarization analysis reveals the main contribution of magnetic moments parallel
to @ which is the easy axis of the Ising-like Th-moments [125]. As third feature, we
note the broad scattering around k£ = 0.4 which again arises mainly from moments
along a. At 11 K, we are close to the transition temperature of the distinct Th-order
at Ty, ~ 7K with a propagation vector of kry = (0, 0.42, 0). The broad signal
hence can be attributed to the diffuse magnetic scattering of Th-moments.

The temperature dependence of scattered intensity at £ = 0.28 and k£ = 0.74 is
shown in Figure 4.5(b) and (c). The polarization of the Bragg reflections, given
by the ratio ySF'/zSF is stable with temperature at both positions. At & = 0.28
the signal comes almost purely from M, and at k = 0.74 the signal comes from
M,. Note that the xSF' channel (red points) is hidden behind the ySF' channel.
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The finite flipping ratio of FFR =~ 27 leads to a superposition of approximately
5% mnon-spin-flip process in the spin-flip channels. As an example, at 11K and
k = 0.28 about 170 cts/sec in ySF are due to scattering from yNSF. The intensity
in channel yNSF is strong because it is sensible to M, (similar to zSF, cf. Tab.3.1).
From both curves in Figure 4.5 we can identify the transition temperatures to-
wards the SDW at Ty ~ 41.0K and from SDW to spiral phase at Tpp ~ 27.5 K
which are indicated with dashed lines. The deviations of the observed transition
temperatures to values from the literature can be attributed to the experimental
setup. The sample was placed in an helium-filled aluminum container and the
temperature controller was glued outside of the container. The heat conductance
to the sample was primarily provided by helium gas which lead to a temperature
gradient between the sensor and the sample.

Once the polarization analysis is established and the static signal understood, we
can turn our attention to the paramagnetic phase. Figure 4.6 shows the tempera-
ture dependence of scattered neutron intensity at the A-type Mn-order position
Q = (0, 0.28, 1) along y and z. The contributions of the two directions were deter-
mined as My = xSF —ySF and M, = xSF —2SF. This analysis not only allows to
determine the direction of the moments that contribute to the scattering but also
eliminates the instrument background. We find significant diffuse scattering at this
position up to 140 K. The polarization analysis in the chosen scattering geometry
allows us to separate the contribution from moments along the a-axis (M,) and
b-axis (M, ). The strong Ising-type anisotropy of the Th-moments along @ and the
large magnetic moment of Th** ions (perr = 9.5 up [112]) most probably lead to
the scattering along @ at all temperatures. The magnetic susceptibility of ThMnO3
is reported to be anisotropic up to room temperature with the largest contribution
along @ [148]. At lower temperatures, the intensity in M, increases at Ty and
decreases soon after. This behaviour can arise from Th-moments which first follow
the ordering of the Mn-moments (A-type) and finally order separately with the
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Figure 4.7.: Diffuse magnetic scattering of ThMnOj3 in the paramagnetic phase. (a) and
(b) show scans along Q= (0, K, 1) and Q= (0, 0.28, L) at selected temperatures above
Ty at 4F1. The intensities are calculated from spin-flip cross sections as M, = 2SF—ySF
and can be attributed to the Mn-order. Lorentzian functions were fitted to the curves.
(c) Temperature dependence of the correlation length as determined from Lorentzian

fits, Ex(r) = %. A power law was fitted to the curves.

same propagation vector (G-type) and moments along @. The intensity along b
is less pronounced at higher temperatures and only overcomes the a-component
at about 50 K. At lower temperatures, the intensity in M, increases continuously
towards the transition temperature.

We are primarily interested in the scattering of the manganese moments along the
b direction. The chosen scattering plane [0,1,0]/[0,0, 1] allows us to investigate the
direction dependency of the diffuse signal. Cj—scans at the magnetic Bragg peak
position of the SDW at Cj = (0, 0.281, 1) along the main symmetry directions are
presented in Figure 4.7(a) for selected temperatures in the paramagnetic phase.
The intensity was calculated as M, = 2SF — ySF in order to separate the con-
tribution along b. Lorentzian functions were fitted to the data. Diffuse magnetic
scattering arises from fluctuations which form temporarily ordered regions in the
sample. From the width of the diffuse contribution we can derive the average
length of correlated regions.

The temperature dependence of the correlation length along [0, 1,0] and [0,0, 1] is
shown in Fig. 4.9(b) in a logarithmic scale. We find significant diffuse magnetic
scattering up to 80 K, which is almost twice T. Only minor differences between
the correlation along b and @ are visible documenting the three-dimensional corre-
lation of the Mn-system.

The fitting of a power law function of the form £(7") = ¢ - (T — Ty)™ yields:
v = 0.58(2) along b and v = 0.63(3) along & The transition temperature was fixed
to Ty = 40.65 K for both directions (the deviation from values in the literature
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4.2. Diffuse scattering above the magnetic and multiferroic phase transitions

is again due to the temperature gradient of the cryostat). The critical param-
eters are similar for both directions and are closer to the theoretical value of a
three-dimensional Ising system (D =1, d = 3, v = 0.631 [149]) than to the three
dimensional XY model (D =1, d = 3, v = 0.669 [149]). TbMnO3 undergoes a
magnetic transition into a SDW with moments aligned along b at this temperature.
The Mn-moments are confined by an alternating easy-axis anisotropy in the ab
due to staggered dg,2_,2/ds,2_,2-type orbital ordering [145].

The critical phenomena in RMnO3 multiferroics were investigated by Harris et
al. applying Landau theory [150]. The authors come to the conclusion that the
upper transition belongs to universality class of the XY -model, while the lower
ferroelectric transition is of Ising-type. The critical behaviour is only valid in a
small temperature region. The behaviour at higher temperatures approaches the
mean-field value which may lead to deviations from the extracted experimental
values the expected values. A slightly different observation was made by calorime-
try measurements from Oleaga et al. [151]. From the specific heat they deduce a
critical exponent of &« = —0.09 which would suggest a Heisenberg system (D = 3
and d = 3). The corresponding exponent of this model for the correlation length is
v = 0.707 [149].

Mean-field simulation

The behaviour of the diffuse magnetic scattering in the paramagnetic phase can be

simulated using a mean-field approach. Hohlwein et al. were able to describe diffuse

scattering in MnO with this method [152]. The principal idea of the mean-field

approximation is to treat the magnetic system as independent spins in an effective

field, which is created by the interactions. The spin-only Hamiltonian can then

be expressed as H o< 3 J(—={)S(7) - S(—q), where S(g) is the Fourier transform
q

of the spin S and ¢ is a reciprocal vector in the first Brillouin zone [153, p. 91ff].
The Fourier transform of the interaction parameters is defined as:

J(=Q) = + 3" J(Ry — Rj)e@ o) (4.1)

with ﬁz being the position of the i-spin and N being the number of spins in
the unit cell. For high temperatures, well above the transition to the long-range
magnetic order, the (Q-dependent magnetic susceptibility can be derived from

=

J(Q). Furthermore, the susceptibility can be used to directly derive the differential
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Figure 4.8.: Simulated magnetic scattering in the paramagnetic phase of TbhMnOj5
calculated using a mean-field model as described in the text. (a, b) Simulated neutron
scattering intensities in the [0, K, L] plane at 40K and 80K. (¢, d, e) Cuts along the
three symmetry directions at different temperatures. Lorentzian functions were fitted
to the curves. (f) Temperature dependence of correlation lengths derived from the
Lorentzian fits along the three symmetry directions.
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4.2. Diffuse scattering above the magnetic and multiferroic phase transitions

neutron cross section [153, p. 221ff]:

d_‘70<2":"o<2* S(5+1)
R e ] (42

This calculation was performed for the paramagnetic phase of TbhMnOj3. To
describe the system, we used the Pbnm structure parameters given in Fig. 4.1.
The Mn-moments carry a spin S = 4/2 and occupy the Wyckoff site 4b. The
exchange interactions were chosen to be antiferromagnetic Jarpy; = —0.84 meV
along ¢, ferromagnetic Jpy; = 0.38meV in the ab-plane and antiferromagnetic
Jyy = —0.31meV along b, after Ref. [142]. A model of the exchange interactions
in TbMnOs3 is shown in Figure 4.12. Jgy; and Jyn are in the ab-plane and lead to
a frustration of exchange parameters. The result is a spiral spin ordering and in
this case the transition temperature can be calculated from J(Q) as follows [154]:
Ty = 25(S 4+ 1) Jmar (@) /3ks = 32.07K.

The result of the simulation using Eq.4.2 is shown in Figure 4.8. The intensity maps
in Fig. 4.8(a-b) simulate the diffuse magnetic scattering in the [0, K, L] plane. This
is the same plane in which the experiment in the previous section was performed.
The model correctly describes the positions of the magnetic Bragg reflections of
the Mn-order in TbMnQOg. In particular it is able to get an accurate value of the
incommensurability of the propagation vector along 5, Ko = (0, 0.28, 0).

Line scans along the three orthorhombic symmetry directions are shown in
Fig. 4.8(c-e) at four temperatures in the paramagnetic phase. The scans along
Q= (0, K, 1) and Q= (0, 0.28, L) can directly be compared to the experimental
data, shown in Fig. 4.7. The intensity curves were fitted by a Lorentzian function
in order to obtain the correlation length along the three directions.

The temperature dependence of the correlation lengths obtained by simulation
is shown in Fig. 4.8(f). The correlation length diverges along all directions at
Ty = 32.07K. The absolute value of the transition temperature is slightly un-
derestimated by the mean-field model. The Mn-moments in TbhMnOg3 order at
Ty ~ 42K in a SDW and at Trg =~ 28K in a be-spin spiral [11]. The simple
mode does not take into account anisotropy effects and the coupling with the
Tbh-subsystem, and thus the agreement between simulation and experiment is
satisfying. The mean-field approach often fails to describe the critical behaviour
close to the phase transition [149, p. 11].

The simulated correlation length in Fig. 4.8(f) can be compared to experimental
data in Fig. 4.7. In the experiment, we found that the fluctuations are almost
isotropic in the be-plane, which agrees well to the simulation. The correlation is
reduced along a@ due to the symmetry of the exchange interactions.

The good agreement between experiment and mean-field model shows, that the
magnetic order in ThMnOj3 can be reasonably well approximated by a simple
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A-type order. This order has only one magnon mode which is the case for LaMnOj5.
The spin-wave calculation for LaMnO3 is presented in Chapter 3.1.3.

Resonant spin-echo

The dynamic scattering of TbhMnO3 has been investigated at the triple-axis spin
echo spectrometer TRISP at the FRM II. The instrument combines the technique
of TAS and neutron resonant spin echo spectroscopy (NRSE). A large piece
(25 x 6 x 6 mm?) cut from the same sample has been mounted in a closed-cycle
cryostat in [010]/[001] scattering geometry. The incoming neutron energy was

fixed to E; = 13.9meV (k; = 251 A7),

Figure 4.9(a) shows spin echo spectra for spin-flip processes at zero energy transfer
above and below the magnetic phase transition T at the elastic Bragg peak position
Q= (0, 0.283, 1). At a NRSE instrument the Fourier time 7 is varied using radio
frequency spin flippers. The polarization gives the ratio of the polarized beam to
the unpolarized beam. Diffuse magnetic scattering transforms to Lorentzian line
shapes in reciprocal space and the spin echo polarization follows an exponential
decay: P = exp(—I"-7) [155]. The extracted fit values from the spectra are given
in Figure 4.9(b) and (c) against the temperature. The polarization P, steadily
increases when approaching the transition temperature and is constant below the
transition were the magnetic structure is static. This demonstrated nicely the
critical slowing down of magnetic fluctuations in the system.

The relaxation time appears to be stable at temperatures above 43 K and converges
close to the transition temperature. The expected power law behaviour is only
valid in a small temperature regime. The plateau at higher temperatures is not
intrinsic to the sample but a limitation of the instrument. At higher temperatures,
fluctuations become faster. There is an instrumental upper limit of the accessible
frequency range, determined by the high-frequency spin-flippers. This explains the
cut-off close to the transition temperature. The accessible range is furthermore
limited by the energy selection of the analyzer. The TAS option at TRISP defines
an energy width due to its finite energy resolution. The resolution was determined
to be AE ~ 0.5meV which corresponds to a frequency in the order of 10'? Hz.
The TRISP instrument is designed to determine linewidths of excitations with a
extremely high resolution. This comes with the crucial coast of neutron intensity.
The initial aim of this experiment was the investigation of magnon linewidths in
the multiferroic phase which could not be achieved within the experiment time.
The investigation of phase transitions requires a wide coverage in Fourier time and
high neutron flux, to which standard spin-echo instruments are better suited such
as the IN11 at the ILL.
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Figure 4.9.: Neutron resonant spin echo signal of TbhMnQO3 at the magnetic Bragg
peak Q = (0, 0.283, 1) around the magnetic phase transition T at zero energy transfer
at TRISP. (a) Spin echo spectra for selected temperatures. An exponential function
P = exp(—TI"- 7) was used to describe the data. (b) and (c) show the temperature
dependence of the extracted polarization Py and the relaxation time 1/I".

4.2.2. Multiferroic transition at Tgg

The subsequent magnetic transition at Trg is defined by a SDW to spiral forma-
tion of the Mn-moments and coincides with the development of a spin-induced
ferroelectric polarization. Elastic neutron scattering was used to investigate the
behaviour at the phase transition. A single crystal of ThMnO3 was mounted at the
cold neutron TAS instrument IN3 at the ILL in [201]/[010] scattering geometry.

The neutron energy was fixed to £ = 14.7meV (E = 2.66 Ail) and in addition,
beam collimation (30" on k; and 40" on l;f) and a PG filter were used in order to
reduce the background and to achieve a high angular resolution.

At the transition temperature of Trg ~ 28 K, the system is already magnetically
ordered and the propagation vector does not change at the transition. This makes
it difficult to investigate the behaviour at the transition as the signal is dominated
by a strong static scattering at the Bragg peak positions. The color map shown
in Figure 4.10(a) illustrates the situation. The scattered neutron intensity of
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Figure 4.10.: Temperature dependence of rocking scans along the magnetic Bragg peak
Q= (2, 0.27, 1) of TbMnOs3 at IN3. (a) Logarithmic color mapping of scattered intensity.
The dashes lines indicate scan directions in (b). (b) Temperature dependence of line
scans extracted from the color map. The intensity in the region of Aw = 40.5° around
the dashed lines was taken into account. (c) Close-up of the temperature dependence.

The gray bars indicate the phase transitions at Ty ~ 42K, Trg ~ 28 K and Ty, = TK.

rocking-scans (scan of the sample rotation) through the magnetic Bragg peak at
Cj = (2, 0.27, 1) is logarithmically plotted for temperatures below 50 K. The
Bragg peak at the center develops at Ty &~ 42 K and the position locks-in slightly
above Trp, which has been investigated in detail in a previous thesis [128]. At
Try, =~ 7K, we find the formation of an additional peak which can be attributed to
the Th-order [130]. Its intensity is weakened because the center of this reflection is
at Q = (2, 0.415, 1), which is at a slightly different scattering angle 2.

The temperature dependencies at three positions (see dashed lines in Fig. 4.10(a),
red: Tb-order, green: Mn-order, blue: diffuse signal) are shown in Figure 4.10(b).
The intensity was integrated in a range of 1° around the dashed scan lines. We
recognize the green curve as temperature dependence of the Mn-order. The two
successive phase transitions and the transition of the Th-order are indicated with
gray bars. The diffuse scattering which arises at the phase transition at Trpg is not
visible at the Bragg peak due to the strong static signal. However, as the diffuse
signal is broadened in @—Space, we can study it even away from the Bragg peak
position. The blue curves show the intensity at a rotation of Aw = +1.8°.

Fig. 4.10(c) shows the scan with an enlarged linear scale. By comparison with the
temperature dependence at the Bragg position, we can confirm that the signal
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4.2. Diffuse scattering above the magnetic and multiferroic phase transitions

Table 4.1.: Comparison of geometry factors and magnetic form factor f,,(Q) for
Q = (2, 0.27, L) in TbMnOg3 with intensities extracted from diffuse neutron scattering
by Lorentzian fits at Ty and Trg (cf. Fig. 4.11).

L|2@a) £Qb) 4@ ful@) | Ire () In (32)
22.7° 834°  69.2° 048 55.7(7)  42.8(6)
314720 85.2° 485"  0.26 18.9(6) 9.8(5)

purely arises from diffuse scattering. When going to lower temperature, the in-
tensity increases towards the upper transition and decreases when the structure
becomes static at T. At about 35 K, the signal increases again towards the second
transition and decreases subsequently after Trg. The increase of intensity at lower
temperatures can be attributed to the Th-order at Ty,

It has been shown in the previous section that the magnetic fluctuations in the
paramagnetic phase are mainly polarized along l;, the directions of moments in the
SDW phase. Below Trg, the Mn moments order in a be-spiral and fluctuations
attributed to this transitions should thus be polarized along ¢. The polarization
of modes can be determined either by applied neutron polarization analysis, or
by the analysis of the ()-dependence of diffuse scattering. Results from the latter
approach will be presented below.

The diffuse signal around the ferroelectric phase transition at Trg emphasized
the picture of an almost continuous transition from SDW to spiral phase. It has
been reported that in a polarized neutron experiment, the chiral magnetic cross
section —i(M | x M*), has been observed up to 2K above Trg [137]. This term
is non-zero for the spiral structure and zero for the spin density wave and hence
allows one to distinguish both magnetic orders. These chiral fluctuations could be
poled in an electric field of several 100 Vmm™!. Our experiment documents diffuse
scattering up to 6 K above the phase transition. It is an open question whether
the fluctuations only carry chirality at lower temperatures or are chiral at all time.
In the latter case it is possible that the chirality of the fluctuations could not be
detected at higher temperatures because of a decrease of intensity or the limited
strength of the applied electric field.

In an additional experiment on IN3 at the ILL, a single crystal of TbMnO3 was
mounted in the [2,0.27,0]/[0,0, 1] scattering plane in order to investigate the
polarization of the diffuse scattering around Trg. As magnetic neutron scattering
is only present for perpendicular components of the magnetic moments (M lé), the
comparison of intensities at different Bragg positions reveals information about the
alignment of the moments. For an angle o between Cj and the magnetic moment
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the intensity is given as:

1(Q) o« fu(Q)*sin(a)? (4.3)

with the magnetic form factor fy;(Q). Table 4.1 lists the angles of the scattering
vectors with the principal axis and their corresponding magnetic form factor for
Mn?**. The angle with b is close to 90° for both Q positions, which implies that
they are sensitive to magnetic moments along this direction. In contrast, moments
along ¢ are more visible at le and moments along @ are almost suppressed along
at this position.

The temperature dependence of scattered intensity was measured at two magnetic
Bragg peak positions Q, = (2, 0.27, 1) and Qs = (2, 0.27, 3). The detector
position was rotated by 20 = +1.5° relative to the Bragg peak position in order to
observe the diffuse scattering close to the peak. Figure 4.11 shows the intensities for
both positions. The overall behaviour is similar as the one described in the previous
section: Enhanced diffuse scattering is visible around the phase transitions at T,
Trg and Try,. The scattering was described by fitting Lorentzian functions to the
data. At the upper transition T, the moments order in a spin density wave with
moments along b and we expect the diffuse scattering to be along the same direction.
The lower transition Trg is defined by the development of the c-component of the
spiral, which implies diffuse scattering along ¢. With the given geometry factor, we
expect a ratio of I /I3 = 1.24 between two positions. The different structure factors
between both positions can be taken into account by comparing the intensities of
the upper transition. Both Q positions have a similar angle to b and the difference
in intensity thus only depends on the magnetic form factor f,,(Q). In conclusion,
we find an experimental ratio of (Irg1/Irgs2) - (In2/In1) = 1.4(1). The definition
of the background and the description of the scattering from the Th-moments can
influence the exact result. Nevertheless this analysis allows us to state that a large
amount of diffuse scattering around Trg comes from fluctuations along ¢. This is
consistent with fluctuations of a be-spiral in the SDW phase with moments parallel
b [142].

56



4.3. Model for magnetic excitations
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4.3. Model for magnetic excitations

The magnon dispersion of ThMnQOg in the multiferroic phase has been investigated
intensively using inelastic neutron scattering [12,142]. The dispersion was described
based on a model for LaMnO3 by Moussa et al. and Hirota et al. [97,156]. The
spin-wave relations derived for a circular spin-only Hamiltonian with ferromagnetic
(FM) exchange Jrys in the ab-plane and antiferromagnetic (AFM) exchange Japy
along ¢ and a single-ion anisotropy could reasonably well described the dispersion
along @ and ¢ [142]. In TbMnOg, Jrys is weakened and competes with an antifer-
romagnetic next-nearest neighbor exchange along b. This frustration leads to the
development of a spin spiral with a propagation vector which is incommensurate
to the crystal structure. Senff et al. argue that this frustration mainly affects the
b-direction [142]. As a limitation of this approach, the different branches cannot
be described with the same set of parameters. In addition, the branches along the
propagation direction of the spiral b have to be treated separately. The described
model works well to estimate the exchange parameters and anisotropies but a
complete model of the excitation spectrum is missing.

In a first attempt to model the full magnon dispersion, a linear spin wave theory
calculation was performed with Holstein-Primakoff transformation as described
by Sédenz [90]. This mechanism is restricted to collinear magnetic structures with
a commensurate propagation vector. The bc-spiral of ThMnOj3; had to be ap-
proximated by a sinusoidal modulated 17]] spin density wave. Apparently the
estimations oversimplified the situation and the results determined with this model
could not reproduce the experimentally observed dispersion.

The following attempt was done using the program SpinW [94]. The program is
based on linear spin wave theory, which was extended to account for canted and
incommensurate spin structures by Toth and Lake [91]. The formalism is presented
in Section 3.1.3.
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We start with the crystal structure of ThMnOj, as reported by Blasco et al. [112]
with magnetic Mn-moments of spin S = 4/2 and non-magnetic Th-moments. A
model of the magnetic moments and interactions is shown in Fig. 4.12. It includes
the aforementioned antiferromagnetic exchange along ¢ (blue), ferromagnetic ex-
change Jpy (red) in the ab-plane and the antiferromagnetic nearest-neighbor
interaction Jyx (green) along b. The single-ion anisotropy SIA is indicated as gray
ellipsoid along b.

In a first step we model the excitations along Cj = (0, K, 1) for a spin-spiral with
moments in the be-plane and a propagation vector of k = (0, 2/7, 0) (Model M-I).
The value 2/7 ~ 0.2857 is close to the value which has been found experimen-
tally in TbMnOj [11]. Furthermore, it allows the calculation of a commensurate
structure with a magnetic unit cell extended seven times along b with respect
to the crystallographic cell. The following parameters were used for the calcula-
tion: Japy = 0.82meV, Jpyr = —0.34meV, Jyy = 0.24meV and SIA= OmeV.
The calculated intensities are shown in Fig. 4.13(a). The total cross section
S+ (w, Q) (left), and the components MY (w, Q) (center) and M**(w, Q) (right) for
a [010]/[001] scattering geometry are given. This setting allows us to distinguish
fluctuations of moments in the be (in-plane, M¥¥(w, @)) from fluctuations along @
(out-of-plane, M**(w, Q)).

For a ground state spiral of simple spin chain with FM nearest-neighbor and AFM
next-nearest-neighbor interaction (J; — J, model), Jpy and Jyn are constrained
as cos(kipe - ) = Jpm/(2 - Iny), where ki, is the incommensurability along
b. The magnetic zone center splits into two satellites at Q = (0,—2/7, 1) and
Q= (0, 2/7, 1). In addition, we get a clear separation of an in-plane mode (in
MYY), which is the phason or sliding mode of the spiral, and an out-of-plane mode
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Figure 4.13.: Calculated neutron intensity for TbhMnQO3 at Q = (0, K, 1) of the total
cross section S*(w, Q) (left) and the components, M¥¥(w, Q) (center) and M*(w, Q)
(right). The scattering geometry was chosen in a way that y is in the be-plane and z is
parallel to @. Different magnetic models were used for the calculation: (a) Model M-I:
spiral magnetic structure with moments in the be-plane and k = (0, 2/7, 0) and (b)
model M-II: elliptic spiral with moments in the bc-plane, k= (0, 2/7, 0) and an elliptic
easy-plane anisotropy.

(in M**) with moments oscillating along @. At the zone center, both modes go down
to zero because no anisotropy was inserted and thus there is no preferred directions
for the magnetic moments. The phason mode is folded back at the zone center
due to the commensurate propagation vector. The dispersion of the out-of-plane
mode can be understood by looking again at the J; — J; model with spiral ground
state T—]<—. At the zone boundary Q = (0, 1, 1), the oscillations are out of
phase and the alignment 1]1] with the highest cost in energy £ = 4Jpy + 2JyN
is present. The k = 0 zone boundary at Q = (0, 0, 1) is preferably in energy 11171
with £ = —4Jpy + 2Jyy. Finally at Cj = (0, 0.5, 1), we have an intermediate
state with 1)) and £ = —2Jyy.

The situation in ThMnO3 can described more accurately by introducing an elliptic
be-spiral with moments M, = 3.9up and M, = 2.8 up and k= (0, 2/7, 0),
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Jary = 0.82meV, Jpyy = —0.38meV, Jyy = 0.31meV, SIA, = —0.12meV and
SIA. = —0.09meV, shown in Fig. 4.13(b) (Model M-II). The values of the ordered
magnetic moment along b and & were determined in a neutron diffraction study [11].
The elliptic spin spiral is stabilized by a distorted bc easy-axis, where the ratio of
the major and minor axis is equal to M,/M,.. The magnetic unit cell was extended
seven times along the b-axis. The calculation shows an anti-crossing of modes at
the zone at () = (0, 2k, 1) and Q= (0, 1 =2k, 1) (in-plane) and at Q= 0, k, 1)
and Q = (0, 1 —k, 1) (out-of-plane), with k = 2/7. The phason mode at the
zone center is shifted to finite energies which is due to a pinning effect due the
commensurate propagation vector. This effect appears to be rather small. The
out-of-plane mode splits up into two modes at the zone center which results from
the distortion of the easy-plane anisotropy. Modes polarized along a@ with a static
b-component are energetically preferred to a-modes with a static c-component”.
The developed spin-wave model produces a collection of three zone-center modes:
a low energy phason mode, an intermediate energy out-of-plane mode with static
b-component and a high-energy out-of-plane mode with static c-component. This
corresponds perfectly to the prediction by Katsura et al. in spiral magnets, shown
in Fig. 4.4. Only the intermediate out-of-plane mode with static b-component
should be electrically active by the DM mechanism: This mode rotates the spiral
plane around b which leads to an oscillation of the ferroelectric polarization along
@ via P, o Tij X (5’1 X 5]) This mode is the DM-electromagnon.

In the following we will compare the model described in this section with results
reported in the literature. In Section 4.4 we will compare the simulated dispersion
with data from inelastic neutron scattering and infrared spectroscopy.

Comparison to the literature

Our results of the elliptic cycloid dispersion along the direction of the propagation
vector perfectly match a recently reported calculation by Milstein and Sushkov [143].
Instead of linear spin wave theory they use the o-model-like effective-field theory
to model the magnon branches in TbhMnOj3. They work with an incommensurate
propagation vector of k= (0, 0.28, 0) a deformed elliptic spin spiral and introduce
an additional nearest-neighbor exchange J3, along d. Their anisotropy-terms
consists of an easy-axis along b and a DM-like anisotropic exchange along a@, which
is equivalent to an easy-plane crystal field anisotropy in our model [143]. They
attribute this feature to the dipolar displacement of the ferromagnetic polarization

Pt should be mentioned that the same model with an incommensurate propagation vector did
not show the splitting of out-of-plane modes. We attribute this discrepancy to problems of
the implementation of incommensurate structures.
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4.3. Model for magnetic excitations

Figure 4.14: Model of the crystallographic unit cell
of TbMnOj3, showing Mn moments in the spin spiral
phase with antisymmetric exchange interactions along
¢ (purple vectors) and staggered singe ion anisotropies
a along b (gray ellipsoids).

in the multiferroic phase. In their model, this DM interaction is D = 0.2 meV which
appears to be too strong for the relatively weak ion-displacement. First-principle
calculations estimated very small displacements of the order of 10™* [157,158], the
same order was found in an X-ray study [159]. We verified the influence of the
additional exchange J3, and the deformation of the ellipse to our model. The small
deformation proposed by Milstein and Sushkov only leads to minor variation and
J3, did not affect the dispersion along b.

A separate calculation of the spin dynamics has been done by Mochizuki et al. [114].
The underlying Hamiltonian consists of five terms: H = Ho, + HE + HE + Hpy+
Hy;q. The isotropic exchanges in H,, are identical to our model. The introduced
anisotropies include a hard axis HZ along ¢ and alternating local hard and easy
axes HE in the ab-plane due to staggering of orbitals. The DM terms along ¢
(DM,) and in the ab-plane (DM,;) are taken from local spin density approxima-
tion calculations [160] and experiments on LaMnOj [161]. They arise from the
[MnOgl-octahedra tilting and rotation in ThMnOj (due to Jahn-Teller and GdFeOs
distortion), which moves the oxygen ions away from the symmetry position between
two manganese ions [160,162]. The DM, is reported to be four times stronger [161]
and plays a crucial role in this model. It is able to stabilize the spin spiral in
the be-plane and, in competition with HZ | it can explain the spiral plane flop in
HF-C phases [141,163,164]. Finally, the biquadratic interaction term Hy;, in the
ab-plane originates from the spin-phonon coupling [165]. It helped to reproduce
optical spectra of DyMnOj [114]. The calculated magnon dispersion shows strong
anti-crossing and folding of modes. It does not properly reproduce the magnon
dispersion in ThMnOj [116,142] or DyMnOj [55] measured by INS.

The essential differences between the model developed in this section and the
model by Mochizuki et al. is the handling of the anisotropies. Our model stabilizes
the be-cycloid by a distorted easy-plane anisotropy while the other model uses an

accurate description of easy-axis anisotropies and DM interactions. We modified
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Figure 4.15.: Calculated neutron intensity for ThMnOsalong [0K1] of the total cross
section S*(w, Q) and the components MY (w, Q) and M?*(w, Q). The scattering ge-
ometry was chosen so that y is in the be-plane and z is parallel @. Different magnetic
models were used for the calculation: (a) Model M-III: elliptic spiral with moments
in the be-plane, k= (0, 2/7, 0) and a staggered elliptic easy-plane anisotropy and (b)
model M-IV: elliptic spiral with moments in the be-plane, k = (0, 1/4, 0), easy-axis
anisotropy along b and anisotropic exchange (DM).

our model step-by-step in order to analyze the implications on the dispersion.
Figure 4.14 shows crystallographic cell of TbMnOj including the Mn-moments, a
staggered easy-plane anisotropy in the ab-plane and a DM, anisotropy along C.
The vectors point towards the displacement of oxygen ions from the symmetric
position between two Mn-ions. The DM interaction in the ab-plane was neglected
because of its reported weakness (DM./DM,, ~ 4 in LaMnO3) [161].

First, we insert the staggering of the anisotropy direction in the ab-plane. The
model consists of an elliptic be-spiral with moments M, = 3.9 ug and M, = 2.8 up
and k = (0, 2/7, 0), Japy = 0.82meV, Jpy = —0.38meV, Jyy = 0.31 meV,
SIA, = —0.18 meV and SIA. = —0.09meV, shown in Fig. 4.15(a) (Model M-III).
The overall dispersion is unchanged from the staggering of the anisotropy. Minor
additional features are visible which may arise due to computational problems. To
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4.4. Magnetic excitations in the incommensurate phase

introduce the staggered anisotropy, the symmetry of the structure had to be set to
P1, which strongly increases the number of parameters for the calculation.

In a second step, the anisotropy along ¢ has been removed and the DM interac-
tion activated. The model has the following parameters: elliptic be-spiral with
moments M, = 3.9 up and M, = 2.8 up and k = (0, 2/7, 0), Japy = 0.82meV,
Jey = —0.38meV, Jyy = 0.31meV, SIA, = —0.10meV, SIA, = 0meV, DM, =
(0.64,—0.2, 0)meV. In the presence of the DM, interaction, the moments become
alternately modulated [164]. To account for this effect, the moments were tilted £4°
around the a-axis (cf. Fig. 4.14). The calculated intensity is shown in Fig. 4.15(b)
(model M-1V).

The result again nicely reproduces the main features of the previous calcula-
tions. This calculation of model M-IV verifies the assumption that the bc spin
cycloid can be stabilized by the combination of an easy-axis anisotropy and a
DM interaction. In the presented calculation, a strong antisymmetric exchange
of DM, = (0.64,—0.2, 0)meV is required to reproduce the experimental dis-
persion. The strength of the DM interaction seems to be exaggerated for a
relativistic effect induced by spin-orbit coupling [6, p. 144]. In transition-metal
ions, the orbital momentum is quenched in the crystal field and spin-orbit cou-
pling can be neglected for most observed systems [53, p. 48]. The values are
eight times stronger than the values experimentally determined for LaMnOj

(DM, ~ (0.08,—0.025, 0) meV) [161].

The spin waves in the spiral phase of ThMnOj3 have been calculated assuming three
different approaches. Their main difference with each other lays in the stabilization
of the spiral along the c-axis: Model M-II assumes a bc easy-plane anisotropy,
model M-IIT assumes that the ferroelectric displacement results in an anisotropy
along ¢, and in model M-IV the spiral is stabilized by an antisymmetric exchange
along ¢. The comparison of the models M-II, M-IIT and M-IV shows, that the
principal features of the dispersion can be reproduced equally well by all models.
In the following section we will compare the spin-wave models with the magnon
dispersion obtained by INS and discuss the different sets of exchange parameters.

4.4. Magnetic excitations in the
incommensurate phase

In the previous section, we developed a simple spin model with easy-plane
anisotropy which nicely reproduces the main features of the magnon dispersion
of TbMnOs in the multiferroic phase. The origin of the easy axis along ¢, which
stabilizes the spin spiral in the be-plane is still matter of debate. Mochizuki et al.
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Figure 4.16.: Calculated neutron intensity for ThMnOs along (a) [H,0.28,1], (b)
[0, K,1] and (c) [0,0.28, L] using model M-II. The calculation is based on an elliptic
spiral with moments in the be-plane, £ = (0, 2/7, 0) and an elliptic easy-plane anisotropy.

The dispersion was fitted to values obtained from inelastic neutron scattering (red points)
taken from Ref. [142].

suggest the influence of the intrinsic DM interaction along ¢ [114], whereas Milstein
and Sushkov propose the induced ferroelectric displacement in the multiferroic
phase to account for it [143]. When we reproduce both models, M-III and M-IV,
using Spin W [94], strong values of these effects are necessary to stabilize the spiral
which seems to overestimate the strength in the real system.

In a phenomenological approach by Mostovoy, the strong influence of Th-anisotropies
was discussed [43] which have not been taken into account by any of these models.
The introduction of Thb moments into the calculations presents a considerable
enhancement of complexity, since interactions between Th and Mn moments also
have to be considered. Therefore, we will continue to describe our data with the
distorted easy-plane anisotropy model M-II and leave the origin of the anisotropy
along ¢ open for discussion. The MATLAB code for model M-II is given in ap-
pendix B.

4.4.1. Fitting of the magnon dispersion

The magnon dispersion in the incommensurate multiferroic phase of ThMnOj3
has been investigated in detail using inelastic neutron scattering by Senff et
al. [12,116,142]. We will use the positions of the different modes extracted from
this data to fit the parameters of our model M-II, which was calculated using
the SpinW code [94]. Figure 4.16 shows the calculated magnon intensity along
the principal directions [H,0.28,1], [0, K, 1] and [0,0.28, L]. The mode energies
determined by INS at 17K taken from Ref. [12] are indicated with red points.
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4.4. Magnetic excitations in the incommensurate phase

Table 4.2.: Comparison of interaction exchanges and anisotropies in the multiferroic
phase of TbhMnOg3 by Senff et al. [12], Milstein and Sushkov [143] and this work (M-II,
M-III, M-IV). The next-nearest neighbor exchange is fixed to the propagation vector
k= (0, kine, 0) as Jyn = Jpar/2 cos(kiner).

Model Jeav (meV)  Japy (meV)  SIA (meV) DM (meV)

Senff et al., wyy | -0.10(1) 0.37(3) -0.02(1)

Senff et al., wyo | -0.15(1) 0.60(3) -0.11(2)

Milstein et al. -0.3 0.9 -0.125 -0.2 (DMpg)
Model M-I -0.38 0.82 -(0,0.12,0.09)

Model M-III -0.38 0.82 -(0,0.18,0.09)

Model M-IV | -0.38 0.82 -(0,0.1,0) (0.64,-0.2,0) (DM.,)

The exchange parameters and the anisotropies of our model have been fitted to
the experimental data. The presented calculation was done assuming an elliptic
be-spiral with moments M, = 3.9up and M, = 2.8 up and k= (0, 2/7, 0),
Jary = 0.82meV, Jpy = —0.38meV, Jyy = 0.31meV, SIA, = —0.12meV and
SIA. = —0.09 meV. The points extracted from INS data are very well described by
the simulation along the direction b of the propagation vector. The commensurate
approximation k = 2/7 ~ 0.286 of the incommensurate propagation vector seems
to be accurate. The dispersion along @ and ¢ can qualitatively be described but
there are deviations from the experimentally observed positions.

At this point, we would like to recall the simplicity of the model, which only consists
of three exchange interactions and two single-ion anisotropies. In the real system,
several other effects may influence the spin dynamics of the Mn-moments, such as
(a) the DM interactions both along ¢ and in the ab-plane [163], (b) the ferroelectric
displacements [166], (c) biquadratic [114] and ring exchange interaction [167]
and (d) the influence of the strong Th-moments via direct exchange or crystal
field [131]. The complexity of this system highlights the fact that the dispersion
can be described by a relatively simple model.

The determined interaction exchanges and anisotropies are compared with values
previously reported in Table 4.2. The values from Senff et al. differ by a factor of
two due to a different definition of the parameters. Bonds between moments are
counted either once or twice in different models, producing a factor of two.

The accuracy of the estimated exchange values can be verified by calculating
the Néel temperature Ty and the Weiss temperature using the Weiss mean-field
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4. Electromagons in TbhMnQOs

equations [162]:
TN,MF = (4/3)5(8 + 1)(2 . JFM — JAFM — JNN)/kb ~ 30K (44)
HN,MF = (4/3)5(5 + 1)(2 I + Jarm + JNN)/kb ~—171K (45)

These theoretical values can be compared to experimental observations. The
antiferromagnetic ordering temperature of ThMnOg is Ty ~ 41 K, where the Mn
moments form a spin-density-wave. Yet, the order is incomplete, as only the
b-component orders. Below Trg ~ 28K, when the moments form a bc-spiral,
the absolute ordered moment approaches the value of the isolated Mn?* moment
of pepr = 4.9 up [112]. The mean field value of the Néel temperature fits rela-
tively well the experimental values. The Weiss temperature was observed to be
Oy = —21.9(1) K for a polycrystalline sample of TbhMnOj3 [148]. Single crystal
data showed strong deviations of this value along the major symmetric directions:
Ong = 176(1) K, Onp = —9.3(5) K and 0y, = —128(1) K. Tb moments order
below T, along @, and are dominant along this direction. The same accounts
along l_;, since the Th-moments follow the ordering of Mn-moments in the upper
phase [11]. The c-direction primarily sees the Mn-moments and the measured
values correspond most to the value from the mean-field approach, which considers
only Mn-ordering. The frustration of the Mn-system is visible in the strong ratio
of Weiss and Néel temperature f = 0/Ty ~ —5.7.

Comparison with INS and IR data

In the proposed model M-II, there are two a-polarized out-of-plane modes at the
magnetic zone center at w,; = 1.0meV and w5, = 2.5meV. The splitting is due
to the distorted easy plane anisotropy: modes polarized along @ with a static
b-component (rotation around 5) are energetically preferred to ad-modes with a
static c-component (rotation around ¢). These two modes correspond to a rotation
of the spins around b (cycloid mode) and to a rotation around ¢ (helical mode),
referred to as w1 and w; 5. When we apply the DM mechanism to both excitations
only w,; changes the direction of the induced electric polarization and should thus
be electrically active (see Fig. 4.4 for comparison). The rotation of the spin-plane
around b leads to an oscillation of the induced electric polarization along @, while
a rotation around ¢ modulates only the magnitude of P, and leaves its direction
unchanged.

Senff et al. separated the in-plane mode from the two out-of-plane modes at the
zone center experimentally using neutron polarization analysis [12]. The extracted
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4.4. Magnetic excitations in the incommensurate phase

energies and mode-polarizations perfectly match our model. The phase of the
out-of-plane modes could not be determined. Looking at the magnetic phase
diagram, the authors argue that the rotation around b is lower in energy since the
electric polarization flips from P, to P, in modest magnetic fields H,; [8]. They
conclude that for the case of a perfect circular cycloid w;; = 1.0meV is the only
electrically active mode, which agrees with our argumentation. In addition, Senff
et al. point out, that the strict separation of both out-of-plane modes in the case
of an elliptic structure will not be valid anymore, which would allow a mixture of
modes, rendering both magnon excitations IR active [142].

Pimenov et al. report two electrically active modes, a stronger broad mode at
20cm™ = 2.48meV and a weaker one at 10cm™' = 1.24meV [57,59]. Both
positions perfectly correspond to the out-of-plane modes of our model and INS
experiments, but their spectral weight seems permuted with respect to the previous
discussion. Following the previous discussion, one would expect w,; to be stronger
relative to ws.

While in INS experiments one looks at the magnetic zone center at k;,. = 0.28,
in optical spectroscopy one is restricted to the wave vector of the photon which
is always close to zero [59]. Yet, static modulations of the magnetic structure
with the same wave vector can preserve the momentum conservation. The IR
spectra are thus composed of contributions at different wave vectors, such as k = 0,
k = kine and k = 2 - k., and their separation is not trivial [59]. It seems thus
convincing that the signal at 10 cm™! is attributed to the zone-center mode w1,
which is electrically active in the DM-picture. The strong spectral weight of the
upper mode may arise from a two-magnon process [65,142] or through the exchange
striction mechanism [55,114].

4.4.2. Comparison to time-of-flight data

Until now the magnon dispersion in the multiferroic phase of ThMnO3 has only
been reported along three main symmetry directions, as discussed in the previous
section. In order to verify the proposed spin-wave model M-II, a comparison to a
larger dataset is highly desired. We mounted a large single crystal (25 x 6 x 6 mm?)
in a cryostat in [0, 1,0/0, 0, 1] scattering geometry on the disk chopper time-of-flight
(TOF) spectrometer IN5 at the ILL. The instrument is set in direct geometry: a
monochromatic neutron pulse arrives at the sample and the position and flight
time of the scattered neutrons is measured in a detector bank covering a large
solid angle. The vertical angular range of the detector bank is £+20.55° which
limits the accessible range vertically to the scattering plane, i.e. the a-direction.
The accessible energy and () range as well as the resolution can be modulated by
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the choice of the incident neutron wavelength. The frequency of neutron pulses
is set so that the highest energy transfer is 70 % of the incident energy. The
experiment has been performed at 17K using three different incident neutron
wavelengths, \;; = 2.0A (Eip =20.5meV), \j2 = 3.75A (E;, = 5.8meV) and
Aig =52 A (E;3 = 3.0meV). The corresponding energy resolutions determined
at the elastic line were AF; ~ 0.84 meV, AFs ~ 0.22meV and AF3 ~ 0.08 meV.
The resolutions are typical for this instrument (AFE;/E; ~1.7 to 3.0meV) [86].
The treatment of the four-dimensional .S (Cj, w) datasets was done using the Ho-
race suite for MATLAB [87]. No background subtraction was performed. Two-
dimensional cuts were generated from the dataset by integrating over a specific
range in () and w. For an incident neutron wavelength A; ; the integration range was
0.2 (r.l.u) for @ and 1meV for E; (A;2: 0.1 (r.l.u) and 0.4meV, correspondingly).
The 2D-cuts were reshaped using the implemented smooth function for 2 x 2 pixels
for a better visualization of the data [87].

The simulation of the TOF data was done using the distorted easy-plane model
described in the previous section. 2D-cuts were produced using SpinW by taking
into account the magnetic form factor f,,(Q) of Mn*" and the Bose-factor for
energy-loss scattering 1/(1 — exp(,;)—?)). For the (@, E')-maps the energy resolution
was adapted to the experimentally determined value. A finite Q-resolution and
an integration over the vertical ()-component were considered to be dispensable.
Accordingly, the simulated constant energy maps were integrated over a finite
energy range (corresponding to the experiment) and no @-resolution was applied.
Figures 4.17 and 4.18 show the comparison of TOF data and SpinW simulation
for selected -scans along the principal directions. The intensity is logarithmically
color-coded. For all scans, the data could be nicely reproduced. The broadening of
the modes in the TOF data relative to the calculation is partly due to the neglected
@-resolution and vertical integration of the simulation. Mainly, it arises from the
intrinsic linewidth of the excitations, which has been found to be significantly larger
than the best resolution used here, i.e. higher than 0.2meV [116]. The datasets
using an incident neutron wavelength of A = 2.0 and 3.75 A show spurious signal
below 2meV for wavelengths below the lattice constant of aluminum A < 4.8A
coming from the aluminum sample holder and the cryostat.

The comparison of TOF data and Spin W simulation for constant energy cuts in the
be-plane is shown in Figures 4.19 and 4.20. The difference between the linewidth of
experimental data and simulation can again be attributed to the broadened intrin-
sic linewidth of the magnon excitations in ThMnOg3 and the missing () resolution
in simulation.

The comparison of TOF data in the multiferroic phase of ThMnO3 at 17 K with
simulated neutron intensity maps using model M-II with parameters given in
Table 4.2 is very convincing, cf. Figs 4.17, 4.18, 4.19 and 4.20. The dispersion
along all main symmetry directions, as well as the intensity weight is reproduced
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Figure 4.17.: Comparison of inelastic scattering maps of TbMnOj3 obtained from
neutron TOF spectroscopy at IN5 (left) at 7' = 17K) and simulation (right). The
incident neutron wavelength and the energy resolution are given in the plot headers.
Model M-II (cf. Tab. 4.2) was used for the simulation and the Bose factor as well as the
magnetic form factor were taken into account.
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Figure 4.18.: Comparison of inelastic scattering maps of TbhMnOgs obtained from
neutron TOF spectroscopy at IN5 (left) at T = 17K) and simulation (right). The
incident neutron wavelength and the energy resolution are given in the plot headers.
Model M-II (cf. Tab. 4.2) was used for the simulation and the Bose factor as well as the
magnetic form factor were taken into account.
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Figure 4.19.: Comparison of inelastic scattering maps of TbhMnOgs obtained from

neutron TOF spectroscopy at IN5 (left) at 7' = 17K) and simulation (right) in the

[0, K, L] plane. The incident neutron wavelength and the energy resolution are given in

the plot headers. Model M-II (cf. Tab. 4.2) was used for the simulation and the Bose

factor as well as the magnetic form factor were taken into account.
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Figure 4.20.: Comparison of inelastic scattering maps of TbMnQOj3 obtained from
neutron TOF spectroscopy at IN5 (left) at 7' = 17K) and simulation (right) in the
[0, K, L] plane. The incident neutron wavelength and the energy resolution are given in
the plot headers. Model M-II (cf. Tab. 4.2) was used for the simulation and the Bose
factor as well as the magnetic form factor were taken into account.
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4.4. Magnetic excitations in the incommensurate phase

quite well. The model M-II assumes only the ordering and interaction of Mn
moments with a distorted planar anisotropy. A qualitative description of the
excitation spectra in this phase is therefore possible without considering a Th-Mn
interaction and the influence of intrinsic and ferroelectric DM interactions. These
effects may be hidden in the model in the anisotropy term along ¢, which stabilizes
the spin-spiral in the bc-plane.

4.4.3. Chirality of excitations

Further insight of the complex excitation spectra can be gained by applying
experimental techniques to separate the different branches. Polarized neutrons
were successfully applied to distinguish the polarization of the three zone-center
modes [12]. By the application of an electric field, it is possible to obtain a mono-
domain sample and thus probe the magnetic chiral component —i(M, x M*),. This
technique has been been performed for ThMnO3 on magnetic Bragg peaks [49], the
temperature dependence of the propagation vector [128] and the magnon dispersion
along [H,0.28, 1] [137].

Aim of this experiment was the investigation of the chiral components of the
magnons along Q = (2, K, 1) in the multiferroic material TbMnO3 using spherical
polarization analysis with Cryopad in order to distinguish the different magnetic
excitations by their origin. In a simple cycloidal incommensurate structure one
may expect the phason branch to exhibit a strong chiral component which should
vary with the propagation vector. Contrarily, the out-of-plane modes should not
carry any chiral signal.

A large single crystal of TbMnO3 was mounted in [201]/[010] scattering geometry on
the cold neutron TAS instrument IN14 with Cryopad option at the ILL. Through-
out the experiment, we worked with a final neutron energy of Fy = 5.00meV

(ky=1.55 A_l) and a Be-filter on k. The neutrons were polarized by a supermirror
bender and analyzed by the Bragg reflection on a Heusler crystal. The flipping

Table 4.3.: Coordinate system in a polarized neutron experiment at Cj =—(2, 0.28, 1)
in TbMnO3 mounted in [201]/[010] geometry.

Q (rlu) £Q.a) £(@Qb) £(Q.0
x| (=2.00,—0.28,—1.00) | 20.8°  83.2°  70.4°

(

(

0.56, —5.00, 0.28) 97.0° 7.5° 92.5°
1.00, 0.00,—2.00) | 124.9° 90° 39.9°
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Figure 4.21.: Chiral magnetic scattering of TbMnOg measured by polarized neutrons.
(a) Temperature dependence of the cross sections o,z and oz, at the magnetic Bragg
peak Q = —(2, 0.28, 1) at IN14. An electric voltage of 7.8kV (&~ 355V mm™!) was
applied along ¢. (b) Energy scan at the magnetic zone center Q for both channels at
T = 17K. Two Gaussian functions were fitted to each curve. (c) Evolution of the
inelastic chiral intensity o,z — 0z, along —[2, K, 1] at T'= 17 K. The gray bars indicate
the positions zone-center modes [12].

ratio on a magnetic Bragg peak was F'R ~ 36 which corresponds to a polarization
of the neutron beam of approximately 95 %. The resolution at the given analyzed
wavelength was determined on the elastic line, AE ~ 0.24 meV. The crystal was
placed between two thin aluminum plates in order to apply an electric field along
the crystallographic c-direction, the direction of the electric polarization in the
multiferroic phase. The distance of about 22 mm between the two aluminum plates
therefore requires a high voltage to create the electric field needed to pole the large
crystal. We were able to apply a voltage of 7.8kV corresponding to an electric
field of 355V mm™1.

The chirality of the magnetic scattering can be obtained straightforwardly by the
determination of the chiral magnetic component. One has to ensure that the
propagation vector forms an angle with the basal plane of the spin spiral. We
performed the experiment around the position @ = —(2, 0.28, 1). We remind of
the coordination system used in a polarized neutron experiment with x parallel Cj , 2
vertical to the scattering plane and y perpendicular to z and y. The corresponding
vectors and their angles to the principal crystallographic directions are shown in
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Table 4.3. The subtraction of the spin-flip channels along x, 0,7 and oz,, directly
gives the background-free intensity.

The temperature dependence of the two spin-flip channels along = at the elastic
Bragg position at Q = —(2, 0.28, 1) is shown in Figure 4.21(a). The phase
transitions at Ty and Trg are indicated by dashed lines. The applied electric field
poles the domains in the sample and the polarization analysis is able to distinguish
between both vector chiralities. We obtain a ratio between both channels of
about 3 : 1 at the magnetic Bragg peak which corresponds to a chiral ratio of
Tehiral = % ~ 0.5. This value can only reach the maximum of r;..0 = 1 when

T

the scattering vector Cj is perpendicular to the spiral plane. From Table 4.3 an
angle between Cj = —(2, 0.28, 1) and the spiral plane bc of 69.2° can be deduced.
One also has to take into account the elliptic shape of the spin spiral and the
orientation of @ relative to the ellipse. This yields a maximum value of the chiral
ratio at this position of 7chiral,Qmax = 0.93. We can conclude that more than 75 %
of the sample were in one domain. In previous experiments a higher ratio of up to
Teniral = 0.8 was achieved [49,137]. This was only possible using smaller samples
which increased the maximum applicable electric field. In this experiment, a large
sample was necessary to investigate the generally weak inelastic signal which is
payed by a lower poling. The achieved value, nevertheless, is sufficiently high
enough to probe the chiral component of the magnetic excitations.

The magnetic excitations at the magnetic zone center at 17 K inside the multifer-
roic phase are shown in Fig. 4.21(b). At this scattering vector the contribution
of a-polarized out-of-plane excitations is strongly suppressed by the sizable b-
component, sin®(a,) = 0.12, and the scattering intensity comes primarily from
in-plane modes, sin®(as.) = 0.88. In addition, one can state that according to
the simple model only the low-energy phason mode carries a chiral component
and should be visible in the subtraction of the spin-flip channels along x. The
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4. Electromagons in TbhMnQOs

positions of the in-plane phason mode (w; ~ 0.1 meV) and the two out-of-plane
modes (wy ~ 1.0meV and w3 ~ 2.5 meV) are indicated by gray bars. The observed
chiral signal is remarkably broadened and can only be described by a combination
of two Gaussian functions (dotted lines).

Figure 4.21(c) shows the dispersion of the chiral signal 0,z — 0z, along Q@ = (2, K, 1).
The intensity of the subtraction decreases away from the zone center and vanishes
at the zone boundary Cj = —(2, 0, 1). At all positions, the signal is significantly
broadened and a pure influence from the finite resolution ellipsoid seems unlikely
with the good resolution of AF ~ 0.24meV. As the scattering vector is almost
fully aligned along the a-direction, an overlapping contribution of the out-of-plane
modes can be neglected. It seems instead that the phason itself is rather complex
and split into several contributions or branches. This new finding might be related
to the back-folding of a split phason mode, which was theoretically predicted by
Mochizuki et al. [114].

In the following, we will concentrate on the low-energy chiral signal whose energy
corresponds to the phason mode. In Figure 4.22 the chirality of the Bragg peak
signals (a) and (b) is compared with the dispersion of the chirality of the phason
mode. The elastic scan along Cj = —(2, K, 1) shows two magnetic Bragg reflections
with opposite chiral ratio. This is due to the scattering geometry when Cj changes
the sign. It explains the decrease of the phason chirality when approaching the
zone boundary in Fig. 4.22(c) to zero at the zone boundary @ = —(2, 0, 1). It
should be mentioned that by the application of an inverted electric field, the sign
of chirality of the Bragg peaks and the phason mode is fully reversed.

During the experiment it was not observed that the application of an electric field
resulted in a variation of the positions of the mode. The energy of the field applied
to the electric dipoles seems to be negligible in comparison to the magnetic interac-
tions. Accordingly, the magnon dispersion could be modeled without considering
the ferroelectric ordering in the spiral phase (cf. Section 4.3).

The investigation of the chiral components of the magnon modes in the spiral phase
of TbMnOj3 revealed another interesting finding. Figure 4.23(a) shows the chiral
component, i.e. the subtraction of both xSF channels 0,3 — 0z, of the excitation
spectrum at the magnetic zone center Q = —(2, 0.28, 1) at 17 K. The same scan
was measured at IN14, as described above, and at the thermal TAS instrument

IN20 at the ILL using k; = 2.66 AT performed by M. Baum [168]. The latter
experimental setting allows to measure at higher energy transfer, with the cost of
a relaxed resolution. Both spectra where matched by multiplying the IN14 data
by a factor of 20, which accounts for the higher flux on thermal instruments. For
both scans the sample was poled by an electric field. At low energies, the intensity
of the chiral component is strongly positive and exceeds the vertical scale (see
Fig. 4.21(c) for the full scale). Surprisingly, at higher energies, the intensity not
only decreases, but chances its sign at an energy transfer of approximately 4 meV.
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Figure 4.23.: Dispersion of chiral magnetic scattering in TbMnO3 at T'= 17 K, poled
by an electric field of E ~ 355 Vmm™!. (a) Chirality component, 0,z — 0z, of zone-
center modes measured on IN14 and IN20 [168]. The intensity of the IN14 scan was
multiplied by a factor of 20. (b) Simulation of chiral magnetic scattering Im(M¥Y* — M*Y)
in ThMnOs3 along Q = (2, K, 1). The sign of chirality is color-coded. The simulation is
compared to data obtained at IN14 (this thesis) and IN20 [168] at 7" = 17 K. The color
of the symbols corresponds to the sign of chirality of the modes.

This observation is visible in both scans and cannot be explained by statistical
variations. We can state that there is a high-energy mode at the zone center which
bears an opposite chirality with respect to the static Bragg peak.

The mode of opposite chirality could be followed through the Brillouin zone on
IN20 (data not shown) [168]. We will simulate the chiral magnetic scattering
using the model M-II, developed in this chapter, to investigate the origin of this
mode. Figure 4.23(b) shows the calculated neutron intensity M¥* — M*¥ (which
corresponds to the magnetic chiral component) along Q= (2, K, 1). The color
scale ranges from negative (green) to positive (blue) values. The calculation can
directly be compared to experimental values. Green dots denote the position
and sign of chirality of the phason mode. The values have been determined by
Gaussian fits to the data (an example is shown in Fig. 4.21). In addition, we show
values of the high-energy mode obtained at IN20. This mode shows a reversed
chirality, with respect to the static Bragg peak. The data extracted from both
experiments confirm the calculated opposite sign of the mode chirality arising from
back-folding of the phason mode of the neighboring Brillouin zone. The coexistence
of modes with different sign of chirality has been reported in BagNbFe3SisOqy
whose structure is intrinsically chiral [169,170].

We can conclude that the chiral component of the in-plane phason mode could be
well described by model M-II. The high energy modes of reversed chiral component
can be attributed to a back-folding of the phason mode. The discrepancy between
experiment and simulation is found in the width of the chiral component. While
the simulation predicts only a chiral component for the phason mode, the experi-
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Figure 4.24.: Inelastic neutron intensity of ThMnOgs along Q =0, K, 1)at T=17TK
(a) and T'= 2K (b) at Thales. The intensity is logarithmically color-coded. The sharp
diagonal features can be attributed to spurious signals arising from strong Bragg peak
scattering.

mentally observed chiral signal is significantly broadened and cannot be described
by a single mode.

4.4.4. Influence of the Tbh-subsystem

The Thb-subsystem orders at T, = 7K with a propagation vector of /;Tb =
(0, 0.42, 0) and with moments aligned parallel to the a-direction. It has been
proposed that below this temperature the propagation vectors of Mn and Tb order
are connected via 3kgy, — kp, = 1 which implies a sizable interaction Jys, 75 [131].
Even at 15K, a sizable polarized moment of Tb was found [11]. The rare-earth
magnetic ordering has a clear impact on the multiferroic phase [171] and Kajimoto
et al. found the development of additional Mn structures (G, C and F type) which
may arise due to the Th-subsystem [123]. Furthermore, Voigt et al. reported the
induced ordering of 4 f moments in the multiferroic phase [132].

The investigation of the magnon dispersion in ThMnO3 has so far been performed
at 17K or higher temperatures in order to avoid a stronger influence from the
rare-earth ions [142]. Nevertheless, it seems possible that, even in this temperature
range of the multiferroic phase, the influence cannot be neglected due to the
observations given above. A direct comparison of the spin excitations below and
well above the transition temperature of the 77, may help to understand the
relevant changes induced by the Th ordering.

The same large crystal used in the previous section was installed on the cold-
neutron TAS instrument Thales at the ILL in [010]/[001] scattering geometry. The
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4.4. Magnetic excitations in the incommensurate phase

experiment was performed with a fixed final neutron energy of £y = 4.64 meV

(kg =1.50 1&71) and a velocity selector on k;. PG-monochromator and analyzer were
set to be double-focusing. The instruments energy resolution of AE = 0.19 meV
was determined on the elastic line. It has been verified that the measured linewidth
of the magnetic excitations are intrinsic and did not sharpen with higher instrument
resolution at ky = 1.20 A_l.

Figure 4.24 compares the excitation spectrum in ThMnO3 along @ =(0, K, 1) at
17K, in the multiferroic phase, and at 2 K, below T,. The sharp features can be
attributed to scattering of the magnetic Bragg reflections. Usually these spurious
effects are eliminated using a Be-filter on ky, which was not available during the
experiment. At the higher temperature, only two spurions from the Mn Bragg
reflections are visible and at the lower temperature also the Th Bragg reflections
are visible. The overall features of the dispersion are recovered below Ty, but
especially at the zone center significant changes occur. All modes shift to higher
energies and at least one additional mode can be identified.

The changes of the spectra are studied in more detail in Figure 4.25(a)-(c). The
temperature dependencies in the range of 2 to 17 K are given for energy scans at

— — —

(a) @ =1(0, 0, 1), (b) @ =(0, 0.28, 1) and (c) @ = (0, 0.28, 1.5). First we look
at the magnetic zone center. A peak appears at a finite but still low energy (at
2K well below the Tb ordering this peaks lies at about 0.7meV). The smooth
temperature dependence enables us to interpret this low-energy peak as the phason
mode which acquires finite energy due to enhanced pinning at low temperatures.
Furthermore, the position of the mode at 2 K agrees well to an antiferromagnetic
resonance mode at 5cm™! = 0.625 meV measured in IR spectroscopy [59,144]. At
higher temperatures this mode shifts to smaller energies and moves out of the
energy range accessible by IR. The two a-polarized modes, i.e. the electromagnons,
harden upon cooling in perfect agreement with the IR studies [59,144]. The upper
one shows a kink at the inset of the Tbh order. More surprisingly, the lower of both
modes either splits up into two modes below 17, or a new mode appears. This
mode splitting is also visible at the zone boundary Q = (0, 0, 1), cf. Fig. 4.25(a).
The comparison of the magnon dispersion of the Mn-oder above and below the
ordering temperature of the Th-subsystem revealed drastic changes of the dynamics.
At low temperatures we find a splitting of modes and it is possible, that an overlap of
modes leads to the significant broadening of inelastic signal at higher temperatures.
Further investigations and a more complex simulation including the Th-order are
necessary in order to fully describe the dispersion below Try,.
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Figure 4.25.: Temperature dependence of inelastic neutron scattering of TbhMnOj3 at
(a) @ =
intensity is logarithmically color-coded. Selected energy scans corresponding to the color
map are shown on the right side.
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4.5. Magnetic excitations in commensurate high-field phase phase

4.5. Magnetic excitations in commensurate
high-field phase phase

TbMnOj3 shows a 90° flop of ferroelectric polarization (P, to P,) and spin-spiral
plane (be-plane to ab-plane) in magnetic fields applied along @ and g, resulting from
the giant magnetoelectric effect in spin-inducted multiferroics [8]. The polarization
flop can perfectly be explained with the DM model of the static structure [48,139].
A discrepancy was found when looking at the magnetic and electric excitations.
An INS experiment in fields H, revealed an excitation spectrum at the zone center
which is consistent with the flop of the spin-spiral plane [56] (a model is shown in
Fig. 4.4). According to the DM mechanism, the polarization of the electromagnon
mode should also rotate from @ to ¢, which could not be confirmed by IR spec-
troscopy [59].

Recently, Shuvaev et al. reinvestigated the field-induced flop in magnetic fields H,
and their IR experiments showed an electromagnon polarized along @ in the com-
mensurate high field phase HF-C. This mode would correspond to the out-of-plane
excitation of an ab-spiral and match the DM mechanism [60]. We used inelastic
neutron scattering in the H, high field phase to be able to directly compare IR
and INS results.

Experiment details

The experiment was performed at the cold TAS instrument IN14 at the ILL. A
single crystal of TbhMnO3 was mounted with the scattering plane defined by the
directions [1,0,0] and [0,0.25,1] in a 10T vertical cryomagnet. The (0, 0, 2)-
reflection of pyrolytic graphite was used to monochromate and analyze the energy
of the neutrons. The energy of the analyzed neutrons was fixed to Ey = 4.66 meV

(kf=1.50 1&_1). Selected scans were repeated with £y = 3.44meV (k; = 1.29 A_l)
to verify with better resolution that the broadening of the observed excitations was
intrinsic. We used vertical (monochromator) and horizontal (analyzer) focusing
in order to increase the neutron flux on the sample. A cooled beryllium filter
was mounted behind the sample in the neutron path to suppress contaminations
by higher-order neutrons. The measurements were done at two temperatures in
the multiferroic phase, 12K and 2K, in order to investigate the influence of the
Thb-subsystem and to compare the data with previous experiments.

In order to reach the magnetic propagation vector of the HF-C phase, Ewm =
(0, 0.25, 0), the b-axis had to be tilted relative to the vertical axis by a = 11.2°. An
applied magnetic field thus has components along b and @, respectively (98 %|| Hy
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Figure 4.26.: (a) Schematic phase diagram of ThMnOj3 for magnetic fields applied along
b [8]. Stars denote the positions of the recorded spin-wave spectra, the line highlights
the position of the temperature scan in (b). (b) Neutron intensity of the Bragg peak
position @2 = (2, qg, 1) as function of temperature in 8 T applied along b. The gray
bars indicate the magnetic phase transitions.

and 19%|| H.). As an example, at the maximum applied field of 8 T, we get
a distribution of 7.9T along H, and 1.6 T along H.. The induced transition in
magnetic fields H. occurs at all temperatures above 5T [8]. We conclude that
the small tilting of the magnetic field with respect to the b-axis has only a minor
influence on the system and in particular on the magnetic phase. No significant
changes are expected in both, the transition temperatures and the incommensurate
character of the phase. In this section, we will refer to a magnetic field applied
along b for simplicity.

In the high-field phase HF-C, the propagation vector k= (0, gx, 0) changes
from ¢ = 0.28 to gx = 0.25. This small difference has no significant impact on
the experimental setup, since both vectors are within the vertical resolution of
the spectrometer and the dispersion along b is known to be rather flat [142]. In
the following, we will refer to the zone center positions as Q1 = (0, gz, 1) and
QQ = (2, qx, 1) for both spiral phases, in zero field and in fields Hj.

Phase transition

The magnetic phase diagram of TbhMnO3 in magnetic fields applied along b is
schematically shown in Figure 4.26(a), after Ref. [8]. Black solid lines indicate the
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4.5. Magnetic excitations in commensurate high-field phase phase

different magnetic phases: an incommensurate SDW phase at higher temperatures,
an incommensurate be-spiral phase in low fields (LF-IC) and a commensurate
ab-spiral phase (HF-C) at high fields. Both spiral phases develop a ferroelectric
polarization P. and P,, respectively. Stars denote the positions in the phase
diagram of INS spectra investigated in this section.

The temperature dependence of the neutron intensity at magnetic Bragg peak
position Qy = (2, qx, 1) in H, = 8T is given in Fig. 4.26(b). The position in the
phase diagram is indicated as a red dashed line. The evolution of scattered intensity
with decreasing temperature can be understood as follows: Below Ty = 42 K, the
Mn-moments order in a SDW, leading to an increase of intensity. The transition
into the LF-1C phase at Trr = 28 K results in a strong enhancement of intensity. In
this phase, the magnetic structure develops a ¢-component, to which the scattering
vector Qg = (2, qx, 1) is sensitive.

At about 17 K, the neutron intensity shows a sharp feature at the LF-IC—HF-C
transition, which is followed by a decrease of intensity. Here, the spin-spiral plane
flops from bc to ab [48]. The magnetic moment which contributs to the scattering
M, changes with Cj This is why the scattering vector C?g = (2, qx, 1) is less
sensitive to magnetic components parallel to @, which results in a loss of scattered
intensity. The flop of the spin-spiral plane is accompanied by a change of the
propagation vector k= (0, qx, 0) from g =~ 0.28 to the commensurable value
of ¢, = 0.25. This may explain the sharp peak at the transition under the given
experimental conditions.

4.5.1. Zone-center modes in the HF-C phase

In the following, we will discuss the magnetic excitation spectra in the zero field
and the high-field multiferroic phase. Inelastic scans at the magnetic zone centers
C}l = (0, qx, 1) and @2 = (2, qx, 1) are presented in Fig. 4.27. The spectra were
recorded in the LF-IC phase at H, = 0T and in the HF-C phase at H, = 8T.
Two different temperatures were chosen: well above (12K) and below (2K) the
ordering temperature of the Th-subsystem.

Strong magnetic signals are present in all four spectra. A weak feature is common
in all spectra at an energy transfer of approximately 4.5 K. This feature has been
identified in an INS study in zero field as a contribution of the crystal field (CF)
excitation of the Th-subsystem [12]. Crystal field calculations done on ThMnOj
agree with this interpretation and find wr, = 4.6 meV [172]. We will ignore this
CF excitation in the following, as no significant changes can be observed in all
spectra above 4meV. In contrast, the applied magnetic field has a remarkable of
influence on the low energy excitations at both investigated temperatures.
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Figure 4.27.: Zone center excitations at the magnetic Bragg positions @1 = (0, qx, 1)
and Qa2 = (2, qu, 1) at IN14. The spectra were recorded at (a) 12K and 0T, (b) 2K
and 0T, (¢) 12K and 8 T and (d) 2K and 8 T, with the magnetic field applied along b.
The gray bars denote the positions of the low-energy magnon modes of the Mn-order.

At zero field, the magnon spectrum consists of three different low-energy branches
which are indicated with gray bars in Fig. 4.27(a). These features can be attributed
to the Mn-order, which has been shown by the comparison of the Q—dependence
of the inelastic signal with the magnetic form factor of Mn** by Senff et al. [12].
Furthermore, the authors applied longitudinal neutron polarization analysis and
were able to unambiguously identify the phason mode (low-energy mode) as well
as two a-polarized modes [12].

The zone center excitations could be well described by fitting three Gaussian
functions to the data. The positions of the peak energies are indicated as gray bars
in Figs. 4.27(a-d). The energies found at 12K and 8 T are slightly higher than
those in Reference [12], where the spectrum was recorded at 17 K. This observation
is consistent with the hardening of modes in lower temperatures and is even more
pronounced at 2K in Fig. 4.27(b). The temperature dependence of the magnetic
excitations will be discussed in a separate section.

The change of the spectra form the LF-IC phase to the HF-C phase is similar at
both investigated temperatures. At 12K in the high field phase, the spectrum
can be decomposed into two strong excitations, centered around 0.7 meV and
2.0meV, as well as a weaker excitation around 2.5 meV, indicated by gray bars
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in Fig. 4.27(c). These three modes shift to slightly higher energies at 2K, see
Fig. 4.27(d). In addition, a fourth peak appears at this temperature at approxi-
mately 3.5meV. At 12K, this peak transforms into a broad signal, which shows
the same )-dependence. From the temperature dependence, we may assign this
mode to arise from Tb-ordering. In the following, this feature will be excluded
from the analysis and discussion.

Polarization of HF-C magnetic excitations

A systematic analysis of the Cj—dependence of the magnetic excitations will be ap-
plied in order to determine their polarization character. Only magnetic components
perpendicular to the scattering vector, S 1, contribute to the neutron scattering
intensity. The observed intensity of the modes is proportional to the magnetic
form factor of Mn3* and the angle a between @ and the magnetic polarization:

I < f2(Q)sin*(a) . (4.6)

The excitation spectrum in the HF-C field was recorded at two different zone
centers Q; = (0, qp, 1) and @y = (2, qu, 1). Fig. 4.27(c) spectra recorded 12K
and 8 T. The magnon frequencies extracted from fitting are identical at these two
Q points: Aw, = 0.73meV, hws = 1.98 meV and hws = 2.47meV. Their spectral
weight changes drastically at both positions: The mode w; is stronger for @2 and
ws 1s enhanced for Ql. The identification of the weak mode ws suffers from the
fact, that it slightly overlaps with the stronger mode at ws. A comparison with
the low temperature data helps to reveal their Cj dependence, which is the same
as for w;.

We can state that C}—dependence of the three investigated modes is similar at both
temperatures in 8 T in the HF-C phase. In this phase, the Mn-moments form a
spin-spiral in the ab-plane. In-plane (ab-polarized) and out-of-plane (c-polarized)
modes can be distinguished with the help of Eq. 4.6 by looking at the angle o be-
tween Cj and ¢. This angle can be calculated to be ay = 17.5° for @1 and ap = 70.4°
for @2. For magnetic fluctuation polarized predominantly perpendicular to ¢, one
expects increasing of scattered intensity towards higher a. We will show that this
is the case for wo: For an entirely ab-polarized mode, one expects an intensity ratio
of 15,:15, = 4.4. The experimentally observed ratio of Ii”ipzlizp = 4.0 supports
the assumption. The wy mode may thus be identified as the phason mode of the
ab-cycloid.

The same analysis will be applied to the the modes w; and ws. Their @—dependence
shows the opposite behavior: a decrease of scattered intensity for increasing .. This
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suggests that these modes are polarized parallel to the c-axis. The intensities at
both positions, w; and ws, yield an intensity ratio of [g’ip 1 efzp = 0.2. This is in good
agreement with the expected value for a purely c-polarized mode, I g,1g, = 0.4
This comparison allows the assumption that the modes w; and ws are out-of-plane
modes of the ab-cycloid.

The analysis of the zone center spectra in the HF-C phase, shown in Fig. 4.27(c-d),
revealed the presence of a in-plane mode (wy) and two out-of-plane modes (w;
and ws) of the ab-spiral. We can show that our observations are fully consistent
with the field-induced flop of the magnetic cycloid from the bc to the ab-plane.
The strong mode wy is polarized within the ab-plane and should correspond to
the phason mode of the commensurate spiral. The energy of the phason mode is
strongly enhanced in comparison with the LF-IC phase, from ~ 0.1meV at 0T
to 1.9meV at 8 T. This enhancement can be attributed to the strong pinning of
the commensurate spiral at high fields. The same pinning effect of the phason
mode was found for the H, transition [56]. The two other modes, w; and wj,
are polarized perpendicular to the spiral plane and correspond thus to the two
out-of-plane modes of the zero field spiral. A sketch of the zone-center modes in
the LF-IC and the HF-C phase is shown in Fig. 4.4. The two out-of-planes differ
from each other as one consists of a static a-component (rotation of spins around
d: helical mode), while the other consists of a static b-component (rotation of
spins around b: cycloid mode). The latter mode is expected too strongly couple to
an alternating electric field along ¢ and should be visible in optical spectroscopy [54].

Comparison to IR spectroscopy

Shuvaev et al. reported an optical experiment in the HF-C phase for magnetic fields
along b [60]. The authors indeed find evidence for an electromagnetic excitation
around 2.6 meV at 6 K, which is electrically polarized in c-direction. The signal
was associated with the dominating peak reported by the previous INS experiment
in the HF-C phase [60]. This interpretation, however, does not seem plausible, as
this strong mode clearly can be identified as the phason mode, which should not
be magnetoelectrically active [56]. The previous INS experiment was performed in
magnetic fields along @ and a direct comparison with the optical data cannot be
made. Our experiment shows, that the magnon modes polarized perpendicular
to the cycloidal plane are significantly different in the HF-C phases induced by
magnetic field along a@ [56] or b. Senff et al. reported mode frequencies of 0.5 meV,
2.25meV and 3.0meV at 17K and in 12T applied along a.

The modulation of magnon energies with the direction of the magnetic field can be
understood by simple considerations. A magnetic field along b will favor the reduc-
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Figure 4.28.: (a) Magnetic field dependence of the zone center excitations at the
magnetic Bragg positions Q1 = (0, qx, 1) and Qs = (2, qx, 1) for field applied along
b at 2K at IN14. (b) Temperature dependence of the zone center excitations at the
magnetic Bragg positions Q1 = (0, gz, 1) and Q3 = (2, g, 1) in 8T applied along b.

tion of the antiferromagnetically ordered moment along g, so that the magnetic
polarization does not need to overcome the exchange. Following this approach, we
suppose that the lower of the out-of-plane modes, wy, corresponds to the mode in
which mainly the b-component oscillates in c-direction, the helical mode. Subse-
quently, the mode wjs is likely to correspond to the rotation around the direction
of the magnetic propagation vector I;, the cycloid mode. This mode rotates the
spiral plane and is expected to induce a strong dielectric oscillation via the DM
mechanism [54]. The frequency of w3 only changes slightly with temperature and
thus perfectly matches with the optical experiment performed at 6 K [60]. An
electrically active c-mode in both HF-C phases has also been detected at the
same energy by Raman spectroscopy, hardening our interpretation [173]. In an
INS experiments performed on DyMnOj [55], the cycloid rotation mode was also
found at the same frequencies as a low-energy optical signal, which matches our
conclusion for the HF-C phase in ThMnOs.

4.5.2. Dependency of modes on Hy,, T and @

The evolution of the magnetic zone center spectra with increasing magnetic field
along b is shown in Figure 4.28(a) at 2 K. The spectra were recorded at two zone
center positions Q; = (0, gk, 1) and Qs = (2, qx, 1). Within the LF-IC phase and
the HF-C phase, the spectra are practically identical and show no influence of the
field and can be described using the same frequencies. Between 4T and 6.2T the
excitation spectrum changes drastically, when the spiral-plane flops from bc to ab.
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Figure 4.29.: Intensity mapping of the spin-wave excitations at (a) 12K and (b) 2K
along @ = (H, qg, 1) in 8 T applied along b at IN14. The dispersion was fitted applying
the same model as the one described in Ref. [56] using the parameters given in the plot.

The data reflects the strong first-order character of the LF-IC to HF-C transition.
Figure 4.28(b) shows the temperature dependence of the magnetic excitations in
H, = 8T at the same zone center positions le = (0, ¢, 1) and @2 =(2, q, 1).
From the phase diagram in Fig. 4.26, we can deduce that the system is in the LT-IC
phase at 21 K. The spectral weight is centered at low energies at this temperature,
in agreement to previous reports [142]. At 17K, the system is close to the LT-IC
phase transition, but the feature at low energies is still enhanced and the phason
pinning can be incomplete. Finally, at 12 K the Mn-moments are ordered in the
HF-C phase and the spin-wave spectrum changes significantly. The intensity at
low energies is suppressed, whereas a strong mode centered around 2meV evolved.
Between 12K and 2 K the modes slightly shift towards higher energies.

In the given experimental geometry, it was possible to follow the magnetic ex-
citations in the HF-C phase along Q= (H, qx, 1). Figure 4.29(a-b) shows a
logarithmic intensity mapping of energy scans along the a-direction between the
two magnetic zone centers Q; = (0, g, 1) and Qs = (2, gy, 1) in H, = 8T
at temperatures of 12K and 2K. Open and filled circles denote the position of
the modes obtained by fitting Gaussian functions to the spectra. Filled points
were used to fit the spin-wave dispersion along @. A simple spin-only Hamiltonian
model was used assuming a FM exchange Jg); between nearest neighbors within
the ab-planes, an AFM exchange J4ry; along ¢ and a single-ion anisotropy A.
This model has been used before to describe the dispersion in the zero field multi-
ferroic LF-IC phase and the HF-C phase in H, [56,142]. The interaction Japas
along ¢ has been fixed to the value used in Ref. [56]. The simple model fails to
describe the splitting of the different branches and the incommensurability along
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b. Nevertheless, it allows to estimate values for Jg,; and the anisotropy A in the
HF-C phase, which can be compared to the zero field phase and the HF-C phase
in fields H,. The overall dispersion is very similar in all phases. Accordingly, the
obtained value for Jry; &~ 0.13meV at both temperatures does not differ from the
zero field phase. It indicates that the magnetic field influences the Mn-anisotropies
without a significant change in the Mn-interactions. The most pronounced effect on
the dispersion is the strong enhancement of the phason mode in the high-field phase.

4.6. Conclusion

The magnetic properties of the multiferroic phase of ThMnOj3 were investigated by
unpolarized and polarized neutron scattering. It was possible to characterize the
magnetic fluctuations in the system and to accurately describe the spin wave dis-
persion in the multiferroic phase. ThMnQOj3 is a prototype material for multiferroic
materials of spin origin [5]. It is also the first material in which electromagnetic
excitations were observed [12,57].

We find diffuse magnetic scattering in TbhMnQOj3, which is present well above the
antiferromagnetic transition temperature at T = 42 K. The fluctuations could be
separated into contributions from Mn and Th moments by using neutron polariza-
tion analysis. Magnetic fluctuations could also be observed in the ordered SDW
phase. They can be seen as precursor of the ferroelectric transition at Trgp = 28 K
and indicate an almost continuous transition towards the spin-spiral phase. The
fluctuations in the paramagnetic phase could be well described by a mean-field
approach.

The magnetic excitations spectrum in the multiferroic phase was investigated
in detail by time-of-flight spectroscopy. The comprehensive dataset was used
to develop a spin-wave model in oder to describe the magnon dispersion using
linear spin wave theory. We were able to achieve a convincing agreement between
experimental data and simulation along all crystallographic directions. The model
takes into account the nearest-neighbor exchanges along ¢ and in the ab-plane, as
well as the next-nearest-neighbor exchange along b. The latter one accounts for the
frustration of the system [12]. At the zone center, we find an in-plane mode and
two out-of-plane modes of the spiral. The splitting of the out-of-plane mode was
achieved by introducing a distorted easy-plane anisotropy. The spin-wave model
accurately describes the polarization of modes observed by INS [12] and allows to
identify the electromagnon of the DM mechanism. Its energy at the zone center
perfectly agrees to observations from IR spectroscopy [57].

Neutron polarization analysis was used in order to investigate the chiral component
of the excitation spectrum. The application of an electric field enables to pole
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the domains of the spin-spiral in the multiferroic phase. The dispersion of the
chiral component is well reproduced by the developed spin-wave model. The model
simulation allows us to explain the observation of modes with reversed chirality in
the same Brillouin zone by a back-folding of branches.

The influence of the Th moments on the magnetic excitations of the Mn-order was
analyzed by a comparison of the excitation spectra above and below the ordering
temperature of the Th-subsystem. At the onset of the Th-order, the excitation
spectrum shows significant changes. We observe a separation of modes below the
transition temperature indicating a significant Th-Mn interaction.

Finally, the excitation spectrum in the commensurate high field phase of ThMnO3
was investigated. In this phase, the spin spiral flops to the ab-plane which coin-
cides with a flop of ferroelectric polarization [48]. It was possible to analyze the
polarization character of the zone center excitations in this high-field phase and to
compare the energies with results from IR spectroscopy [60]. The good agreement
of the dataset allows for the conclusion that there is an electromagnon in ThMnOj3
which is of DM-origin.
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Chapter 5

Magnetic fluctuations in MnWQOy4

After the discovery of the multiferroic behaviour of
TbMnOg, many other compounds were found in which

. : . . =4.82 A

a magnetic structure induces an electric polariza- MnVYQ4P2/ - e
. . . . monaoclinic, (o] _

tion [34]. One among these materials is MnWOy,, which c=7.40A

k.=(-0.25, 0.5,0.5) B=91.07°

was found to be multiferroic independently by three |’
groups [17,46,47]. The study of this compound benefits Colinearll Gycicid | SDWl |
from the fact that, unlike in the case of RMnOg3 mate- minac minactb minac
rials, only one type of magnetic ion is present and it is ke | FEhe | ke
considered to be a prototype multiferroic. In the past,
peutron polarizatiqn analys'is has been a Valuak?le togl Figure 5.1.: Crystal parameters
in order to reveal information about the multiferroic o magnetic phase transitions in
phase in MHWO4 [13, 50, 51, 176] MnWO, [47’ 174, 175]‘

In this chapter, three different polarized neutron scat-

tering techniques were used in order to investigate the

successive magnetic phase transitions in this material. Furthermore, the close
coupling of ferroelectricity and magnetic order allowed to study the magnetic
excitations in dependence of an applied electric field.

(-0.214, 0.5, 0.457)

8.0 123 135 T(K)

91



5. Magnetic fluctuations in MnWQO,

5.1. Introduction

5.1.1. Crystal and magnetic structure

Manganese tungstate crystallizes in a wolframite structure, which is described
by the monoclinic space group P2 /c with the following lattice parameters: a =
4. 84A b= 576A, c = 4.99A and a monoclinic angle of 5 = 91.08° at room
temperature [174]. Characteristic properties of the system are summarized in
Figure 5.1. The crystal structure is shown in Figure 5.2. Manganese and tungsten
ions are surrounded by distorted edge-sharing [Og]-octahedra, which form zig-zag
chains along the crystallographic c-direction. Chains of manganese and tungsten
are arranged in be-planes which alter along the a-axis. The nuclear structure is
centrosymmetric and thus non-polar.

In this material, only the transition-metal carries a magnetic moment (Mn**, 3d°,
S = 5/2 and L = 0 for single ion). The moments occupy the 2e position on
a two-fold rotational center. Upon cooling, MnWO, undergoes three successive
magnetic phase transitions as determined by neutron diffraction [174,175,177]:

o AF3 at Ty = 135K, ki = (—0.214, 0.5, 0.457)
The magnetic moments form an incommensurate sinusoidal spin density wave
(SDW). The moments are collinear along the easy axis €,. in the ac-plane,
forming an angle of 35° with the a axis.

o AF2 at Ty = 12.3K, ki = (—0.214, 0.5, 0.457)
Inside this phase, an additional spin component evolves along b-direction
yielding transformation towards an elliptical spin spiral with the major axis
along €,. and the minor axis along b.

o AF1 at Ty, = 8.0K, k. = (—0.25, 0.5, 0.5)
The system undergoes a first order transition towards a collinear antiferro-
magnetic structure with a commensurate propagation vector. The magnetic
moments are aligned along the easy axis €.

The magnetic structures where derived by Lautenschlager et al. by applying
group theory considerations [126,175,178]. A magnetic propagation vector of
the form k = (kz, 1/2, k,) reduces the crystal symmetry from P2/c to Pc. The
corresponding little group G = {1, c} contains two irreducible representations,
denoted as ! and I'®2 in the literature. The Mn moments are located at the
Wyckoff position 2e at (0,y,1/4) and are connected by symmetry via the glide
reflection c¢. Two such moments have a phase shift of e=2™+*. depending on
their distance along ¢, 7., and the incommensurability £;. The SDW of the AF3
phase can be described by a single irreducible representation. In this phase, the
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Figure 5.2: Crystal structure
of MnWOy: manganese (green)
and tungsten (grey) are sur-
rounded by oxygen (red) oc-
tahedra. These octahedra
form planes perpendicular to d.
The size of the atoms reflects
their relative ion radius [118].
[MnOg]-octahedra form zig-zag
chains along ¢.

b-component of the magnetic moments is unordered [175]. The development of
the b-component in the spiral AF2 phase is only possible by taking into account
a combination of both irreducible representations. The sequel of second-order
phase transitions, PM—SDW and SDW—spiral, can be attributed to the onset
of the corresponding irreducible representations and has also been observed in
the spiral multiferroics ThMnOg3 and NizV,03 [11,179]. The transition towards
the commensurate phase AF1 is of first-order and the magnetic structure can be
described in the space group C,2/c [178].

Sketches of the three magnetic phases are shown in Fig. 5.3. The crystallographic
unit cell consists of two manganese positions which are connected by symmetry.
In the figure, the unit cell is extended ten times along ¢, the direction of the
zig-zag chains. Similar to the case of ThMnOj3, the magnetic moments in MnWO,
order first in a collinear spin density wave before a spiral structure is realized
with the onset of an ordered component along b. The ground state structure
is again collinear with a commensurate propagation vector. The transitions at
Tnz and Tyo are reported to be of second order, whereas the incommensurate-
commensurate transition at Ty is of first order [175]. The AF2 spiral phase
coincides with the presence of a ferroelectic polarization along g, which only exists
in this phase [17,46,47]. Further details of this multiferroic phase will be discussed
in the next section. The development of an incommensurate spiral structure and
a ferroelectric polarization in MnWOQ, is unique among the family of transition-
metal tungstates, which order in a commensurate antiferromagnetic structure (e.g.
MWO, with M = Cr, Fe, Co, Ni, Cu) [174,180,181].

Noncollinear spin arrangements generally occur in order to reduce the extent of
geometric spin frustration [53]. Indeed, a moderate degree of frustration can be
derived from the comparison of Curie-Weiss and Néel temperature, f = —0/Ty ~ 5
(with § = —=75K and Ty = 13.5K [47,177]). The frustration is driven by the
distortion of [Og]-octahedra which decreases the nearest-neighbor exchange along
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P AF1 AF2 e AF3
—Ca~ —_—

Figure 5.3.: Magnetic phases of MnWQ4. The Mn moments order successively in
an incommensurate spin density wave (AF3, Ty3 ~ 13.2K), an incommensurate spin
spiral (AF2, Ty ~ 12.3K) and at last in a commensurate antiferromagnetic structure
(AF1, Tyy = 8.0K). The easy magnetization axis lies in the monoclinic plane and forms
an angle of approximately 35° with the a-axis. The multiferroic AF2 phase exhibits a
ferroelectric polarization P,; which is connected to the spin spiral via the DM mechanism,
ﬁel X Fi,j X S’; X gj-

the edge-sharing chains [182]. Hence, the analysis of the magnon dispersion in
MnWOy, yields a competition of nine to eleven long-range exchange interactions [182,
183, 184].

5.1.2. Multiferroic AF2 phase

Between Ty = 12.3K and Tyx; = 8.0K, the Mn-moments in MnWQO, form an
elliptic spiral with the major axis along €,. and the minor axis along b. In this
phase, the antiferromagnetic structure coexists with a ferroelectric ordering, ren-
dering it multiferroic. Even more, both orders are closely coupled because the
spiral magnetic structure directly induces the electric polarization (P, =~ 50 uC/m?
at 8K) [17,46,47]. Similar to the case of the multiferroic phase of TbMnOj, the
induced ferroelectricity in MnWQO, can be explained by the inverse Dzyaloshinskii-
Moriya interaction [15]. The spins form zig-zag chains along ¢. The cross product
of two neighboring spins lies in the ac-plane. In such a configuration, a ferroelectric
polarization along b is expected by applying Eq.2.6, which perfectly matches the
experimental observation. The sign of the polarization P, can be assigned to the
direction of rotation of the spin spiral, i.e. the vector chirality of the spiral.

The accuracy of the proposed DM mechanism in the case of MnWO, was demon-
strated by probing the influence of the electric field on the magnetic ordering.
Using polarized neutron scattering, one can measure the chiral magnetic term
—z(M 1 X MI)J;, which is of opposite sign for the two chiral domains for the choice
of an appropriate scattering geometry, cf. Tab. 3.1. The appearance of the chiral
magnetic term coincides with the ferroelectric polarization [137]. Sagayama et al.
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were the first to show that the magnetic chirality in MnWQO, can be switched by
alternating the applied electric field upon field-cooling through T [13]. Subse-
quent application of this experimental technique revealed full hysteresis cycles of
the chirality [50,176, 185] and switching time of chiral domains in the order of
milliseconds [51]. The values of the derived switching times of the spiral match
values determined from second harmonic generation [186] and dielectric measure-
ments [187,188].

Effect of applied magnetic fields and doping

The magnetic field vs. temperature phase diagram for MnWQO, was at first inves-
tigated by Ehrenberg et al. [189], before the discovery of the multiferroic phase.
Fields applied along the easy axis €,. stabilize the spiral phase AF2, while this
phase is completely suppressed in fields applied along the monoclinic axis b. Mag-
netic fields applied perpendicular to €,. and b only slightly shift the transition
temperatures of all phases. It was confirmed by pyroelectric measurements that
the findings also apply for the ferroelectricity [17,47]. In addition, Taniguchi et al.
find a flop of ferroelectric polarization from B, || b to B, || @ for H, > 10T [17].
Using neutron diffraction techniques, this flop could be connected to the flop of the
spin spiral plane [190]. The Zeeman energy induces a spin flop at high magnetic
fields aligning the moments perpendicular to the field direction [53]. The coexisting
flop of the ferroelectric polarization is another support for the validity of DM
mechanism explaining the multiferroicity in MnWO,. A similar field-induced flop
of polarization is present in the RMnOj series (cf. Section 4.1.3). There, the flop
is most probably related to a strong influence of the rare-earth ion moments [43].
The frustration of the magnetic order in MnWOQ, discussed in this section is
also visible in the strong influence of small doping. As an example, doping with
Fe?™ [191,192] and Cu?* [193] suppresses the multiferroic AF2 phase, while the
AF2 phase becomes the ground state for Co*™ [194] and Zn*T [195] doping. The
frustrated system appears to be very sensitive to the varying single-ion anisotropies
of the doped elements on the one hand, and an interruption of Mn exchanges on
the other hand.

Magnetic and electric excitations
The spin wave dispersion in MnWO, has been investigated by inelastic neutron

scattering (INS) by Ehrenberg et al. [182,196]. They report four magnon modes in
the commensurate AF1 phase and are able to describe their dispersion using nine
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exchange interactions and an easy-axis anisotropy (see Fig. 5.4). The magnetic
interaction occurs by superexchange via one or two oxygen ions. Surprisingly, even
the long-range exchange parameters are of sizable strength and are necessary to
describe the systems properties, whereas the intra-chain interaction along ¢is rather
small. The authors conclude, that the strength of this nearest-neighbor interaction
is significantly reduced by the [MnOg]-octahedra distortion. The distortion results
in an enhanced Mn-O-Mn bond angle of approximately 95° [174], which reduces the
nearest-neighbor exchange J; within the chains [196]. For isostructural compounds
MWO, with M =Fe, Co and Ni, this angle is almost rectangular and the exchange
Jy is strongly ferromagnetic [196]. For M =Mn and Cu, the angle is enhanced,
weakening Jyy relative to next-nearest-neighbor exchanges. This is believed to be
one of the major differences relative to other MWO,, leading to a strong degree of
frustration in MnWO,.

Density functional calculations and classical spin analysis were later used to deter-
mine the magnetic structure in the AF1 and AF2 phase, which revealed a different
result for the AFM coupling between the spin chains along b-direction [183]. In a
successive neutron time-of-flight (TOF) study by Ye et al., the model had to be
extended to eleven exchange parameters in order to properly describe the dispersion
along different directions, using yet again a different set of magnetic interaction
parameters [184]. First-principle calculations support this set of exchanges [197].
Nevertheless, it has been pointed out by Matityahu et al. [198] that especially the
calculated Curie-Weiss temperatures from all proposed sets of exchanges strongly
deviate from the experimental value of Oow ~ —75 [47]. They attribute the
discrepancy to a wrong choice of exchanges. Indeed, all models assume only
an easy-axis anisotropy which might oversimplify the problem. For example, in
an X-ray absorption study, a more complex situation was reported for the Mn
moments, including two principal axes for the magnetic anisotropy and a DM term
of similar size [199].
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b
y
Q,x
Figure 5.5: Sketch of neutron polarization analysis ge-
ometry at @ = (—0.21, 0.5, 0.45) in MnWO, in the
P [-0.21,0,0.45]/[0, 1, 0] scattering plane. The dedicated coor-
c @8 dination system is defined as x parallel (), z vertical and y
perpendicular to x and z. The gray plane is spanned by b and
the easy axis €, and symbolized the orientation of magnetic

moments in the spiral AF2 phase. The easy axis lays in the
ac-plane and is canted by approximately 35° relative to d.

In the AF2 phase, the excitation spectra change drastically, and surprisingly, there
are until today no reports of the spin wave dispersion in this ferroelectric phase.
Only at the magnetic zone center, the excitation spectrum in this phase has been
investigated by INS by Finger et al. [137]. As in the case of the multiferroic phase
of TbhMnO3, three excitations have been found. Using polarization analysis, these
modes could be distinguished in a low energy phason mode and two modes being
polarized perpendicular to the plane of the magnetic spiral [137].

The multiferroicity in both ThMnO3; and MnWOy, is explained by the same DM
mechanism and thus, one would expect both to show hybridized electromagnetic
excitations [15]. These electromagnons have been observed in ThMnOj in optical
spectroscopy [57] and neutron spectroscopy [12] (see Section 4.1.4 for details).
The zone center excitations in the multiferroic AF2 phase in MnWOQO, are below
1.0meV and an upper boundary was estimated for the spectral weight of a pos-
sible electromagnon of less than 0.1 % of the total weight, which renders them
difficult to be accessed by optical spectroscopy [200]. No excitations of electromag-
netic origin have been found in the region between v =5 to 80cm™! (E =0.62 to
9.92meV) [201], but there is evidence for an electromagnon mode around 4 cm™!
(0.5meV) [202].

In a recent study by Niermann et al. using broadband dielectric spectroscopy, the
critical slowing down of an electric fluctuation has been observed at the AF3—AF2
phase transition [203]. The fact that the order parameter of this transition is of
magnetic origin, combined with the determination of the critical exponent led to
the conclusion that these fluctuations are electromagnetic. The finding thus shows
the softening of an electromagnon at the phase transition.
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5. Magnetic fluctuations in MnWQO,

5.2. Diffuse magnetic scattering

The high degree of magnetic frustration in MnWO, leads to the presence of mag-
netic correlations outside of the magnetically ordered phases. Powder data reveal
the presence of diffuse magnetic scattering at the position of the magnetic AF3 and
AF2 Bragg reflections in the paramagnetic phase [175]. Even inside the ordered
AF3 phase, a broadening of the reflections has been observed, yielding an almost
continuous transition from the SDW paraelectric phase to the cycloidal ferroelectric
phase. We used different unpolarized and polarized neutron scattering techniques
to investigate the magnetic fluctuations above and inside the ordered phases.

For all presented experiments single crystals cut from the same rod were used. The
crystal was grown by C. Tolzer and C. Lee by using the floating zone technique in
a mirror furnace [204]. The measurement of the magnetic susceptibility showed
three successive transitions at Tz = 13.47K, Tyo = 12.32K and Ty, = 8.04K
which correspond perfectly to values reported by Lautenschliger et al. [175]. Two
samples were prepared by J. Stein [205]: a smaller one with parallel planes cut
along b (1.9g, thickness 3.65mm) and a larger one of cylindrical shape (4.0g).
The propagation vector is l;ic = (—0.214, 0.5, 0.457) for the incommensurate
phases AF3 and AF2 and k. = (—0.25, 0.5, 0.5) for the commensurate phase in
relative length units of the P2/c structure. The two propagation vectors form an

angle of only 3° and are similar in length (k;. = 0.89 A7 and k. =0.85 Ail). By
taking advantage of the instruments goniometers, it is feasible to tilt the scattering
plane by several degree, rendering Bragg reflections at both positions accessible.
Also the following geometry analysis holds for both propagation vectors. Fig-
ure 5.5 shows the typical scattering geometry for a polarization analysis at
Q= (—0.21, 0.5, 0.45) in the [—0.21,0,0.45]/]0, 1, 0] scattering plane in MnWO,.
The polarization axes are the following: z || @, z || [2,0,0.9] and y = 2 X .
The gray plane symbolizes the rotation plane of Mn moments in the AF2 phase.
Magnetic scattering occurs for the magnetic components parallel to the scattering
vector. Furthermore, the polarization analysis is based on the fact that scatter-
ing on magnetic moments perpendicular to the spin of the neutron My, cyron flip
Mpeutron DY 180°; this is the spin-flip (SF) process. Scattering on moments parallel
t0 Mpeutron does not flip the neutron spin (non spin-flip process). Figure 5.5 nicely
illustrates the separation of magnetic scattering along b and along é€,.: M, is
composed of 60 %||b and 99 %] |, and M. is composed of 100 %||b and 15 %|| ..
We can conclude, that intensity in the channel ySF sees M, and is thus sensitive
to the b-component, while the intensity in zSF sees M, which is mainly sensitive
to the €,.-component.
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Figure 5.6.: Temperature dependence of rocking scans in MuWOy, at IN3. (a) In-
tensity mapping of rocking scan over the magnetic Bragg peak position at Q =
(0.214, 0.5,—0.457) at several temperatures. The intensity is logarithmically color
coded. (b) Horizontal cuts at two temperatures, showing the initial scans. (c) Vertical
cuts at several angles.

5.2.1. Sample characterization

In order to get an overview of the elastic and diffuse scattering in MnWO,, a single
crystal was mounted in [—0.21,0,0.45]/[0, 1, 0] scattering geometry in a cryostat
on the thermal neutron TAS instrument IN3 at the ILL. The neutron energy was
fixed to £ = 14.7meV (k = 2.66 Ail). Beam collimation (30 on k; and 40’ on
l;f) and a PG filter on lgf were used to get a low background with high angular
resolution. A high instrument resolution and a low mosaicity of the sample are
indispensable for a meaningful separation of elastic and quasi-elastic contributions
to the neutron scattering.

Figure 5.6(a) shows a logarithmic color mapping of a rocking scan (sample rotation
w) at the magnetic Bragg peak position at Q = (0.214, 0.5,—0.457) in the
temperature range from 5 to 18 K. The original scan is shown at two temperatures
in Fig. 5.6(b). The signal at the Bragg peak position shows a sharp peak below the
ordering temperature T3. On one side of the peak, the signal rapidly decreases to
the value of the background (cf. data at 17K). On the other side the intensity
decreases rapidly by almost two orders before it reaches a plateau of almost constant
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Figure 5.7.: Temperature dependence of 26-scans in MnWOQOy at IN3. (a) Intensity map-
ping of rocking scan over the magnetic Bragg peak position at Q = (0.214, 0.5,—-0.457)
at several temperatures. The intensity is logarithmically color coded. (b) Horizontal
cuts at two temperatures, showing the initial scans. (c) Vertical cuts at several angles.

intensity which spreads over more than 3°. The maximum intensity of this plateau
is only 1/100 of the intensity of the strong peak. It can be attributed to magnetic
Bragg scattering from small crystallites, which are slightly tilted with respect to
the larger single crystal. Nuclear reflections showed the same peak profile. A
removal of the small misaligned crystallites was not possible.

Vertical cuts through the (7', w)-map are shown in Figure 5.6(c). The corresponding
scans are indicated by colored dashed lines in Fig. 5.6(a). The temperature
dependencies at w = 28.0° and 31.4° show the development of the AF3 Bragg
reflection, an increase of intensity at the transition to the AF2 phase and finally a
rapid drop at the AF2—AF1 first-order transition, where the propagation vector
becomes commensurate. This is the expected behaviour of the long-range magnetic
order.

The behaviour slightly away from the Bragg peak position, at w =33.0° and 37.0°,
differs significantly from the one at the static signal. At both positions, we find
an increase of intensity when approaching the PM—AF3 transition, similar to
the Bragg signal. After the transition, the intensity decreases again, until the
second transition AF2, where it rises again. Inside the AF2 phase the intensity
continuously decreases and finally drops to the background value at the first-order
transition Ty;. Away from the position of the strong Bragg peak position, it
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5.2. Diffuse magnetic scattering

is possible to see short-range magnetic fluctuations. Fluctuations only persist
over a limited time scale. Neutron scattering from fluctuations appears as broad
Lorentzian-shaped peaks in ()-space, which correspond to the Fourier-transform of
an exponential decay. Bragg peak scattering, in contrast, comes from a static (long-
range) arrangement, which Fourier-transforms into a delta function in Q-space.
These only appear broadened in )-space due to the finite instrument resolution.
The observation of diffuse magnetic scattering inside the ordered phase in this
preliminary test renders the sample suitable for further investigations.

Figure 5.7(a-c) shows the same scenery for a rotation of scattering angle 26 (almost
transversal scan in ()-space) across Q= (0.214, 0.5,—0.457). The contamination
of the small, misaligned crystallites is not visible in this scan, because it arises
from the same Bragg peak as the bigger single crystal. Again, we find diffuse
scattering near the Bragg peak which is pronounced around the phase transitions
at T3 and Thys.

Finally, we investigate the temperature behaviour of neutron at the commensurate
magnetic Bragg peak position at Q = (0.25, 0.5,—0.5). In order to do so, the
scattering plane was changed by tilting the cryostat by approximately 3°. The
sample could be investigated under the same conditions as in the case of the
incommensurate phase. The corresponding temperature dependencies are shown in
Figure 5.8(a-c) (w-scan) and Figure 5.9(a-c) (26-scan). The AF2—AF1 transition
is of first order and no fluctuations are expected above and below. Indeed, the
intensities away from the Bragg peak position are constant with temperature.
The 26-scans in Figure 5.9(a-c) show another sharp signal at a slightly different
scattering angle. This signal comes from the incommensurate Bragg reflection of
the AF2 phase. Both, incommensurate and commensurate, Bragg reflections are
close in )-space and due to the finite instrument resolution, we only capture a
weak signal from the incommensurate peak. The temperature dependence nicely
illustrates a small overlap of both signals, which is typical for a first-order transition.
It is in sharp contrast to the second-order AF3—AF2 transition, which is almost
continuous.

5.2.2. Antiferromagnetic transition at T'n3

The magnetic fluctuations above the antiferromagnetic phase transition Ty3 were
investigated at the diffuse scattering spectrometer D7 with xyz polarization analy-
sis at the ILL. A single crystal of MnWO, was mounted in [0, 1, 0]/[0.21, 0, 0.45]
scattering geometry. Throughout the experiment, we worked with a fixed incident
neutron wavelength of F; = 3.46 meV (k; = 1.29 A_l, A = 4.86 A) The instru-
ment D7 only analyzes the polarization of the scattered neutrons, not their energy.
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This allows the investigation of fast fluctuations, which are cut-off by the energy
analysis in a TAS experiment.

The D7 instrument consists of three detector banks, each one having 44 single
detectors [105], which allows for a large coverage of solid-angle within the scattering
plane. This has some influences on the geometry for polarized neutrons and the
separation of directions becomes more complicated as shown in Fig. 5.5. The
direction of the magnetic field is fixed relative to the direct beam. The angle
between x and the incident beam is called Schdrpf-angle, which is approximately
26° at the D7 [106]. At each value of 20, we thus have a linear combination of
x and y, since z is no longer parallel C_j Table 5.1 summarizes the scattering
angles and linear combination of x and y for the three accessible magnetic Bragg
reflections in the chosen scattering plane. The values are deduced from the relative
angle between @ and the polarization axis, taking into account the quadratic
relation between the ordered moment and the scattered intensity, I ]\Zfi G In
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5.2. Diffuse magnetic scattering

Table 5.1: Scattering ge-

@ (r L u) 29(0) Z(Q,x)(°) 4<Q’y)<o> ometry for polarization
(—=0.21, 0.5, 0.45) | 37.4 82.7 -7.3  analysis at D7 for MnWO
(—0.21, 1.5, 0.45) | 85.4 106.7 16,7 With A = 4.86A and

a Scharpf-angle of 26°.
(-0.79, 0.5, 1.55) | 121.5 124.8 34.8  TListed are the angle be-

tween reciprocal vectors
and the polarization direc-
tions along x and y, which
are fixed at D7.

all cases, the y-part is dominant which means a reversal of polarization channels
with respect to the notation used in Fig. 5.5. The z-direction is not affected by
the Schirpf-angle, as it is always perpendicular to the scattering plane.

The data obtained on D7 was corrected for varying detector efficiency, detector solid
angle, and analyzer transmission using a Vanadium standard with the program
LAMP [206]. The varying detector flipping ratios are corrected by measuring a
standard Quartz sample. A mean flipping ratio of about 20 was reached throughout
the experiment. The influence of the scattering from the instrument environment
was determined by measuring the background with a Cadmium sample and sub-
tracted from the raw data. The procedures of data correction are described in
detail in References [207] and [208]. The data was plotted using the feplot routine
for MATLAB [85].

Figure 5.10 shows an elastic scattering map in the spiral AF2 phase for non-spin
flip processes along the neutron polarization axis z. This corresponds to the
channel zNSF, i.e. the cross section o... The scattering plane spanned by the
vectors [0, 1,0] and [0.21,0,0.45]. The axis show the length of the reciprocal
vectors and dotted red lines indicate integer multiples of the scattering vectors.
No symmetrization has been done, the sample was rotated by 360° to obtain
the scan. Two contributions can be distinguished: nuclear Bragg reflections at
Q = (0,1, 0) and @ = (0,—1, 0) (black circles) and magnetic satellites at
Q = (—0.21, 0.5, 0.45), @ = (—0.21,—1.5, 0.45) and Q = (—0.79, —0.5, 1.55)
(green circles). All Bragg reflections show a tail on one side. It has been discussed
in the previous section that this feature arises from smaller crystallites of the
sample. The powder line in the intermediate region comes from nuclear scattering
from the aluminum sample holder. The symmetry of the dataset documents the
perfect alignment of the sample. In order to use the limited beam time efficiently,
only 180° scans were performed in the paramagnetic phase. The datasets were
symmetrized by a two-fold rotation for a better visibility.

We continue with the polarization analysis of the diffuse scattering in the paramag-
netic phase in MnWOQy,. In Figure 5.11, the intensities of the diagonal spin-flip cross
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sections 04z, 0yy, 0.z and non spin-flip cross sections o0,,, 0y, 0.. are shown at
14 K, well above T3 = 13.5 K. The maps on the left side show spin-flip scattering,
which is purely magnetic. The main contributions arise at the positions of the
magnetic Bragg peaks of the AF3 phase, listed in Table 5.1. We discussed that, for
all three positions (and their symmetry equivalents) the guide field for y is almost
parallel Cj Hence in the ySF channel we see the sum of the channels xSF and ySF.
Furthermore, the xSF channel is more sensitive to scattering from moments along
the easy axis €,. and the zSF sees the scattering in the scattering plane, i.e. along
b. This separation works most accurately at Q = (—0.21, 0.5, 0.45).

At Tys = 13.5K, the Mn moments order in an incommensurate SDW along the
easy axis €,.. We thus expect the fluctuations close to the phase transition to also
be mainly polarized along é,., which can be confirmed by comparing the intensities
in the channels xSF and zSF. Two other observations can be made from the
scattering maps. First, we see diffuse scattering at the second-order Bragg position
Cj = (—0.42, 1.0, 0.90). Structural modulations of half the period arise in incom-
mensurate collinear magnetic structures due to the effect of exchange-striction.
The scattering of the second-order modulation has been studied in detail by Finger
et al. [185]. They find enhanced magnetic and nuclear scattering at this position
even in the spiral AF2 phase and relate their presence to pinning of magnetic and
ferroelectric domains [185]. Second, magnetic diffuse scattering can be observed
around the positions of nuclear Bragg reflections. Small contaminations from non
spin-flip scattering (nuclear scattering) are visible due to the finite flipping ratio.
They arise from the nuclear Bragg reflections and the aluminum holder.

The non spin-flip scattering maps on the right side of Fig. 5.11 are composed of
nuclear and magnetic scattering. Only when Cj is parallel to the polarization axis,
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5.2. Diffuse magnetic scattering

the magnetic scattering is absent. This is the case for the yNSF channel, where
we find only scattered signal from the nuclear Bragg reflections and the aluminum
powder line.

The xyz polarization analysis on D7 provides full and unambiguous separation
of the magnetic, nuclear and spin-incoherent cross sections in the paramagnetic
phase of magnetic systems. The different cross sections can be decoupled by taking
into account the directions of polarization (defined by the Schdrpf-angle) and
the Moon-Riste-Koehler equations for an uniaxial polarized neutron beam [99]
(see Ref. [105] for details). Figure 5.12 shows the obtained intensities for nuclear
and magnetic scattering. The magnetic contribution can be calculated from NSF
(Figure 5.12(b)) and SF (Figure 5.12(c)) channels. Both maps show a similar
pattern, with the difference, that the statistics for the NSF maps are lower. The
magnetic scattering can be deduced from either SF or NSF channels. The result
of the component separation nicely confirms our interpretation of the data.

The diffuse scattering in MnWOQO, could be followed up to 30 K, which is almost
three times the Néel temperature of the compound. Figure 5.13 shows symmetrized
intensity maps of the magnetic intensity obtained by component separation aver-
aged from spin-flip and non spin-flip channels. The signal is thus purely magnetic.
The intensity is linearly scaled using the same scale for all temperatures. The
intensity at the magnetic Bragg peak positions continuously decreases with tem-
perature and vanishes at 60 K.

The Q-dependence of diffuse magnetic scattering in the paramagnetic phase bears a
characteristic shape, which is most pronounced close to the transition temperature
at 14 to 20 K. The scattering is strongly anisotropic and it is particularly enhanced
diagonal away from the Bragg positions. This characteristic shape may be helpful
in order to determine the correct setting of exchange parameters by comparison
with simulations of diffuse scattering maps. The diffuse magnetic scattering was
simulated by a mean-field model, taking into account the interaction exchanges
of the AF1 phase proposed in literature [184,196]. While this approach worked
properly for the paramagnetic phase of ThMnOj (see Figure 4.8), the characteris-
tics of the diffuse scattering in MnWO, could not be reproduced by the simple
model. The strong reduction of the nearest-neighbor exchange in MnWQy, strongly
frustrates the magnetic system [196]. The magnetic system becomes very complex
and a proper spin-wave calculation has to be performed in order to model the
diffuse magnetic scattering.

The intensity maps at 60 K and 100 K show enhanced scattering left and right
of the center. This intensity might be partly related to the shape of the sample
holder. The sample is placed between aluminum plates with a normal vector
parallel [0,1,0]. This may result in an anisotropic background from the sample
holder.

We can quantitatively analyze the diffuse scattering data by looking at specific

105



5. Magnetic fluctuations in MnWOQO,

(@) T=14K, xSF

Q&

25t

Intensity
(a.u.)

S
e
Intensity
Q A" (au)
(e) T=14K, zSF
=
s
.zi -1 0 1 ‘ 2 Intensity
Q A" (a.u.)
Figure 5.11.: Polarization analysis
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[0,1,0]/[—0.21,0,0.45] scattering geometry at D7. The intensity maps were collected on
D7 by 180° rocking scans (black frame) at 14 K and symmetrized by a 2-fold rotation.
Six linear non-spin-flip and spin-flip cross sections are shown: (a) oz, (b) 04z, (¢) oyg,

(d) oyy, (e) 0.z and (f) 0..
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Figure 5.12.: Component separation of neutron scattering in MnWOy4 in
[0,1,0]/[—0.21,0,0.45] scattering geometry at D7. The use of polarized neutrons allows
to separate the contribution of (a) nuclear, (b) magnetic non spin-flip and (¢) magnetic
spin-flip scattering. The intensity maps were collected on D7 by 180° rocking scans
(black frame) at 14 K and symmetrized by a 2-fold rotation.

directions within the scattering plane. Figure 5.14 shows cuts along [0, 1, 0] and
[—0.21,0,0.45] taken from scattering maps in the channels xSF and zSF at several
temperatures in the paramagnetic phase. The scan directions are indicated with
dashed lines in Fig. 5.13. This allows the comparison of magnetic correlations along
two different directions in the crystal. Moreover, the polarization analysis allows
for differentiating between scattering of moments along the easy axis €,. (xSF)
and along the monoclinic axis b (zSF). The experimental data was fitted using two
Lorentzian functions and a linear background. For the scans along [0, 1, 0] some
points were removed to avoid the small contribution of the powder line.

The results of the Lorentzian fit for the scans at T' = 14, 16, 20 and 30K are
summarized in Figure 5.15. The plot shows the temperature dependence of the
peak intensity and the correlation length, which is given by & = |G|~ - HWHM,
determined along two different scan direction and polarization axes. A power
law function was fitted to the data, using two different transition temperatures
Tes = 13.4K and Tee = 12.3 K, which are similar to those obtained from magnetic
susceptibility measurements on the same sample [204].

We start with the differentiation of scattering in the two polarization channels
by looking at the temperature dependence of the scattered intensity, shown in
Fig. 5.15(a). The intensity in xSF increases strongly with decreasing temperature
and its temperature dependence corresponds to a transition at T3 = 13.4K to a
static magnetic order. This channel is sensitive to magnetic scattering along €.
the direction of moments in the SDW AF3 phase. The temperature dependence of
the zSF deviates from this behaviour. The fit indicates that it corresponds to a
transition at lower temperature. This channel is sensitive for magnetic scattering
along I;, and indeed, the b-component orders only below To = 12.3 K, where the
AF3—AF2 transition towards a spin spiral occurs. Furthermore, we can deduce
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Figure 5.13.: Temperature dependence of magnetic scattering in MnWOQO, in
[0,1,0]/[—0.21,0,0.45] scattering geometry at D7. The magnetic intensity was deduced
using polarization analysis. The intensity maps were collected on D7 by 180° rocking
scans (black frame) and symmetrized by a 2-fold rotation. Diffuse magnetic scattering is
present up to 30 K.
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Figure 5.14.: Magnetic scattering in MnWOy, along [0, K, 0] and [—0.5L, 0, L] at different
temperatures in the paramagnetic phase at D7. The line scans were extracted from D7
scattering maps: (a-b) xSF and (c-d) zSF. Lorentzian functions were fitted to the data.

that only at the highest temperature shown, 7" = 30 K, the diffuse magnetic scat-
tering becomes isotropic, i.e. the scattered intensities are similar in the spin-flip
channels along x and z. The intensities from the different scan directions, [0, K, 0]
and [—0.5, L, 0, L], show the same results. This is expected since the scans go
along the same ()-positions.

The analysis of the temperature dependence of the correlation lengths, shown in
Fig. 5.15(b), bears additional information. It allows us to differentiate scattering
from magnetic fluctuations along different directions. The temperature dependence
of the correlation length in xSF clearly deviates from the other spin-flip channel
zSF. The fit of a power law function supports the temperature behaviour shown
in the previous section: the correlation length of fluctuations along the easy axis
&, (in xSF) diverges at Teg = 13.4 K, while fluctuations along b (in zSF) scem to
diverge at the lower temperature Toy = 12.3 K.

Furthermore, we can deduce information from the different scan directions. At
higher temperatures the correlation lengths in 'xSF ac’ and 'zSF ac’ are enhanced.
This means that the fluctuations are isotropic and extend mainly along the easy
axis €,.. At lower temperatures, close to the upper transition at T3, channels
'xSF b’ and 'xSF ac’ strongly increase. This corresponds to anisotropic fluctuations
of moments along the easy axis €,.. The correlation length of these fluctuations
increase along both directions in the crystal, ;. and b.
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The analysis of the critical magnetic behaviour in MnWO, along €. and b imposes
the assumption, that the fluctuations in the paramagnetic phase in MnWQ, are
composed of two contributions. Only one part, the fluctuations along €., become
static at Tys3. Contrarily, the temperature dependence of the other part, the
fluctuations along l;, suggests that they become static below Ty3. This would
imply that these b-polarized fluctuations persist even in the ordered AF3 phase.
The attempt was made to investigate the fluctuations in the AF3 phase on D7.
The presence of strong overlapping magnetic Bragg peaks renders it very difficult
to follow the relatively weak scattering of fluctuations. A different experimental
approach was necessary, which is described in the following section.

5.2.3. Multiferroic transition at T'no

We already established the fact, that diffuse scattering surrounds the static mag-
netic Bragg peaks in the AF2 phase in MnWO, (see Section 5.2.1 for details). In
order to characterize these fluctuations, a single crystal was installed at the cold
neutron TAS instrument IN14 at the ILL. A set of Helmholtz coils was mounted
in combination with a supermirror bender and a Heusler analyzer in order to
use linear neutron polarization analysis. The sample was placed between parallel
aluminum plates to enable the application of an electric field along the direction of
ferroclectric polarization b and was mounted in [—0.21,0,0.45]/[0, 1, 0] scattering

geometry. The neutron energy was fixed to £ = 4.7meV (k = 1.5 Ail). Beam

collimation (40’ on /;f), a beryllium filter and a flat analyzer were used in order to
reduce the background and achieve a high angular resolution. The flipping ratio

110



5.2. Diffuse magnetic scattering

(a) Q=(-0.214, 0.5, 0.457), +2kV (b) Diffuse scattering
80
5t © ® xSF | :
® : : o -—xSF 70f : L]
® e ySF : '
o ® © zSF 60t
o4 e 1 ©
9 e L] 8
@ . . S 50y
S 3 ®: : @
° : : S 40t
Z ° [ b
= ° ’A. . ‘@ gl
a2 e | 8% o0
(0] [ [ c
E o: % ! ~ 20f
ilg g i &i | . "
o @ ° : 9.' ' 10} °
®: o o o
0 0 'l 'l
11 12 13 14 15 16 11 12 13 14 15 16
Temperature (K) Temperature (K)

Figure 5.16.: Polarization analysis of magnetic Bragg peak and diffuse scattering in
MnWO, at IN14. (left) Temperature dependence of scattered neutron intensity at
Q= (—0.214, 0.5, 0.457). (right) Temperature dependence of diffuse scattering slightly
away from the Bragg peak (+4° in w). The dashed lines indicate the magnetic transitions
Tns and Txo. The black solid lines serve as guide to the eye. An electric field of
+550 Vmm ™! was applied to the sample along b.

at the nuclear Bragg reflection Cj = (0, 1, 0) was F'R = 27, which corresponds to
a neutron polarization higher than 92 %.

The temperature dependence of the magnetic Bragg reflections was summarized in
Section 5.2.1 using unpolarized neutron scattering. We investigated the behaviour
of neutron scattering of the static magnetic structure and the fluctuations in the
ordered phase. At the Bragg position, the weak signal from the diffuse scattering
lays on top of a strong static background. It is nevertheless possible to detect
scattering from fluctuations slightly away from the peak position, since diffuse
scattering is significantly broadened in ()-space relative to static Bragg scattering.
Figure 5.16 shows the temperature dependence of neutron scattering at the mag-
netic Bragg peak position Q = (0.214, 0.5,—0.457) (left) and slightly away from
the peak (right, 4° sample rotation). An electric voltage of 2kV was applied to
the sample (E ~ 550 Vmm™') and the intensity of four spin-flip cross sections
was collected: 0,5 (xSF), 0z, (-xSF), 0,5 (ySF) and o5 (zSF). The orientation of
the polarization axes x, y and z is shown in Figure 5.5. The polarization analysis
allows to separate scattering from moments along the monoclinic axis b (zSF) and
the easy axis €. (ySF). Furthermore, the comparison of the spin-flip channels along
x permits the detection of the chiral magnetic term —z(M X Mj)x, cf. Tab. 3.1.
The intensity at the Bragg peak position increases at Tz and is almost fully
polarized in the ySF channel in the temperature range of a few Kelvin above Ty3.
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5. Magnetic fluctuations in MnWQO,

The ySF channel is sensitive to direction of moments in the SDW. The intensity in
the zSF channel was corrected for contamination from the zNSF channel through
the finite flipping ratio®. About 3% of the intensity in zZNSF (which is sensitive
to moments parallel €,.) is visible in this channel. The intensity after correction
slowly increases during cooling from 0 to 300 cts/10sec.

At the second transition Ty, the structure transforms into a spin spiral, which
comes along with the development of a b-component, visible in zSF. The ellipticity
e = Myp/Measy, Which can be estimated by the ratio of ySF and zSF scattering,
increases continuously and is e &~ 0.9 at 9K [13]. The chiral ratio can be calculated
as Tehiral = % ~ 0.76 at 11 K, which matches well reported values [50]. The
saturation value of 1 can only be reached when @ is parallel to the rotation axis of
the spiral. At the present position a maximum value of 7.1 = 0.96 is possible for
a monodomain sample.

The diffuse scattering slightly away from the Bragg position is similar in the para-
magnetic phase. When coming from higher temperatures, the intensity increases
towards the upper phase transition. The scattering becomes more anisotropic and
the major part is polarized along €. at the transition. Below T3, the scattering
behaviour significantly changes and differs completely from the scattering from the
Bragg peak. The overall intensity decreases when the Bragg peak sharpens. More
surprisingly, the polarization of the magnetic scattering changes: the intensity in
zSF increases, whereas the ySF-intensity decreases. This shows the development
of a b-component scattering from the paramagnetic and through the AF3 phase
(black line). The dip at Ty is caused by a contamination of the increasing zNSF.
Finally below Tho, the diffuse scattering decreases in all channels.

The temperature dependence of the diffuse scattering in MnWQO, demonstrates
the continuous transition from the spin density wave to the spin spiral and shows
that even in the paramagnetic phase precursors of the spiral phase are present.

Chiral diffuse scattering

The observed diffuse scattering in the AF3 phase arises from correlated fluctuations
of moments along b. Such fluctuations should transform the SDW into a spiral,
which carries a chirality within the corresponding correlation length and time. The
polarization analysis allows us to identify such a parameter by comparing the two
spin-flip channel along x. The difference will be small in comparison to the static,
non-chiral signal and a excellent statistic is necessary to obtain meaningful data.
The experimental setup was optimized by replacing the polarized Heusler analyzer
by an unpolarized PG analyzer with larger surface area and higher efficiency

2The flipping ratio adds a contamination of the non spin-flip channel as ﬁ -NSF.
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5.2. Diffuse magnetic scattering

leading to a increase of flux by a factor of two. Without the analyzer we are no
longer able to differentiate between spin-flip and non spin-flip processes. This
separation is not necessary, as it was already verified that no nuclear scattering is
present at the investigated ()-position.

The temperature evolution of the scattered intensities in the cross sections parallel
x is shown in Figure 5.17(a-b) at the Bragg peak position Q= (0.214, 0.5,—0.457)
and slightly away. Beginning in the paramagnetic phase, the sample was cooled
in an electric field of approximately 550 Vmm™!. The plots show a close-up
around the multiferroic transition 7o, which is indicated by a dashed line. The
temperature was determined by fitting the xSF intensity using a power law function
as described by Tolédano et al. [178]. Above the transition, the intensity is equally
distributed in both channels, which is expected for the scattering from a spin
density wave. Below the transition, both channels become unequal, with their
difference being the chiral magnetic component, —@(M 1 X ]\Z/I)x, arising from
the spiral spin structure. The application of a reversed electric field lead to the
complete switched-over of the scattered intensities in both channels. With this
test, we could approve that the difference purely arises from the chiral domains
poled by an electric field.

The diffuse scattering slightly away from the Bragg reflection shows a similar
behaviour, shown in Fig. 5.17(b). While cooling, the intensities in the two channels
separate due to a poling of chiral fluctuations in the electric field. At the transition
TN, the intensity increases when the fluctuations become static. Their correlation
length diverges and they are no longer visible away from the Bragg peak position.
The remarkable observation in this scan is the presence of chiral scattering above
Tno, inside the SDW phase. This diffuse chiral scattering is only visible up to
12.67 K, which is about 1% above the transition. The scans were performed using
a temperature step of 0.005K and a counting time of AT = 120s, yielding an
optimal statistic with neutron counts of the order of 10°. It is surprising that the
chiral diffuse scattering is limited to about 0.15 K above the transition, whereas
diffuse magnetic scattering was observed up to 1K above (cf. Fig. 5.16). The
chiral diffuse scattering was measured using a higher instrument resolution of

AE ~0.13meV at k = 1.2A " (compared to AE ~ 0.25meV at k = 1.5 AT ).
This corresponds to accessible time scale of approximately 30 GHz for scattering
from fluctuations. The energy analysis in a TAS experiment defines the limit for
the accessible energy and time range.

Our results agree with the observation of the critical slowing down of ferroelectric
fluctuations in MnWOy, reported by Niermann et al. [203]. Using broadband
dielectric spectroscopy, they followed the softening of an electric mode between
Tn2 and 1.5 % above in the range of 0 to 8 GHz. These electric fluctuations are
coupled via the DM mechanism to the vector chirality of the magnetic structure,
rendering them visible using polarized neutrons. One is tempted to assume that
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Figure 5.17.: Chiral magnetic scattering in MnWOQO, at IN14. Temperature dependence
of scattered neutron intensity in the cross sections o,z (+xSF) and 0z, (-xSF) at the
Bragg peak position @ = (—0.214, 0.5, 0.457) (a) and slightly away (+4° in w) (b).
An electric field of +550 Vmm ™! was applied to the sample along b upon cooling. The
transition temperature 7o determined by a power law fit (solid line) is indicated by a
dashed line.

both experimental observations, from this section and from Ref. [203], arise from
the same microscopic phenomenon.

We find a similar scenario in ThMnOj3, where the ferroelectric polarization is
likewise induced by a spiral spin structure via the DM interaction [15]. On one
hand, Finger et al. documented the existence of chiral diffuse magnetic scattering
in a range of 2K above the multiferroic phase [137]. Diffuse magnetic scattering,
on the other hand, is present in the entire SDW phase ranging from 28 to 42K, as
demonstrated in Section 4.2.2.

We can state that in MnWOy, chiral magnetic fluctuations were only observed in a
limited region above the multiferroic transition, whereas magnetic fluctuations are
visible even at higher temperatures, similar to the fluctuations in ThMnOs3 [137].
One possibility to explain this discrepancy is the effect of electric poling. Chiral
fluctuations can only be detected in polarized neutron experiments when the
fluctuations are poled by an electric field (which applies also to the observation of
corresponding ferroelectric polarizations).

The energy induced by the electric field can be estimated by assuming a simple
model of electric dipoles. The potential energy of a dipole p'= (@ - ['in an electric
field E is given as D = E- p. The microscopic dipole moment is connected to
the electric polarization via the volume, 13@1 = dp/dV. When the AF2 structure is
static, the volume is equal to the volume of the crystal for a monodomain state.
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Above the ferroelectric transition Ty9, the volume of correlated ferroelectric regions
decreases drastically and changes strongly with temperature. For fluctuations with
an isotropic correlation length &, we obtain:

D:%T~Eﬁ~]3d‘§3. (5.1)
The relation between induced field energy and size of correlated regions is shown
in Fig. 5.18. The curve was calculated using the value of the electric field applied
during the experiment, F ~ 550 Vmm™!, and the maximum electric polarization
measured in MnWOy, P, = 60nCm~2 [17]. The chiral component of the mag-
netic fluctuations could be measured up to 12.55 K, slightly above the ferroelectric
transition Tz = 12.3 K. The thermal energy T3 is indicated by a horizontal
dashed line in the graph. This value can be understood as a threshold. With
increasing temperature, the correlation length decreases and so does the field
energy. Below the threshold, at & =~ 100 A, the thermal energy overcomes the field
energy and the fluctuations are no longer poled by the electric field. This cancels
out the net polarization as well as the chiral component, to which our experiment
is sensitive.
Experimentally, it is very difficult to directly access the correlation length of fluctu-
ations in the AF3 phase, since the diffuse signal is dominated by static Bragg peak
scattering. At D7 it was possible to separate AF2 and AF3 type fluctuations in
the paramagnetic phase using neutron polarization analysis (cf. Fig 5.15). Looking
at the temperature dependence of fluctuations along g, it seems likely that the
threshold correlation length is only exceeded in a narrow range above the transition
temperature.
The comparison of our simple estimation with experimental data thus supports
the assumption that the field energy can only pole the ferroelectric fluctuations in
a narrow range above the phase transition.

115



5. Magnetic fluctuations in MnWQO,

(a) Q= (-0.214, 0.5 0.457) . (b)
T M T T T
10°'F ® 149K @ ]
© 120K : —
N
0:? S 14F
: 5
©
3
g 13f
— o . 2
Q '
8 10°f 1 ] 12
0 Qo 0 ' ' , ) L )
i © : : 274 276 278 280 282
@ o ol c) Omega ()
g ' ' 4 T T T T T T
= o Pl 10" reooeeqq, ® Poak 3
° P 3 %%ee, O Diffuse
o H (o) H R
' ' %)
2| @® N oX 1 B 10° *
10 @ H
R >
2 L s 2 °
: : S
: : = |
-t,,'.tﬁtt!ttq,.%é, £ 10" Fo0000000000000000° 8y
| N H | | | | | |
274 276 278 280 282 12 125 13 135 14 145 15
Omega (°) Temperature (K)

Figure 5.19.: Rocking scan over the magnetic Bragg peak position at Cj =
(—0.214, 0.5, 0.457) in MnWOQOy4 at IN11. (a) Scan above and below the antiferro-
magnetic phase transition. A Gaussian function was fitted to the data. (b) Intensity
mapping at several temperatures, the intensity is logarithmically color coded. (c) Tem-
perature dependence of intensity at the Bragg peak position and slightly away. The
corresponding angles are indicated by dashed lines in (a).

5.2.4. Relaxation times of magnetic fluctuations

An experimental technique which is perfectly suited to investigate fluctuations in
a material over a huge time scale is neutron spin-echo spectroscopy (NSE). It has
been successfully demonstrated in ThMnQOj3, that magnetic fluctuations within
the ordered phase can be observed using the spin-echo spectrometer IN11 at the
ILL [209,210]. In the following, we will describe the determination of relaxation
times of magnetic diffuse scattering in the paramagnetic and the SDW phase.

Throughout the experiment, both samples described at the beginning of this chapter
were investigated, yielding consistent data. The experiment was done in paramag-
netic NSE mode around Cj = (0.214, 0.5,—0.457), a magnetic Bragg position of the
SDW-structure. The NSE spectra were normalized by xyz-polarization analysis,
where z was the vertical, x parallel to Cj and y complementing the Cartesian set (cf.
Fig. 5.5). In a NSE experiment, the incident neutron beam is not restricted to be

116



5.2. Diffuse magnetic scattering

(b) Diffuse scattering

(a) Bragg peak
1.2 proy ——rrr T — " T 1.6 grr T
3 PO ] 14 \ﬂﬁ
10F ) E )
E e ool E 12F &
E E L)
- POL S
= 12 ¢
(/)g - E E’ 0.8F
= 06F 13
= E 1 5 96F piffuse s ¢
1771 E 1® M1=279. ¢
04f 4 04f SOAANTIE
E E e 11.0 K te T
3 § E 02F —@-12:6-K :
02F 3 13.0 K . :
: K [ ] oof 1304k ety
- | 4 =
F e 14.0K +++ EAEMERIE ® 13.8 K
0.0kl L N L ol L KR L g -0.2 Eu A ERET Ll A ETET L
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Fourier Time (ns) Fourier Time (ns)

Figure 5.20.: Neutron spin echo spectra in MnWQy, at IN11. The spectra were obtained
at several temperatures in the PM, AF3 and AF2 phases at: (a) Bragg peak position
Q= (—0.214, 0.5, 0.457) and (b) after a rotation of w = 1.1° away from the peak
position. An exponential decay function was fitted to the data.

monochromatic. We worked with a range of £18 % around a neutron wavelength
of i = 5.5A (B, = 2.7meV and k; = 1.14 A" ). The flipping ratio was FR = 20.
The instrument was used in the IN11A setting with a two-dimensional multi-
detector arm with a length of approximately 5m [79]. This provides a good
angular resolution, which is optimal for the study of fluctuations near a strong
static signal.

Figure 5.19(a-b) shows the profile of the magnetic Bragg reflection determined
by sample rotation at Q= (0.214, 0.5,—0.457) at 12.0K. A Gaussian function
was fitted to the peak. The particular profile matches the TAS data described
previously in Section 5.2.1: one side of the peak is contaminated by small misori-
ented crystallites, whereas the intensity on the other side rapidly decreases to the
value of the background. Dashed lines indicate two exemplary sample positions
w = 278.1° (Bragg peak scattering) and 279.2° (diffuse scattering). The evolution
of scattered intensity at these two positions is shown in Fig. 5.19, reproducing
the same behaviour of static and diffuse scattering in the paramagnetic and the
ordered AF3 phase as presented in the previous sections.

Figure 5.20(a) shows the NSE spectra at the magnetic Bragg position for temper-
atures from the paramagnetic phase to the ordered AF3 phase. The data nicely
shows the slowing down of the fluctuations at the onset of the magnetic Bragg
peak at Ts. An exponential function of the form S = Spe™ 7! was fitted to the
data to describe the decay of polarization. The resulting relaxation times are
the red points of Figure 5.21. Similarly, the NSE spectra slightly away from the
magnetic Bragg peak at waifuse = Waragg + 1.1° are shown in Figure 5.20(b) for
several temperatures in the AF3 and AF2 phase. The resulting relaxation times
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Figure 5.21.: Characteristic relaxation times obtained by neutron spin echo spectra
at the Bragg peak position Cj = (0.214, 0.5,—0.457) and after a small sample rotation
at several temperatures at IN11. A power law was fitted to the peak values yielding a
critical exponent v = 0.66(15). Dashed lines indicate the phase transitions T3 and Ths.
The inset shows the )-dependence of the relaxation time. A quadratic function was
fitted to extrapolate the value at the Bragg peak position.

are marked as green points in Figure 5.21.

Finally, the relaxation times extracted from the NSE spectra at different tem-
peratures and positions relative to the magnetic Bragg peak are summarized in
Figure 5.21. The temperature dependence at the Bragg peak position was fitted
using a power law function. The resulting critical exponent v = 0.66(0.15) perfectly
matches the value of a three-dimensional XY transition v = 0.669 [149], expected
for the PM—AF3 transition [150].

The critical phenomena in RMnOg3 multiferroics were investigated by Harris et al.
using Landau theory. Their approach may also be applied to MnWOQO,, which shows
similar successive transitions PM—SDW —spiral [198]. Following this approach,
the upper PM—AF3 belongs to the universality class of the XY model, which
implies a critical exponent of v = 0.669 (D = 2, d = 3") [149]. The ferroelectric
transition AF3—AF2 is in the 3d-Ising universality class, yielding v = 0.707
(D=1, d=3) [149].

The surprising finding, which has strong similarities with the previous results on
TbMnOs, is that the diffuse scattering is unaffected by the magnetic transition at
T3, whereas it clearly bears the signature of a ()-dependent slowing down at Tys.
The relaxation time of fluctuations inside the AF3 phase the Bragg peak position

POne differs between the dimensionality of the order parameter D and the dimension of system
d.
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could not be accessed experimentally due to the strong overlaying signal of the
static structure. It was attempted to extrapolate this value by measuring the
()-dependence of fluctuations. The inset of Figure 5.21 shows the ()-dependence
of the inverse relaxation times at different temperatures above Txo versus the
relative distance to the magnetic Bragg reflection. A quadratic function was fitted
to extrapolate the value at the Bragg peak. We obtain a value of about 2.2ns™!
for the fluctuation at ¢ = 0, which varies only slightly with temperature. This
corresponds to a frequency of approximately 0.5 GHz. This value is of the same
order of the ferroelectric fluctuations close to the multiferroic transition measured
by broad dielectric spectroscopy [203].

While Niermann et al. find a critical slowing down of the relaxation times close to
T'no, our results show almost no temperature dependence in the temperature range
from 12.6 to 13.0K [203]. The neutron experiment suffers from the fact that the
weak scattering from fluctuations in the AF3 phase is dominated by strong scat-
tering from the static structure. We succeeded to measure the fluctuations slightly
away from the static Bragg peak position, due to the broadening of quasi-elastic
scattering. The circumstances, nevertheless, change close to the AF2 transition:
at the critical slowing down the correlation lengths of fluctuations diverges which
results inevitably in a sharpening of the scattered signal. Therefore we are no
longer able to detect these fluctuations away from the Bragg peak position.
Another difference to the results from Niermann et al. is, that their experimental
technique only resolves ferroelectric fluctuations which can be unambiguously
addressed to the multiferroic AF2 phase. The presented approach using spin-echo
spectroscopy sees all magnetic fluctuations in the system, which renders it very
difficult to isolate those who purely arise from the AF2 phase.

5.3. Magnetic excitations in the multiferroic
phase

The study of the chiral magnetic component, which helped investigating the dif-
fuse magnetic scattering, can also be applied to the excitation spectrum of spiral
spin structures. It has been demonstrated in Section 4.4.3, that in the case of
ThbMnOj3 such experiments can give substantial information helping to understand
the systems dynamics.

Until now, only the magnon dispersion in the commensurate AF1 phase has been
studied experimentally in MnWO, [182,184]. In the AF2 phase, the excitation
spectra change drastically, shown by a recent INS investigation at the magnetic
zone center [137]. Similar to the case of the multiferroic phase of ThMnOj3, three
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Figure 5.22.: Zone center modes at Figure 5.23.: Magnon modes at Q=
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Q = (-0.214, 0.5, 0.457) in MnWO4 at IN14 at 9K. The intensities of the
9K at IN14. An electric field of +550 Vmm™  two spin flip cross sections along Q
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sample along b. The integsity of the spin flip states. Arrows denote the position of
cross sections along z || @ follow the reversal Gaussian functions fitted to the data.
of the electric field. An electric field of +550 Vmm™~! was
applied to the sample along b.

excitations have been found, which were distinguished as a low energy phason
mode and two modes being polarized perpendicular to the plane of the magnetic
spiral.

The experiment presented in this section directly followed the investigation of
diffuse scattering reported in Section 5.2.3. A single crystal® was installed at the
cold neutron TAS instrument IN14 at the ILL. The sample was placed between
parallel aluminum plates to enable the application of an electric field along the
direction of ferroclectric polarization b and was mounted in [—0.21,0,0.45]/[0, 1, 0]
scattering geometry. The analyzed neutron energy was fixed at £y = 3.0 meV

(k=12 Ail) and a beryllium filter was used to eliminate higher order reflections.
Longitudinal polarization analysis was achieved by a supermirror bender in the
incident neutron beam and a set of Helmholtz coils at the sample stage. The
neutron flux at the sample was increased by using a vertical focusing monochro-
mator and a double-focusing PG analyzer. This is called a half-polarized setup,
because the PG analyzer is insensitive to the polarization of neutrons. The energy
resolution was determined to be AF =~ 0.13meV at the elastic line. An additional
experiment was performed at the cold neutron TAS instrument 4F1 at the LLB,
Saclay, yielding consistent results.

The experiment was performed in half-polarized setup, where in the two channels

“The crystal was grown by C. Télzer and C. Lee [204] and prepared by J. Stein at the University
of Cologne.
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Figure 5.24.: Dispersion of the chiral magnetic component, oz — 0, in MnWOy4 at 9K
along @ = (—0.24- HL,0.5, 0.457- HL) (a) and @ = (—0.24, K, 0.457) (b) at IN14. An
electric field of 4550 Vmm™! was applied to the sample along b.

with the spin parallel and anti-parallel to the scattering vector, the chiral contri-
butions appear with opposite sign. This particular setup has the advantage of
simplicity and significantly higher count rates, rendering inelastic measurements
more efficient. Spin-flip and non spin-flip channels along one polarization direction
can no longer be distinguished in this setup (e.g. o,z and o,,). We will use the
following notation: o, for a polarization parallel to Cj and o; for a polarization
antiparallel to Cj . It was verified before that all inelastic signal was purely magnetic.
The zone center excitation spectrum at 9 K, inside the ferroelectric AF2 phase,
is shown in Figure 5.22 at the magnetic Bragg peak Q = (—0.214, 0.5, 0.457).
The intensity significantly differs in both channels, indicating chiral magnetic
component. At low energies, the difference is enhanced. The low energy mode
is believed to be the in-plane phason mode which should carry a chirality. At
higher energies, the deviation is smaller and so is the chiral component. The
upper modes were identified as out-of-plane modes and should thus possess no
chirality (just as in the case of TbMnOs, see Section 4.4.3). Our results thus
agree with the interpretation of Finger et al. [137]. The scan was performed with
two electric field configurations, 550 Vmm™—* and —550 V mm™!, proving that the
deviating intensity in both channels originates from the reversed chiral domain of
the magnetic spiral.

Further away from the magnetic Bragg peak, the chiral character of the modes
significantly. An exemplary scan at ¢ = (0, 0.2, 0) (relative moment transfer
within a Brillouin zone) is shown in Fig. 5.23. The spectra in both channels
could be well described by fitting three Gaussian functions. Their positions are
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indicated by black arrows. We find the coexistence of both chiral states at one
position. A similar observation was made in the multiferroic phase of ThMnOj3
(see Chapter 4.4.3 for more details). In ThMnO3, the coexisting modes of opposite
chirality were found at higher energies. By modeling the spin wave dispersion, it
could be shown that these modes are dispersing from the adjacent Brillouin zone.
In the present case of MnWOQO,, the origin of opposite chirality might be more
complex.

The dispersion of magnetic excitations and especially of the chiral component
was followed along the directions of the scattering plane. Figure 5.24 shows the
subtraction of both channels along [—0.21,0,0.45] (left) and [0, 1, 0] (right). The
subtraction yields 0,z — 0z, :—i(M X ]\ZII)IQ Along both directions, the presence
of a mode with opposite chirality can be observed. Furthermore the chirality is
completely lost at the magnetic zone boundary Cj = (0, 0.5, 0). The loss of
chirality can be explained by symmetry, when changing the Brillouin zone at the
zone boundary. The coexistence of both chirality states inside one zone must be
due to folding of modes, and has also been observed in the multiferroic spiral phase
of TbMnOs, cf. Section 4.4.3.

The results from the fitting of the excitation spectra along [0, 1,0] are summarized
in Figure 5.25. At all positions the spectra in both channels could be described
using three Gaussian functions. Figure 5.25(a) shows the energy dispersion of
modes, and Figure 5.25(b) shows the corresponding chiral ratio. The colors denote
the different modes. By looking at the dispersion it seems possible that a mode
crossing occurs at K = 0.6. The most remarkable observation is the strong opposite
chirality of the low-energy mode.

It was attempted to model the magnon modes in the multiferroic AF2 phase using
linear spin wave theory. As described in Section 4.4.3, the chirality of modes in
the multiferroic phase of TbhMnOj3 was successfully modeled using the program
SpinW [94]. Until now only the dispersion in the collinear AF1 phase could be
modeled, using a set of nine to eleven exchange interaction parameters [182,184].
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The complexity of the system, given by the large number of competing exchanges,
renders it difficult to describe the frustrated spiral phase and no satisfying model
could be obtained by spin wave calculation.

Finally we discuss the evolution with temperature of the chiral magnetic component.
Figure 5.26 shows the subtraction of both channels along z for various temperatures
in the AF2 and AF3 phase. Upon increasing temperature, the spectral weight
continuously decreases and shifts to lower energies. This is in agreement with
the temperature dependence of the zone center excitations, which shift to lower
energies for increasing temperatures [137,182]. The chirality of modes decreases
upon cooling and is lost at the AF2—AF3 transition at Tys. This agrees with the
understanding that magnetic excitations of a collinear SDW should not carry a
chiral component. This is the case for the AF3 phase in MnWO,.

5.4. Conclusion

This chapter presents a comprehensive study of magnetic fluctuations in the
spin-induced multiferroic MnWQy. Different neutron scattering techniques with
polarization analysis were applied in order to investigate the correlation length and
the direction of the fluctuations. We were able to separate contributions from the
SDW and the spiral order. The temperature dependence of the contributions along
b demonstrates the almost continuous nature of the PM—SDW —spiral transition.
Diffuse magnetic scattering, which arises from magnetic fluctuations, is present
in the system up to two times the transition temperature of T3 = 13.5 K, which
indicates the strong frustration of competing exchange interactions. It could be
shown that the fluctuations close to T3 are mainly polarized along the direction
of the easy-axis anisotropy €,., while they become isotropic at higher temperatures.
In addition, the usage of polarized neutrons helped to analyze fluctuations along
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b which arise from the spiral phase. The comprehensive dataset documents a
characteristic shape of the magnetic fluctuations, which is directly linked to the
complex magnetic exchange interactions in MnWO,.

These fluctuations along b could also be observed and characterized inside the
ordered AF3 phase, which shows the almost continuous transition towards the
spin spiral phase. Relaxation times of the fluctuations determined by neutron spin
echo spectroscopy confirm this assumptions. The fluctuations along b seem to be
unaffected from the ordering of moments along é,. at T3, the transition of the
spin-density-wave.

The spin-spiral structure of the AF2 phase induces a ferroelectric polarization via
the DM mechanism [17], and the sign of polarization can be attributed to the sign
of vector chirality [13]. This vector chirality should also be an intrinsic property of
the fluctuations along b in the AF3 phase. By applying an electric field, it was
shown that these magnetic fluctuations can be electrically poled in the dielectric
phase. The magnetic fluctuations of chiral character can be compared to the critical
slowing down of electric fluctuations observed by dielectric spectroscopy [203].

In addition, the excitation spectrum in the multiferroic phase was investigated.
The magnon modes possess a strong chiral component, which could be poled by
an applied electric field. The chiral component of the magnon modes could be
followed along two directions in reciprocal space. Remarkable is the observation of
modes of reversed chirality relative to the static Bragg peak. These modes may
arise due to back-folding of magnon branches and could help to validate models
for the spin-wave dispersion in the multiferroic phase.
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Chapter 6

Magnetic phase diagram of

NaFe(WOy4)-

The discovery of a spin-driven multiferroic phase in
MnWOy in 2006 [17,46,47] motivated the research for
multiferroicity in other materials of the tungstate fam-
ily [212]. The metal ion M?* in MWOQO, can be sub-
stituted by a magnetic ion with the same valency or
by a combination of mono- and trivalent ions. Instead
of the spin-spiral of MnWOQy,, the resulting compounds
often develop a simple collinear antiferromagnetic struc-
ture [174, 180, 211] and no electric polarization was
observed [212].

First dielectric experiments on NaFe(WOQOy ), indicated
the presence of an electric polarization in the low tem-
perature phase [212]. This experimental observation
and the complex magnetic phase diagram [187,213] are

NaFe(WO a=9.88A
. ( a)2 b=5.72A
monoclinic P2/c (13) c=4.94 A
B=91.33°
kic=(-0.485, 0.5, 0.48)
Spiral PM
m in actb
kic - -
3.9 T(K)

Figure 6.1.: Crystal parameters
and magnetic phase transitions in

NaFe(WO,), [187,211].

in contradiction to the simple collinear structure proposed in the literature [211],
rendering this material interesting for further investigations.

In this chapter, a detailed neutron diffraction study of the magnetic phase diagram
of NaFe(WOQy,), is presented for magnetic fields applied along the monoclinic axis.
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Figure 6.2.: (a) Crystal structure of NaFe(WOQOy)2. Tungsten (grey), iron (blue) and
sodium (blue) ions are surrounded by oxygen (red) octahedra. These octahedra form
planes perpendicular to @. The size of the atoms reflects their relative ion radius [118].
(b) Iron octahedra form chains along ¢.

6.1. Introduction

6.1.1. Crystal and magnetic structure

The crystal structure of the double tungstate NaFe(WOQOy)s can be described in
the monoclinic space group P2/c with lattice parameters a = 9.88 A, b=>5.72 A,
¢ =4.94 A and a monoclinic angle of 5 = 90.33° [214]. An overview of the crystal
and magnetic structure of NaFe(WQ,), is given in Fig. 6.1. The metal ions are
surrounded by edge-sharing [Og]-octahedra and aligned in planes parallel to the
be-plane.  The structure is shown in Figure 6.2(a). Layers containing [NaOg]
octahedra and [FeOg] octahedra, respectively, are separated by layers that contain
[WOg] octahedra only. Hence, the unit cell of NaFe(WQy), is doubled along d,
with respect to the natural wolframites MnWO, and FeWO, [174,180].

In NaFe(WQy), the Fe** ions carry a finite magnetic moment. Similar to the
case of MnWOQy, the magnetic Fe?T ions form zig-zag chains along the c-axis (see
Fig. 6.2(b)). In spite of the long distance between the Fe3*-planes, NaFe(WO, ), de-
velops a three-dimensional magnetic structure at temperatures below 5 K. The anal-
ysis of neutron powder diffraction yielded a collinear antiferromagnetic structure
with magnetic moments aligned parallel to the a-axis [211]. The magnetic reflec-
tions were indexed with a commensurable propagation vector of k. = (0.5, 0.5, 0.5).
Nyam-Ochir et al. claim the antiferromagnetic super-superexchange coupling along
b and & causes the doubling of the magnetic unit cell along these directions, whereas
the mechanism for the coupling along the extended a-axis remains unclear [211].
The substitution of the magnetic site with Cr?* also leads to a long-range three-
dimensional magnetic order but a mixed occupation of Fe3* and Cr?* destroys the
magnetic order [211].
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Figures 6.3(a-c) show the magnetic susceptibility of NaFe(WO,), along the princi-
pal crystallographic directions measured on a single crystal. The high temperature
part was fitted using the inverse Curie-Weiss function x;! = C~YT + 0) yielding
Weiss-temperatures around § = —8.5 K in the monoclinic plane and an effective
magnetic moment of fieffep = 5.932(15) g, which matches perfectly the expected
value of e = 24/S(S+1) = 5.92up for a spin-only moment of Fe*™ with
S =5/2 [53]. The results agree with values determined from powder [211].

The low temperature part of the susceptibility is shown in Fig. 6.3(a). All three
curves show a broad maximum at about 14 K. At lower temperatures the behaviour
is different along each direction. Perpendicular to the monoclinic axis, along @* and
c*, the susceptibility drops rapidly, whereas along b only a small decrease is seen®.
In a uniaxial antiferromagnet, the temperature dependence of the susceptibility
strongly depends on the relative direction of the applied magnetic field and the
ordered magnetic moments. Fields applied parallel to the moments yield a decrease
of susceptibility below the phase transition. For fields applied perpendicular the
susceptibility is constant for decreasing temperatures [53]. From this we can deduce
that the magnetic moments in NaFe(WQy), are mainly aligned in the ac-plane
with a small component along b. We find a transition temperature of 3.9 K which
is indicated by a black dotted line in the inset. The ratio of Curie-Weiss and Neel
temperature, f = 0ow /Ty =~ 2.2, shows that the system is frustrated [215]. The
Neel temperature was confirmed by specific heat measurements upon heating and
cooling [216]. The transition along b is slightly shifted towards lower temperatures
due to the applied magnetic field along this direction.

Finally in Figure 6.3(c), we show the induced magnetization for fields applied along
b and &. The magnetization per field (cf. Figure 6.3(d)) changes at magnetic
fields of about 1.5 K giving a hint for a spin-flop transition.

6.1.2. Magnetic phase diagram and dielectric
measurements

The phase diagram of NaFe(WOy), for a magnetic field applied along the prin-
cipal axes was determined by M. Ackermann and Y. Sanders at the University
of Cologne [213]. We will present the performed macroscopic measurements to
demonstrate the complexity of the system. Figure 6.4(a) shows the thermal ex-
pansion of NaFe(WQ,), along the monoclinic axis b for magnetic fields applied
along the same direction. The curves are shown for selected fields upon cooling
and heating. A transition below 4 K is visible in magnetic fields up to 11T. In the

*Note that in the monoclinic system b]|b* is valid.
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Figure 6.3.: Magnetic susceptibility of NaFe(WO,)s along principal crystallographic
directions: (a) low temperature behaviour and (b) Curie Weiss fit to the high temperature
part. The inset in (a) shows the derivative of the susceptibility with respect to the
temperature. A magnetic field of 0.1 T was applied to the sample. (c¢) Magnetization on
NaFe(WOQy)2 for magnetic fields applied along b and c*. (d) Magnetization per applied
magnetic field for B||b. Measurements were performed by S. Heijligen.

case of increasing magnetic fields, the transition shifts towards lower temperatures.
In low fields up to 1T a hysteresis is visible which disappears in higher fields. The
perturbations in the curves at 2K are caused by stabilization problems of the

temperature controller [213].
The magnetostriction of NaFe(WQy), along the monoclinic axis b for magnetic
fields applied along the same direction at selected temperatures is shown in Fig-
ure 6.4(b). The measurements were performed after cooling from the paramagnetic
phase in increasing and decreasing magnetic fields at constant temperatures. At
temperatures below 3K, two transitions occur when the field is increased, at
about 2T and 12T. The upper transition shifts towards lower fields at higher
temperatures. When the field is decreased again only one sharp feature is visible.
At the field of the lower transition only a minor anomaly can be detected. The
magnetostriction curves confirm the transition temperatures determined by thermal
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Figure 6.4.: (a) Thermal expansion and (b) magnetostriction of NaFe(WOQOy)2 along
the monoclinic axis for magnetic fields applied along b. The data was obtained upon
decreasing and increasing temperature or magnetic field (black and red curves). (c)

Resulting magnetic-field versus temperature phase diagram. All figures are taken from
Ref. [213].

expansion at higher fields.

The resulting phase diagram determined by anomalies in the macroscopic mea-
surements is shown in Figure. 6.4(c). Ackermann comes to the conclusion that
NaFe(WOy,), undergoes a glass-like transition in low fields into a mixed partially
magnetically ordered phase AF,,;..q. In higher fields applied along 5, the anti-
ferromagnetic order AF is completed and the phase is stable even in decreasing
fields [213].

The phase diagrams along a@* and ¢* are rather complex and show several transi-
tions in high magnetic fields which might as well be explained by the incomplete
magnetic order at zero-field [213]. We will focus in the following on the case of
magnetic fields applied along the monoclinic axis.

Preliminary pyro-electric current experiments have been performed by S. Jodlauk
and S. Albiez [212,213]. They found evidence of an electric current but it could not
be surely attributed to a ferroelectric phase. The experiments have been revised
and repeated on single crystals along the principal crystallographic directions with
the application of a magnetic field. Upon cooling, no electric current could be
detected. Upon heating, an electric signal could be detected along @* and &* which
was interpreted as an effect of frozen charge carriers. The authors conclude that
NaFe(WOQy,), is neither multiferroic nor linear magnetoelectric [213].
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6.2. Neutron diffraction in the zero field phase

Neutron scattering experiments were conducted at the triple-axis spectrometers
(TAS) IN3 (thermal) and IN14 (cold) at the ILL to investigate the temperature
dependence of the zero field magnetic phase. In a TAS experiment, one is restricted
in Cj space to a scattering plane spanned by two vectors. In order to access the
incommensurability along all three crystallographic directions, the experiment had
to be repeated with three different crystal orientations. At IN14, we worked with

an analyzed neutron energy of 3.5meV (ky = 1.3 1&_1) and a sample orientation of
[1,1,0]/[0,0,1]. At IN3, we worked with an analyzed neutron energy of 14.7 meV
(kf = 2.66 A_l) and a sample orientation of [1,0,1]/[0,1,0] and [0,1,1]/[100]. The
single crystal (13 x 8 x 2mm?) used for the experiment has been grown from melt
by P. Becker at the University of Cologne [212].

6.2.1. Temperature dependence of magnetic order

The temperature dependence of the magnetic transition in NaFe(WQO,), deter-
mined by macroscopic measurements was discussed in Section 6.1.2. The thermal
expansion curves showed a hysteresis-like behaviour of the phase transition which
was interpreted as a glass-like transition towards a partially ordered magnetic
phase [213].

Figures 6.5(a) and (b) show intensity maps of @ scans along [1,1,1] over the mag-
netic satellites at C} = (—0.5, 0.5, 0.5) upon cooling and heating. At about 4K,
two strong incommensurate Bragg peaks develop whose positions are temperature
dependent. The incommensurate splitting of the magnetic Bragg peaks in the zero
field magnetic phase have been observed first during the diploma thesis [187]. The
magnetic satellites are accompanied by weak third-order reflections and scattered
signal at the commensurate Bragg peak position. Above the transition temper-
ature, diffuse scattering is visible. Three Gaussian functions were fitted to the
data to take into account the intensities at the two incommensurate positions
and the commensurate position in the center. The signal at the commensurate
Bragg position is weak in comparison to the incommensurate peaks but cannot be
attributed to A/2 contamination from a structural peak since its intensity varies
with temperature. A detailed analysis of this finding is restricted by the weakness
of the effect and the fact that the magnetic satellites are so close to each other.
Our data suggests that the commensurate signal grows towards lower temperatures
which comes along with a broadening of the width of the incommensurate satellites.
A development of a second magnetic phase would lower the correlation length of
the primary structure which would be visible in a broadening of the magnetic
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Figure 6.5.: Magnetic phase transition in NaFe(WQy)s upon cooling and heating at
IN3. (a), (b) Intensity mapping of @ scans along the position of the magnetic Bragg
reflection Q = (—0.5, 0.5, 0.5) upon cooling and heating through the phase transition.
The color is logarithmically coded. Gaussian peaks were fitted to the data. (c) Peak
intensities of both magnetic satellites. The fitted power law function M? = ¢(T¢ — T)%%)
yields a transition temperature of 7' = 3.76(2) K and a critical exponent of 5 = 0.10(2).
(d) positions of the satellites relative to the commensurate Bragg point, (e) Peak intensity
of the incommensurate third-order signal upon heating and cooling. The onset of the
third-order reflections coincides with the modulation of the propagation vector.
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reflections. The presence of a commensurate magnetic signal and higher order
reflections of the incommensurate satellites are both indicators that the present
magnetic structure is perturbated.

The appearance of the third-order reflections may be attributed to an anharmonic
perturbation of the incommensurate structure. A perturbated sinusoidal wave
can be described by additional wave vectors using Fourier transformation. Higher
order harmonics often indicate squaring-up of the magnetic structure. This is an
expected feature at low temperatures as an incommensurate sinusoidal spin-density
wave cannot be the ground state of a local moment system [217]. The ratio of first
and third-order satellites is in the order of I 4 /3.4 &~ 100/1 in the present case.
Figure 6.5(c) shows the temperature dependence of the fitted peak intensity of the
first-order satellites. Unlike expected from the thermal expansion data we did not
find a hysteresis behaviour of the transition temperature and only minor variations
in the peak intensity. Fitting a power law to the data, we get the same transition
temperature of about 3.8 K for the cooling and heating cycle. This finding perfectly
agrees with the temperature determined from the magnetic susceptibility within
the accuracy of the used cryostat.

In Figure 6.5(d), the fitted peak position of the first-order magnetic satellites are
shown for the cooling and heating cycles. The distance to the commensurate posi-
tion is plotted against the temperature. Both satellites show the same behaviour
within a cycle, but the temperature dependence is different for heating and cooling.
Upon cooling, the incommensurability decreases continuously with temperature.
Upon heating, the value of the incommensurability is locked-in up to 3.0 K and
increases in higher temperatures. The temperatures match the hysteresis-like
behaviour found in the thermal-expansion data (cf. Fig. 6.4(a)). The fluctuation
of intensity in the heating curve may be assigned to a non-perfect temperature
stabilization of the cryostat.

Finally in Figure 6.5(e), we show the temperature dependence of the relative peak
intensities of the third-order magnetic satellites. Again we find the same hysteresis
behaviour upon heating and cooling as in the thermal-expansion data. The corre-
sponding transition temperatures match perfectly the quasi lock-in temperatures
of the incommensurability.

We can conclude that the magnetic transition temperature of NaFe(WOQy), is
at 3.9 K and that the hysteresis-like behaviour found in thermal-expansion data
can be assigned to perturbations of the magnetic ordering. These perturbations
are visible as third-order magnetic satellites in the neutron diffraction data. The
presence of scattered magnetic intensity at the commensurate Bragg positions may
reflect a coexistence of incommensurate and commensurate magnetic order. A
spin-glass behaviour can be excluded as the present magnetic structure leads to
sharp Bragg reflections. This result is further supported by measurements of the
field-cooled and non-field-cooled magnetic susceptibility. No field dependence is
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Figure 6.6.: Intensity mapping of @ scans along magnetic Bragg peaks of NaFe(WOQOy,)o
at 3.8 K in three different orientations: (a) @ = (—0.5, 0.5, 0.5) in [1,0,0]/[0, 1, 1], (b)

Q= (—0.5,—-0.5, 0.5) in [0,1,0]/[1,0, 1] and (c) Q= (0.5, 0.5,—0.5) in [0,0,1]/[1,1,0].
The color is logarithmically coded. Dashed lines indicate the commensurate Bragg peak

position.

visible, whereas for a spin-glass system one would expect an irreversibility of the
susceptibility below the transition [218].

6.2.2. Magnetic propagation vector

Figures 6.6(a-c) show two-dimensional intensity maps of Cj scans along two mag-
netic satellites in NaFe(WOQOy,)y in three different crystal orientations at 3.8 K. The
black cross indicates the commensurate peak position. This temperature is slightly
below the magnetic transition temperature, where the splitting of the satellites
is most pronounced (cf. Section 6.2.1). The intensity is logarithmically coded
and diffuse scattering is visible around the static Bragg peaks. The images can
be understood as two-dimensional cuts through the three-dimensional @ space.
In Figure 6.6(a), the single crystal was oriented along [1,0,0]/[0,1, 1] and was
measured at the spectrometer IN3. The splitting of the incommensurate magnetic
satellites occurs along both axes of the scattering plane. The splitting along [1, 0, 0]
can be projected to be Ay = 0.03. Figure 6.6(b) was recorded at IN3 in the
scattering plane [0,1,0]/[1,0, 1]. In this orientation the splitting is only present
along [1,0, 1]. Within the experimental precision we cannot determine a splitting
along the monoclinic axis and Ax = 0. Finally at the spectrometer IN14 the
crystal was oriented along [0,0,1]/[1,1,0]. The splitting is again present along
both axes and we can project a value of A; = 0.04 for the incommensurability
along ¢*.

We can conclude that the incommensurable splitting of the magnetic propaga-
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tion vector in the zero-field phase of NaFe(WOQy), only occurs perpendicular
to the monoclinic axis b. This is a symmetry plane of the Brillouin zone for
the space group P2/c. The propagation vector at 3.8 K was determined to be
ke = (—0.485, 0.5, —0.48).

6.2.3. Diffuse magnetic scattering

In the previous sections, we mentioned the presence of diffuse magnetic scattering
in the paramagnetic phase of NaFe(WOy,),. Aim of this section will be to investi-
gate the temperature and Cj dependence of the diffuse scattering. The experiment
was performed at the spectrometer IN3 using a single crystal of NaFe(WQy)s in
the orientation [1,0,0]/[0, 1, 1].

Figures 6.7(a) and (b) show two-dimensional intensity maps along the commensu-
rate Bragg peak Q= (—0.5, 0.5, 0.5) at 4.0K and 4.2 K, inside the paramagnetic
phase. At 4.0K the diffuse scattering is well centered around the incommensurate
Bragg peak positions. The signal is rather sharp along [0, 1, 1] and significantly
broadened along [1,0,0]. At 4.2K this situation is even more pronounced. The
diffuse scattering remains centered at the commensurate value along [0, 1, 1] and is
nearly constant along the a* axis.

Figure 6.7(c) shows Q scans along [0,1,1] over the commensurate Bragg peak
position @ = (=0.5, 0.5, 0.5) at different temperatures above the magnetic transi-
tion. Diffuse scattering is present up to 6 K which is almost twice the transition
temperature of Ty = 3.9 K suggesting a low-dimensional or frustrated character of
the system. This finding is in perfect agreement with the magnetic susceptibility
data, cf. Figure 6.3(a). Magnetic resonance studies on NaFe(WOQy), revealed a
two-dimensional character of the magnetic order and the ratio of intralayer J to
interlayer exchange J' was estimated to be J' ~ 1076 [219].

We now focus on the anisotropy of the magnetic correlations. Figure 6.7(d) shows
the temperature dependence of Cj scans along [1,0,0]. The diffuse scattering is
significantly broadened along this direction. By fitting the data with a Lorentzian
function, one can determine the correlation length of the diffuse order. The finite
instrument resolution can be neglected in the investigated temperature range
because the diffuse signal is significantly broadened.

The temperature dependence of the correlation length along both directions is
shown in Figure 6.7(e). NaFe(WOy), crystallizes in a layered structure with sepa-
rated planes of Na, Fe and W parallel bc (see Fig. 6.2 and [214]). The distance of
the magnetic ions along a@* is almost 10 A. The weakness of the coupling along
a* is visible in the two-dimensional diffuse scattering in the paramagnetic phase.
Correlations between the magnetic moments first occur below 10K inside the
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6.2. Neutron diffraction in the zero field phase

a) Q= (H,KK)/T=4.0K
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Figure 6.7.: Diffuse scattering in NaFe(WQOy)2. Two-dimensional intensity mapping of
@ scans along magnetic Bragg Q = (=0.5, 0.5, 0.5) upon heating through the phase
transition in the orientation [1,0,0]/[0,1,1] at (a) 4.0K and (b) 4.2K at IN3. The
color is logarithmically coded. (c) and (d) show @ scans through commensurate Bragg
position along [0,1, 1] and [1,0,0] at several temperatures above the magnetic transition.
Diffuse magnetic scattering is present up to 6 K. The correlation length ¢ determined by
Lorentzian fits for both directions is given in (e). A power law function & = ¢(T — T,)"
was fitted to the data yielding a transition temperature of 7. = 3.90(5) K and a critical

exponent of v = —0.90(10).
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6. Magnetic phase diagram of NaFe(WQO,),

be-plane, where the magnetic moments form zig-zag chains. The planes are first
decoupled along @ leading to two-dimensional diffuse scattering. Only at lower
temperatures the system develops correlations between the planes.

6.3. Symmetry analysis

A symmetry analysis of NaFe(WQOy)s has been done using BasIreps (implemented
in the FullProf suite [81]) in order to solve the complex magnetic structures of
the low field and high field phases of NaFe(WOy)s. The program is based on
the method of representation analysis developed by Bertaut [126,221,222]. The
crystallographic space group is P2/c (13), its symmetry elements are listed in
Table. 6.1. The magnetic moments of Fe3™ are located at the special Wyckoff site
2e at (0,y,1/4) which has two-fold symmetry and a multiplicity of two.
Nyam-Ochir et al. were able to describe the magnetic neutron powder data with a
commensurate propagation vector of k. = (0.5, 0.5, 0.5) [211]. The corresponding
little group is G = {1,2, 1, ¢} which is identical to the space group of the structure.
It contains one two-dimensional irreducible representation I'y. The character table
and the corresponding symmetry conditions for the magnetic moments are given
in Table 6.2. In the case of the commensurate propagation vector, EC and —/;C
are equivalent and the star of Ee consists of one vector. The two-dimensional
representation allows the two symmetry connected moments in the crystallographic
unit cell to be either collinear or canted. For a given moment (u,v,w), the second
moment can align according to the four possibilities: (u,v,w), (u,v,w), (u,v,w)
and (u,v,w).

In Section 6.2.2, it has been shown that the propagation vector of the zero-field
magnetic phase is incommensurate in the monoclinic plane and is of the form
kie = (61, 0.5, 01) (see also Section 6.5.1 and [187]). With the incommensurability
along @* and ¢* the little group of the magnetic structure changes to G, = {1,c}.
It contains two one-dimensional irreducible representations I'; 5. The character
table and the corresponding symmetry conditions for the magnetic moments are

Table 6.1: Symmetry elements of the

monoclinic space group P2/c (no. 13) Element Symmetry operation
with the unit axis b [220]. 1 T,Y, %

2 0,y,1/4 Ty, 2+ 1/2

1 0,0,0 T,9,2

¢ x,0,z x,y, 2+ 1/2
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6.4. Structure determination of the zero-field phase

— Table 6.2: Character table

! 2 1 ¢ nYy, 2 Y2 and symmetry conditions of

10 10 01 01 the little Group G = P2/c,
I'y u,V, W P,q,T - c
01 0-1 10 -10 k. = (0.5, 0.5, 0.5).

Table 6.3: Character table and symmetry
conditions of the little Group G = P,

Iy 1 a|uv,w a-(uv,w) Kie = (Oa7, 0.5, 81) with a = e~2m0L7s.

Iy 1 -a|u,v,w a-(a,v,0)

1 ¢ |zy 2z z,02z+1/2

given in Table 6.3. In the case of the incommensurate propagation vector, k:Zc and
—k‘w are not equivalent and the star of kw contains two vectors. Since the ¢ glide
plane connects the two Fe sites in the unit cell and since ¢ belongs to G 7., both
sites thus belong to one orbit and can be described by three parameters u, v, w, cf.
Table 6.3.

6.4. Structure determination of the zero-field
phase

The magnetic structure of the zero field magnetic phase of NaFe(WOy)s was
investigated at the single-crystal four-circle diffractometer D10 at the ILL. Two
single crystals of similar size (13 x 8 x 2 mm? and 6 x 7 x 2 mm?) were used
for the experiment. The D10 diffractometer was equipped with a 80 x 80 mm?
microstrip area detector and was used with two wavelengths 1.26 A and 2.36 A.
Magnetic Bragg reflections were recorded at 1.75 K and structural Bragg reflections
were recorded at 12 K, well above the magnetic phase transition. The magnetic
propagation vector k;. = (0.485, 0.5, 0.48) of NaFe(WQ,), is incommensurate
(see Sections 6.5.1 and 6.2.2). The resolution of the chosen neutron wavelength
did not allow to measure the magnetic satellites separately as the values of the
incommensurabilities are close to the commensurate vector k, = (0.5, 0.5, 0.5)
and the reflections overlap. The collection of magnetic peaks has been done by
long scans at the positions in ()-space generated by the commensurate propaga-
tion vector. The refinement was done in the space group P2/c with the lattice
parameters given in Figure 6.1 and was done using FullProf [81]. The datasets
from both single crystals yield quantitatively the same results and we will present
only the results from one dataset. The single crystal sample was the same as the
one used for the neutron diffraction experiment discussed in Section 6.2.
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6. Magnetic phase diagram of NaFe(WQO,),

Crystal structure

Structural reflections were recorded at 12K in the paramagnetic phase. At a
neutron wavelength of 1.26 A, a total of 766 reflections were collected. For the re-
finement 367 independent nuclear reflections were used. The internal and weighted
R-values are 1.64 and 1.83, respectively. The results of the refinement of the
structural parameters are given in Table 6.4. Isotropic temperature factors and
anisotropic extinction correction (model 4 in FullProf) were used for the refinement.
The values for the atomic positions correspond very nicely to the results obtained
from powder data [211] and the anisotropic extinction parameters well describe
the plate like shape of the crystal. One can estimate the necessity of an absorption
correction for cylindrical shaped crystals by calculating the product of the linear
attenuation factor of the scattered sample with the radius of the sample. In the
case of NaFe(WQ,),, the attenuation factor is g = 0.194cm™! and the average
diameter of the sample is approximately 0.5 cm. For products well below a value of
1, a correction for absorption is not necessary, which is the case for our sample [223].
The structural dataset can also be used to verify the occupation of the different
atomic sites. It was mentioned before that the mechanism of the magnetic coupling
along the extended a-axis is still matter of question. One possible explanation could
be stacking faults of Na* and Fe3* which would decrease the distance along this
axis. The coherent neutron scattering length of sodium and iron are by, = 3.63 fm
and bp, = 9.45 fm which makes a differentiation of both elements possible. The
refinement with FullProf yields a deviation of only 1 to 2% per site. The layered
structure is thus well ordered and an influence of stacking faults on the magnetic
structure can be a-priori excluded.

Magnetic structure

Magnetic Bragg reflections were recorded at 2 K in the ordered phase. At a neutron
wavelength of 1.26 A, a total of 423 reflections were collected. For the refinement
411 independent magnetic reflections were used. As mentioned before, the incom-
mensurate satellites could not be measured independently. The resolution at the
given wavelength was not high enough to separate the two satellites corresponding
to Eic’l = (0.485, 0.5, 0.48) and l;:’mg = (—0.485, 0.5,—0.48). Instead we used
the commensurate propagation vector to measure the magnetic reflections and
integrated over both peaks. The refinement program FullProf allows to treat
the list of measured intensities in a way that the contribution of two neighboring
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6.4. Structure determination of the zero-field phase

Table 6.4.: Structural parameters of NaFe(WQOy)y at 12K. The data was recorded at
the diffractometer D10 and the refinement was done using FullProf [81].

X v 2 Useo (A”)
Fe 0.0 0.67074(19) 0.25 0.04(2)
Na 0.5 0.6971(6)  0.25 0.35(5)
% 0.23704(14) 0.1831(2)  0.2572(3) 0.12(3)
01 0.35385(12) 0.3813(3)  0.3816(3) 0.25(3)
02 0.10888(13) 0.6226(3)  0.5923(3) 0.22(2)
03 0.33177(13) 0.0897(2)  0.9533(3) 0.22(3)
04 0.12606(13) 0.1215(3)  0.5757(3) 0.17(2)

Rpe = 3.70, Rype = 3.55, Rp = 2.87, x2(I) = 4.13

magnetic satellites is summed up in clusters and the incommensurate propagation
vector could be used for the refinement.

Different models were used to describe the data. In a first step, a general symmetry
of P1 was assumed with two independent Fe sites in the crystallographic unit
cell. The two sites were described by identical Fourier coefficients and a phase
shift ¢ . between those two moments. This condition is necessary since both
sites are still connected by symmetry (cf. Table 6.3) which requires an equal
distribution of the magnetic moment. A comparison of the refinements using
different models is given in Table 6.5. Analysis of neutron powder data yielded a
model with a commensurate propagation vector and moments aligned antiparallel
along @ [211]. This model, however, is not compatible with the single crystal data
from the D10 diffractometer. The fit can be improved by allowing the spins to
align in the ac-plane. Another minor improvement can be achieved when we allow
an additional component along the monoclinic axis. This result agrees with the
analysis of the magnetic susceptibility. As discussed in Section 6.2.1, we expect
an ordered magnetic moment in the ac-plane with a small additional component
along the monoclinic axis.

The fit results are similar for a collinear spin density wave (SDW) and a spin spiral
rotating in the €ac—5 plane. The vector é,. denotes the direction of the easy axis in
the ac-plane. Spin spirals with a different rotation axis are not compatible with
the data. We now take into account the symmetry analysis for the case of an
incommensurate propagation vector Eic,l = (0.485, 0.5, 0.48), cf. Table 6.3. Both
Fe sites are connected by a glide plane ¢ along the monoclinic axis and have a
phase difference of ¢ = 27 x 0.24. The refinement gives the best result for the case
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6. Magnetic phase diagram of NaFe(WQO,),

Table 6.5.: Residual values for the refinements of the magnetic reflections of NaFe(WOy )2
taken at 2K on D10 using different models.

COM a SDW a SDW ac SDW abe Spiral é,-b (1) Spiral @,.-b (2)

Ry 47.8 47.9 15.0 14.9 15.1 11.7
Ry p2 51.8 51.8 16.0 15.6 15.5 13.3
Rp 29.2 29.2 9.1 9.1 9.0 7.1
X2(1) 239.0 240.0 22.7 22.1 21.6 9.9

of an elliptical spin spiral with moments rotating in the é’ac—g plane. This model
is compatible with either of the two irreducible representations I'y and I's and
the fit results do not allow to distinguish between them. A combination of both
representation does not improve the fit and it can be stated that one representation
is sufficient to describe the zero-field magnetic structure in NaFe(WQOy)s. The
difference of the two spiral models, &,-b (1) and &,.-b (2), is the rotation of the
two moments in the crystallographic unit cell relative to each other. In the model
"Spiral €ac—5 (1)’, which is the combination of both irreducible representations,
the moments rotate along the same direction, whereas using only one irreducible
representation, the moments rotate in the opposite direction (model ’Spiral Eoeb
(2)).

The lengths of the major and the minor principal axis of the elliptical spiral are
Moz = /(M2 + Mz22) = 4.88 up and M, = M, = 1.09 pup, with a ratio of
Mnin/Mpmaz = 0.22. The angle between the major principal axis and the a-axis is
47.8°. A model of the magnetic structure is shown in Figure 6.8. Given the strong
deformation of the ellipse, the magnetic moments cannot order at every position
in the lattice, similar to the case of a spin-density-wave. After integration over the
ellipse, we get an average oriented moment of about 3.5 ug which is less than 60 %
of the moment of Fe3™. The model described by FullProf only accounts for the
harmonic incommensurate spin spiral. The anharmonic perturbations (’squaring
up’) and the coexisting commensurate phase (cf. Section 6.2.1) are not taken into
account and lower the ordered magnetic moment.

The incommensurate spin spiral of this model breaks the inversion symmetry of the
crystal which opens the possibility for a magnetoelectric effect and a ferroelectric
polarization in this phase [6]. In Section 6.1.2, we discussed the dielectric experi-
ments that have been performed on NaFe(WOy,), [213]. In the zero field phase no
pyro-electric current was detected and the material is thus not ferroelectric. The
inverse Dzyaloshinskii-Moriya effect 52-]- X (51 X 5]) is nonzero in the proposed
magnetic structure but it does not lead to a net electric polarization. The two
magnetic moments in the crystallographic unit cell rotate in the opposite direction,
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6.4. Structure determination of the zero-field phase

a =

c

Figure 6.8.: Magnetic structure of NaFe(WOQy)2 at 2K as determined by single crystal
diffraction on D10: (a) Crystallographic unit cell with magnetic moments and oxygen
ions and (b) evolution of the spiral along ¢. The ellipses show the rotation plane of the
magnetic moments with the principal axes €,. and b.

relative to each other, and thus the effect cancels out as the cross product of
neighboring spins switches sign during one period of the spiral [197,224]. A similar
situation was discussed for the AF3 phase in MnWQO, where two opposing spirals
prohibit a ferroelectric polarization [225].

In Figure 6.9, we compare our determined magnetic model with the one proposed
on the basis of neutron powder diffraction data [211]. The program FullProf was
used to simulate neutron diffractograms for nuclear and magnetic scattering at a
wavelength of 2.4 A. For the calculation of the magnetic scattering, two different
models were taken into account. To simulate the powder data from the litera-
ture, a collinear magnetic structure with moments along @ and a commensurate
propagation vector of k. = (0.5, 0.5, 0.5) was used. For the "Spiral el curve,
the incommensurate spin spiral model determined in this section was used. The
resolution was adapted to the neutron powder data from the literature. The small
incommensurability is difficult to be resolved within the given resolution from
powder diffraction. The different orientation of the moments in both models only
results in minor changes in the diffractograms which can easily be overseen or
misinterpreted. Nyam-Ochir et al. mention that an additional component along
¢ also described the data well but did not improve the fit. In NaFe(WOQOy)s, the
lattice parameters are a = 9.88 A, b =5.72A, ¢ = 4.94 A and 3 = 90.33(4)° [214].
The distance along @ and ¢ are connected by almost a factor of two and it is difficult
to distinguish them in a powder experiment. We argue that both datasets, from
powder and single crystal diffraction, can be described by the model determined
in this section.
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Figure 6.9.: Calculated neutron powder diffractograms for nuclear and magnetic scat-
tering at a wavelength of 2.4 A using FullProf. The brown line corresponds to the model
proposed by Nyam et al. and the blue line corresponds to single crystal model found in
this work [211]. The subtraction of both curves is shown below in red.

6.5. Neutron diffraction of high-field phases

6.5.1. Magnetic field dependence of the propagation
vector

The influence of magnetic fields applied along the monoclinic axis b on the magnetic
structure of NaFe(WO,), was investigated by neutron diffraction in the diploma
thesis [187]. The experiment was performed at the four-circle diffractometer 6T2
at the LLB in Saclay, France. The same single crystal was used for the experiment
as for experiments previously described. We will briefly summarize the results in
this section.

Figure 6.10(a) shows the intensity map of rocking scans along the magnetic
Bragg peak position C_j = (0.5,—0.5,—0.5) for magnetic fields applied along the
monoclinic axis b. The intensity is logarithmically color coded. The application of
the magnetic field along the monoclinic axis strongly affects the incommensurate
splitting of the satellites. At a magnetic field of about 1.2T, the satellites merge
into one commensurate peak. The field was first increased to a maximum field of
5T and then decreased to zero field at constant temperature. In decreasing fields,
only a modulation of the intensity is visible and the scattered intensity remains
at the commensurate position. Gaussian functions have been fitted to the data
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Figure 6.10.: Magnetic field dependence of the magnetic structure in NaFe(WOy)2 at
6T2. (a) Intensity mapping of rocking scans along the magnetic Bragg peak position
Q= (0.5, —0.5,—0.5) in magnetic fields applied along b at 1.6 K. (b) Corresponding
Bragg peak intensities of incommensurate (IC1 and IC2) and commensurate (COM)

reflections fitted by Gaussian functions. Lines between points are a guide to the eye.
Data taken from [187].

and resulting amplitudes are shown in Figure 6.10(b). The first transition at 1.2'T
perfectly matches the phase transition observed in the magnetostriction data (cf.
Figure 6.4(b)). The system undergoes a phase transition from a paramagnetic
towards an incommensurate magnetic structure with a propagation vector of
ko = (0g, 0.5, §1) at low temperatures. When the magnetic field is decreased again,
the system stays in the commensurate magnetic phase and only a modulation of the
scattered intensity of the Bragg peaks is visible. We can thus assign three different

magnetic phases as low-field incommensurate (LF-IC), high-field commensurate
(HF-C) and low-field commensurate (LF-C).

6.5.2. Commensurate magnetic structures

The results from the zero field diffraction data will help to analyze the data
collected in the high field magnetic phase of NaFe(WQy)s. In Section 6.5.1. we
summarized the results of the experiment at the 6 T2 diffractometer. In addition
to the temperature and magnetic field dependence of the propagation vector, 36
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6. Magnetic phase diagram of NaFe(WQO,),

Table 6.6.: Comparison of magnetic structures in NaFe(WOy)2 in magnetic fields
applied parallel b. The orientation of the moments in the crystallographic unit cells
are given and the corresponding propagation vectors are k. = (0.5, 0.5, 0.5) (C) and
ki, = (0.485, 0.5, 0.48) (IC). The models were determined from experiments at D10 and
6T2 using FullProf. We list the Fourier coefficients M 4p for site 1 and the symmetry
relation for site 2, with a = e 2™%=7": The induced ferromagnetic magnetization,

Mpg(B), is deduced from SQUID data (Fig. 6.3(c)).

B|b (T) Mpp(B) (up) Phase Map (u5) Symmetry  Z(€g, d) (°)

0 0 LF-IC (3.3-i-1.1,3.6) a-(u,v,w) 47.7
""" 5 128 HF-C (250821) (wo,@)  39.7
3 0.75 HF-C  (3.0,08,30) (a0,0) 44.8
2 0.50 HF-C (3.0, 0.5, 3.3) (a,v,w) 48.1
""" 1 025 LF-C (27,1533) (s,o,w) 504
0 0 LF-C  (25,21,31)  (u,7,w) 50.7

magnetic reflections were collected at 1.6 K in 0T, 5T and again 0 T. The instru-
ment was equipped with a cryomagnet which cannot be used in combination with
the Eulerian cradle. One was thus restricted to a two-dimensional scattering plane.
The installed lifting counter geometry made it nevertheless possible to move the
detector up to 30° perpendicular out of the scattering plane in order to increase the
accessible Cj space. The small number of reflections and the absence of reflections
along the b lowers the completeness and of the data. A precise refinement of the
magnetic structure is not possible but the data gives significant information about
the orientation of the moments in the different magnetic phases.

The 6T2 zero field data confirms the model for the magnetic structure determined
from the D10 data in the LF-IC phase. As a result, we get the same incommensu-
rate spin spiral with main axes along €. and b. The ratio between the components
along ¢ and @ is M, /M, ~ 1.1 which corresponds to an angle of 47.7° to the a-axis.
A model of the magnetic structure is shown in Figure 6.8(a).

Figure 6.11(a) shows a model of the magnetic structure determined from the 67T2
data in a magnetic field of 5T applied along the monoclinic axis. The figure
shows the addition of the commensurate antiferromagnetic phase and the induced
ferromagnetic moment along b (see also Table 6.6). The propagation vector of the
HF-C phase changes to a commensurate Ec = (0.5, 0.5, 0.5). The moments in the
crystallographic cell are collinear antiferromagnetically ordered with components
along all three axis: M, = 2.54(10) pup, M, = 0.84(14) pp and M, = 2.12(10) up
yielding a total ordered moment of M = 3.4 ug. This model only describes the
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Figure 6.11.: Magnetic structures of NaFe(WOy), at 1.6 K as determined by single crys-
tal diffraction on 6T2 with magnetic fields applied along b: (a) High-field commensurate
phase at 5T and (b) low-field commensurate phase zero field. The induced ferromagnetic
magnetization was not taken into account.

moments ordered according to the commensurate propagation vector. We can
deduce from the magnetization at 2 K (cf. Fig. 6.3(c)) that fields applied along b
induce an additional ferromagnetic moment of about Mgy, = 1.3 ug. This induced
moment leads to an increase of intensity at the nuclear Bragg peak positions. The
ratio between the components along ¢ and @ is M, /M, = 0.8 which corresponds
to an angle of 39.7° to the a-axis. This value is significantly smaller than in the
incommensurate zero field phase.

Finally, Figure 6.11(b) shows the model of the magnetic structure determined with
the zero field data, directly after decreasing the field from 5 to 0 T at a constant
temperature of 1.6 K. The propagation vector in the LF-C phase is the same as in
the high field phase, k, = (0.5, 0.5, 0.5). The best fit was achieved with canted
moments in the crystallographic unit cell with components along all three axis:
M, = 253) pp, M, = 2.1(2) pp and M, = 3.1(4) up yielding a total ordered
moment of M = 4.5up. The ratio between the components along ¢ and a is
M, /M, =~ 1.2 which corresponds to an angle of 50.7° to the a-axis. This value is
similar to the one in the high field phase. The transition from the HF-C to the
LF-C phase is visible in a modulation of scattered intensity (Fig. 6.10(a)) and as a
spin-flop transition in the magnetization data (cf. Fig. 6.3(d)). A comparison of the
models in the incommensurate low field phase (IC-LF), commensurate high field
phase (C-HF) and the commensurate low field phase (C-LF) is given in Table 6.6.
The analysis of the crystallographic space group combined with the commensurate
propagation vector of the magnetic structure yield a little group of G = {1, 2, 1,c},
cf. Table 6.2). To determine the magnetic space group of the two distinct magnetic
structures we now have to take into account the orientation of the moments and
their transformation under different symmetry operations. In a classical description,
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magnetic moments are represented by axial vectors (or pseudo-vectors). These
vectors transform like polar vectors under proper rotations, but change sign under
improper symmetry operation such as inversion and mirrors [222]. In the case of
the collinear moments in the HF-C phase, we determine a loss of the glide plane ¢
and the two-fold rotation which is due to the canting with respect to the monoclinic
plane. The inversion has to be combined with the time reversal operator 1" which
switches the sign of the moment. This leaves us with a magnetic space group of
P71’ for the HF-C phase. From the magnetic symmetry one can also derive the
compatibility of the system with magnetoelectric invariants, following the Neumann
principle [226]. The corresponding magnetic point group 1’ does not allow a linear
magnetoelectric effect (only the quadratic term FHH is allowed) [31,227].
Similarly we determined the magnetic space group for the LF-C phase as Pc'.
Here, the relative canting of the two moments in the unit cell destroys the two-fold
rotation and the inversion symmetry. The corresponding magnetic point group m
allows the linear magnetoelectric effect EH [31,227].

In all three magnetic structures, the centrosymmetry of the crystallographic space
group P2/c is broken which opens the possibility of a ferroelectric polarization [228].
We already discussed the absence of such a polarization induced by the DM effect in
the LF-IC phase. In the HF-C phase, all magnetic moments are (anti-)parallel and
the DM mechanism would again not lead to a polarization. The case is different
for the LF-C phase where the moments in the unit cell are canted. Applying
Equation 2.6 to the spin chain along ¢ leads to a net ferroelectric polarization
along the monoclinic axis. The pyrocurrent was measured along b in the LF-C
phase but no evidence for a ferroelectric polarization was found.

6.6. Conclusion

The double tungstate NaFe(WQy) is isostructural to the well studied spiral multi-
ferroic MnWO,. The magnetic phase diagram of NaFe(WQ,), was investigated
intensively using elastic neutron scattering in the zero-field phase and in the high
field phases in magnetic fields applied along the monoclinic axis b. An analysis of
the different magnetic structures together with the study of the complex tempera-
ture and magnetic field dependence of the propagation vector helped to explain
the magnetic phase diagram.

At zero field, it could be demonstrated that the Fe magnetic moments order directly
in a spin spiral with a incommensurate propagation vector k;;c = (0.485, 0.5, 0.48)
at 3.9 K. The spiral is elliptically distorted with the major axis of the spiral along
€ac and the minor axis along b. The incommensurability decreases with temperature
and freezes in at a temperature of 2.0 K. Upon heating, the incommensurability
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shows a hysteresis-behaviour, which could be related to an anharmonic distortion
of the spiral. The hysteresis effect of the propagation vector allows to explain
features visible in thermal expansion data, which do not show the transition but
the change of incommensurability [213].

The direct transition into the spiral state is in contrast to other systems such
as MnWQO, and TbhMnOs3, where the spiral phase follows a sinusoidal modulated
phase [11,175]. The spiral transition can be described by a single irreducible
representation, which explains the absence of an electric polarization in this phase.
Spin spirals of opponent rotation direction are equally present in the system and
cancel out the effect of the DM mechanism. In MnWOy, the spiral state is described
by two representations, which allow the rotation direction to be along the same
direction, inducing a finite electric polarization.

In magnetic fields applied along 5, the magnetic structure becomes commensurate
with a propagation vector of ke, = (0.5, 0.5, 0.5). The collinear ordered magnetic
moment develops components within the monoclinic plane, as well as perpendicular
to it. When the field is decreased again, at a constant temperature, the magnetic
order shows a spin-flop. The propagation vector remains commensurate but the
magnetic moments in the unit cell are canted relative to each other. This phase is
similar to the commensurate ground state of MnWO, [175].

From the magnetic phase diagram, we can assume that the magnetic ground
state of NaFe(WOy)s is the commensurate low-field phase [229]. Upon cooling,
the system first orders incommensurately and subsequently remains in this local
minimum, due to a loss of thermal energy. Magnetic fields applied along b lead to
a transition into the commensurate state.
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Nig.42Mng 58T103, a

Chapter 7

magnetoelectric spin glass

The discovery of spin-induced ferroelectricity and gi-
ant magnetoelectric effects in magnetically frustrated
transition-metal oxides attracted much interest due to
their exciting physical mechanism and their potential
applications [5]. In most materials studied, the magne-
toelectric properties are coupled with the spin chirality
via the inverse Dzyaloshinskii-Moriya interaction [15,43].
Generally, the effect is studied in systems that exhibit
long-range magnetic order. However, very recently Ya-
maguchi et al. showed that long-range order actually
is not needed [18]. They find a finite magnetoelectric
effect in a material with only short-range ordering.

The NizMn;_,TiOs-system develops a spin-glass (SG)
phase at low temperatures for Ni concentrations be-

Ni- .. Ti- <. TiO a= 5.09A
0.42 0.5_8 3 b= 509A
hexagonal, R3 (148) c=14.02 A
kun=(0, 0, 0) v=120°
kni =(0, 0, 0.5)
spin glass : spinglass PM
Mperp_ Min»plane !
6.0 95 T(K)

Figure 7.1.: Crystal parameters
and magnetic phase transitions in
Ni0,42Mn0,58T103 [230, 231]

tween x = 0.4 and 0.5. An electric polarization could be induced in this phase
by crossed magnetic and electric fields [18]. This off-diagonal linear magneto-
electric effect was explained by an induced ferrotoroidal order in the short-range

order [18,232].

In this chapter, the study of the spin glass system Nig42Mng 55TiO3 using unpolar-
ized and polarized neutron scattering methods is presented. The ordering in the
frustrated spin-glass phase and the behavior of the short-range order in applied
magnetic and electric fields will be discussed. Finally, the magnetic excitations in
the spin-glass phase were measured and compared to simulation using linear spin

wave theory.
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

Figure 7.2: Ilmenite-type crys-
tal structure of the MTiOg3 se-
ries, with M?T being a transition
metal ion. M?t and Ti*t ions
are in an octahedral environment
and form sheets in the hexago-
nal plane which are alternately
stacked along ¢. Each metal ion
is surrounded by six oxygen ions.

7.1. Introduction

7.1.1. The NiyMn;_,TiO3 system

Materials of the Ni,Mn;_,TiOj3 system crystallize in a trigonal centrosymmetric
structure which can be described in the space group R3 (no. 148) [230,231]. The
system is isostructural to ilmenite (FeTiO3), such as other MTiOj3 systems with
a magnetic transition metal ion M =Mn?* Co?**, Ni?t and Zn?* [233,234,235].
Throughout this chapter, the trigonal system is described in the hexagonal setting
which is commonly used nowadays. In some publications, the rhombohedral setting
was applied®. The crystal structure is shown in Fig. 7.2. Tetravalent Ti and
divalent M-ions form well defined planes parallel to the hexagonal ab-plane and
and are regularly stacked. Since Ti*" is non-magnetic, the magnetic layers are
only weakly coupled, forming a 2D honey-comb lattice in the hexagonal ab-plane.
The members of the MTiO3 group show only small deviations in their crystal-
lographic parameters, which makes them suitable for studying compounds with
mixed magnetic moments. These mixed systems are of particular interest when
competing exchange interactions or anisotropies of the end members lead to frus-
tration. This is the case for the Ni,Mn;_,TiO3 system [236]. We will first discuss
the end compounds of this series before we focus on the mixed state.

2The conversion of Miller indices of the rhombohedral setting (h, k,1) to the hexagonal setting
(H,K,L)iss H=h—-k,K=k—land L=h+k+1
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NiTiO3

The magnetic structure in MnTiO3 and NiTiO3 was investigated in an early
neutron diffraction study by Shirane et al. [233]. In NiTiOjs, the magnetic
moments were found to order in an layered antiferromagnetic structure below
Ty ~ 23.2K [237,238]. Ferromagnetic layers in the hexagonal plane are coupled
antiferromagnetically along ¢. The resulting magnetic unit cell is doubled along
¢ with a propagation vector of kni = (0, 0, 0.5). The moments are oriented
within the hexagonal plane but the precise direction within the plane could not be
determined [233]. Both, crystal and magnetic structure, have inversion symmetry
1 and thus do not allow for a magnetoelectric effect. A high temperature phase of
MTiOj3 exists, which is non-centrosymmetric, and which is metastable at room
temperature [239]. Ferro- and magnetoelectric properties in this phase have been
predicted [240] and measured in NiTiOj3 [241,242].

A detailed theoretic study of the magnetic properties in the MTiOgz ilmenites
was published by Goodenough et al. [234]. Looking at the electron occupation
of interacting orbitals, they argue that for Ni** the superexchange couplings in
the hexagonal ab-plane are ferromagnetic, which is also the case for systems with
M =Fe*t and Co*". The super-superexchange interaction via the non-magnetic
Ti** layer should accordingly be antiferromagnetic and weak relative to the intra-
layer exchange [234]. The ordered magnetic moment of pi.r¢ = 2.25 up determined
by neutron diffraction at 4.2 K is smaller than the spin-only moment p.ry = 2.83 g
for Ni**, with S = 2/2 and a quenched orbital moment [233]. Shirane et al. men-
tion the possibility of incomplete order of Ni and Ti sites that can lead to the
reduction of the ordered moment (also observed by Ohgaki et al. [243]). The cation
disorder in NiTiO3 seems to strongly depend on the crystal quality, because there
are also reports of an complete order [235]. Susceptibility measurements yield
a larger effective magnetic moment of p.ry = 3.24 up indicating a contribution
of a slightly unquenched orbital moment [244]. This could explain the observed
finite single-ion-anisotropy of Ni?T which overcomes the spin-dipol interaction and
confines the magnetic moments in the hexagonal plane [238].

MnTi03

In MnTiOj3, the magnetic moments order below T ~ 63.6 K and are aligned along
the hexagonal axis ¢ [245]. The moments form an antiferromagnetic G-type struc-
ture with propagation vector EMn = (0, 0, 0) [233]. This can be explained by the
magnetic exchange interactions. The e, orbitals of Mn are single-occupied yielding
an antiferromagnetic coupling along ¢, as it is the case for other ilmenite systems
MTiOz with M=Ni, Co and Fe. The t,, orbitals in the hexagonal plane are single-
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

occupied, which leads to an antiferromagnetic superexchange interaction [234].
This is in contrast to other MTiO3, where the strongest in-plane exchange is ferro-
magnetic [234]. The intra-plane interactions were found to be significantly stronger
compared to inter-plane interactions (> Jinter/ Y Jintra = 0.035(5)), resulting in
a 2D-like character of the magnetic susceptibility. Furthermore, Akimitsu et al.
report the observation of 2D-like diffuse magnetic scattering above T and the
investigation of the critical exponents suggests a cross-over effect from 2D to 3D
behaviour above Ty [246].

The isolated Mn?" ion has a spin of S = 5/2 and zero orbital momentum, yielding
tefr = 5.92 up. No spin-orbit coupling is expected and the weak confinement
of moments along ¢ can be explained purely by dipole interaction, which favors
moments to be aligned along the long axis [245]. An ordered magnetic moment of
only perr = 4.55 pp at about 4 K was determined by neutron diffraction [233,247].
The origin of the reduced moment is unclear and was attributed to either an
incomplete Mn-Ti order [233] or the existence of di- and trivalent Mn ions [248].

The magnetic space group of MnTiO3 is R3’ and allows for the linear magneto-
electric effect, which is in contrast to NiTiO3 [233]. By symmetry, o, = qy,y, Q..,
and oy, = —ay, of the magnetoelectric tensor are allowed to be non-zero. The
material is thus dielectric at zero-magnetic field but can be polarized in applied
electric and magnetic fields. It was demonstrated by Mufti et al. by measuring
P.; as function of H that the diagonal term «.. of the magnetoelectric tensor in
MnWOy is finite [249]. The microscopic origin of the ME effect could be explained
by spin-dependent metal-ligand hybridization [250].

Phase diagram of Ni0,42Mn0.58Ti03

The end members of the system, MnTiO3 and NiTiOj3, exhibit simple antiferro-
magnetic structures, which are coupled antiferromagnetically along the hexagonal
c-axis and are not frustrated in the honey-comb lattice. Differences between both
magnetic structures consists of their orthogonal easy magnetization directions and
the sign of the nearest intra-plane exchange interaction. Both should result in a
strong frustration for intermediate concentrations.

Figure 7.3 shows the schematic magnetic phase diagram of Ni,Mn;_,TiOj3 for
varying temperature and Ni-concentration determined by Ito et al. [230]. At low
Ni-concentrations, the system orders in the magnetic structure of MnTiOj3, denoted
as AF-Mn|. An increase of Ni introduces frustration into the system, visible in a
reduction of T, and the development of a second phase transition. The in-plane
single-ion-anisotropy of Ni competes with the dipole interaction. As a result, the
direction of moments rotates from the c-axis to the ab-plane. The angle between
the ordered magnetic moment m and the hexagonal plane is strongly dependent
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Figure 7.3.: Schematic diagram of magnetic phases of the NizMn;_,TiOs system,
reproduced from Ref. [230]. The relative spin orientations of the ordered phases AF-Mny,
AF-Mn; (both G-type) and AF-Ni (A-type) are illustrated on the right. Black dotted
lines separate the spin glass (SG) phase from the reentrant spin glass regions. The
concentration investigated in this work is indicated by a red dashed line.

on the Ni concentration x and T in this region. In the diagram, this region is
simplified as one area, denoted AF-Mn . Yoshizawa et al. revealed that this region
is subdivided in at least four different phases [236]. At high Ni-concentrations
x > 0.5, the system orders in the magnetic A-type structure of NiTiO3 (AF-Ni).
This phase is stable almost down to an equal concentration of Ni and Mn. It seems
plausible that due to the stronger anisotropy of Ni moments, the phase is less
perturbed by Mn doping. The three magnetic structures are schematically shown
on the right side of Fig. 7.3.

For an intermediate Ni-concentration between x = 0.4 to 0.5, the absence of long-
range magnetic order has been deduced from the lack of an anomaly in specific
heat measurements [230]. These compounds were proposed to exhibit a spin-glass
transition that is visible in a clear splitting of the magnetization curves measured
in magnetic field or in zero-field cooling [230]. Ni and Mn ions are randomly
distributed on the M-sites and their competing intra-plane interaction destroys
the development of a long-range order. In analogy to a glass state of matter, a
frozen state of disordered atoms, the spin glass state describes the freeze-in of
magnetic moments with short-range order only.

The freezing of magnetic moments in the spin glass phase has been furthermore
investigated by neutron diffraction. Kawano et al. find weak intensity at the
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

AF-Ni Bragg peak positions arising from quasi-elastic magnetic scattering [231].
The temperature dependencies from the magnetic susceptibility as well as the
magnetic scattering show two anomalies which Kawano et al. interpret as successive
spin glass transitions. They argue that the single-ion-anisotropy of Ni leads to a
separation of in-plane and out-of-plane magnetic components, following the theory
of SG systems with planar anisotropy [251]. Accordingly, they distinguish the
transition of the component in the ab-plane, T 5|’|G = 9.5(10) K, and the transition
of the component along &, Ty, = 6.0(5) K [231]. In general, such systems with
planar anisotropy are referred to as XY spin glasses [252].

Such a spin glass phase at an intermediate region of concentration has also been
observed for the systems Fe,Mn;_,TiO3 [253] and Co,Mn;_,TiO3 [254]. In all
cases, the magnetic frustration is due to the unique position of Mn ions among the
other transition metal ions in the MTiOj3 series in terms of exchange interaction
and single-ion-anisotropy [234].

7.1.2. Magnetoelectric effect in the spin-glass phase

The end compounds of the Ni,Mn;_,TiO3 system not only differ from each other
in magnetic nearest-neighbor in-plane exchange and anisotropy, but also in their
magnetoelectric properties. While the magnetic structure of MnTiO3 allows for the
linear magnetoelectric effect, it is excluded by symmetry in NiTiO3. Yamaguchi
et al. investigated the electric polarization P in dependence of applied magnetic
fields for several Ni concentrations in the region of the SG phase [18,232]. For
concentrations of x = 0.40 and =z = 0.42, they find an induced polarization in
crossed magnetic and electric fields. The corresponding magnetoelectric tensor has
non-zero off-diagonal terms v, = —a,,”. All diagonal terms were found to be
zero, which is in contrast to the case of MnTiOj3 [249]. It is thus likely that the
induced electric polarization in Nig4oMng 55 TiO3 is caused by another effect.
The linear magnetoelectric (ME) effect is allowed only in magnetic insulators in
which time reversal and space inversion symmetry are simultaneously broken. The
ordering of magnetic moments breaks the time reversal symmetry. The space
inversion is an element of the centrosymmetric space group R3 and can only be
broken by a specific arrangement of moments. This explains the existence of the
ME effect in MnTiO3 and its absence in NiTiO3. The linear ME effect is mostly
discussed in terms of ordered magnetic structures and only few reports exist about
such an effect in disordered systems (e.g. Ref. [255]).

In most materials studied, the magnetoelectric properties are coupled with the spin
chirality S; x S; via the inverse DM interaction [15,16]. Another multi-spin variable

PThe following coordinate system was applied: X || [110], Y || [110], Z || [001].
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that couples directly with magnetoelectric properties is the toroidal moment, which
is given by the cross product between the positions 7; of the magnetic ions and
their spins S;:

Foc > xS (7.1)

The sign of the toroidization ¢ changes with both, space reversal and time inver-
sion but it is invariant against the simultaneous inversion of both [31,256]. A
non-vanishing ¢ can be achieved by a ring of magnetic moments. In the presence
of such an order, antisymmetric ME effects are allowed, i.e. Prp oc £ x H and
MxtxE [31,256]. The field, which directly couples to a ferrotoroidal order, is
an inhomogeneous magnetic field with a non-vanishing curl that may align with
the ring of magnetic moments. Such a magnetic field, however, can only exist in
the presence of electric currents. Crossed magnetic and electric fields are also able
to pole the ferrotoroidal moments profiting from the non-diagonal terms in the
magnetoelectric tensor [256].

Yamaguchi et al. use this approach to describe the linear off-diagonal magneto-
electric effect observed in NigMng 53 TiO3 [18]. They argue that for the case
of zero-field cooling, the spins freeze completely randomly which cancels out the
toroidization. However, by cooling the system under crossed magnetic and electric
fields, the formation of a net toroidization would give rise to a gain in energy.
This renders the system magnetoelectric, even in the lack of long-range magnetic
order [18].

Recently, Chi et al. investigated the Ni,Mn;_,TiO3 system with z = 0, 0.33,
0.5 and 0.68 by neutron diffraction and pyroelectric measurements [257]. The
authors find additional elements of the ME tensor for x = 0.33, which are excluded
in MnTiO3. Chi et al. relate this finding to the rotation of Mn moments. For
increasing Ni concentration, the Mn moments rotate from ¢ towards the ab-plane.
While the AF-Mny-order has 3’ symmetry, the rotation axis is lost in AF-Mn and
the magnetic space group reduces to P1’ [257]. In this space group there are no
restrictions for the ME tensor [227].

7.2. Magnetic properties of the spin-glass phase

The surprising finding of a linear magnetoelectric effect in the spin glass phase
of Ni,Mn;_,TiO3 raises the question of the microscopic origin of the effect.
The proposition of a ferrotoroidal spin arrangement induced by crossed mag-
netic and electric fields by Yamaguchi et al. can be verified by neutron diffrac-
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tion. There are three reports about neutron studies of the spin glass phase in
Nig 426Mng 53 TiO3 [230,231,236]. All of them were performed well before the dis-
covery of the ME effect and focus primarily on the temperature dependence of
specific magnetic reflections.

This section will focus on the magnetic properties of Nip4Mngs3TiO3 at low
temperatures and in zero-field.

7.2.1. Sample characterization

A large single crystal of Nig4Mng 53TiO3 has been grown in a floating-zone furnace
by A. A. Nugroho at the University of Cologne. The constant Ni concentration of
x = 0.42 was verified using energy-dispersive X-ray spectroscopy.

The temperature dependence of the magnetization in the hexagonal plane along
[1,1,0] is shown in Fig. 7.4, carried out with a SQUID magnetometer. The curves
were measured upon heating after cooling the sample in a magnetic field (FC),
and in zero-field (ZFC). Both curves show an anomaly at about 10 K, indicating
a magnetic phase transition. This temperature can be assigned to the spin glass
transition of spins in the easy plane. At lower temperatures the curves split up
in a typical manner of spin glass systems: in the absence of a magnetic field, the
moments freeze-in randomly at the spin-glass transition, while during field-cooling,
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Figure 7.4.: (left) Temperature dependence of field-cooled (FC) and zero-field-cooled
(ZFC) magnetic susceptibility of Nig49Mng 53TiO3 in a field of 0.5 mT applied parallel
to [1,1,0]. The spin glass transitions parallel (TgG) and perpendicular (T,;) to the
easy-plane anisotropy are marked by black arrows. (right) X-ray Laue image of a single
crystal of Nip 42Mng 53TiO3 with the [1,1,0] direction parallel to the beam.
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Figure 7.5.: Temperature dependence of neutron scattering at the position of the AFM-
N order in Nip 42Mng 53TiO3 at IN3. (a) and (b) show Q-scans in the hexagonal plane and
perpendicular at selected temperatures along the Bragg peak position Cj = (0, 0,—1.5).
The amplitude (c¢) and correlation length (d) determined by fitting of a Lorentzian
function are given on the right.

moments tilt along the direction of the applied magnetic field [218]. The second
transition, where the magnetic components perpendicular to the planar anisotropy
freeze-in, occurs at about 6 K and is visible as a kink in the ZFC magnetization.
The magnetization of the sample perfectly agrees with the one reported in refer-
ence [18] and should thus exhibit the same spin glass phase.

The right site of Fig. 7.4 shows an image of nuclear Bragg reflections obtained
with an X-ray Laue camera. The single crystal was aligned with [1,1,0] being
parallel to the beam. The image testifies the good sample quality and shows no
defects. The Bragg reflections could be well described using the following crystal
parameters and the space group R3: a = b = 5.09 A, c=14.02A and v =120°.

7.2.2. Temperature dependence of magnetic reflections
In order to get an overview of the temperature dependence of magnetic scattering

in Nig4Mng55TiO3, a single crystal was mounted in [1,1,0]/[0,0, 1] scattering
geometry in a cryostat on the thermal neutron TAS instrument IN3 at the ILL.
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

The neutron energy was fixed to £ = 14.7meV (k = 2.66 1&71).

Figure 7.5(a-b) shows elastic ()-scans at the magnetic Bragg peak position Cj =
(0, 0,—1.5) of the AF-Ni phase along two directions for several temperatures above
and below the SG transition. From the temperature dependence we can deduce
that the signal is of purely magnetic origin as it vanishes at higher temperatures.
Even at 1.8 K, the scattered intensity is weak in comparison to the scattering from
nuclear Bragg peaks (cf. I3y 5-10* cts/20sec). The onset of magnetic scattering
at a temperature of Ty ny; ~ 10K coincides with the kink of magnetization in
Fig. 7.4(a). The increase of intensity is rather strong and the correlation length in
the hexagonal plane and perpendicular to it spans up to 40 A at 2K. The AF-Mn
order is thus almost long-ranged in Nig4oMng 55 TiOs3.

The scattered intensities at nuclear and magnetic Bragg reflections allows to
estimate the ordered magnetic Ni-moment in the AF-Ni phase. The ratio of
structure factors of nuclear and magnetic Bragg peak at both positions is ry; care =
T0,0,3)/ 100,15 = 1.23. The ratio was calculated assuming the structure factor of
Nig.42Mng 58 TiO3 and a complete ordering of Ni moments with an effective magnetic
moment of p.rr = 2.25 pp determined by neutron diffraction [233]. To obtain
a value for the corresponding experimental ratio, one has to take into account
the different linewidth of nuclear and magnetic order. The AF-Ni reflections are
enlarged along [0, 0, L] by a factor of 1.5 in comparison to nuclear reflections. For
simplicity, we assume that this factor is isotropic, i.e. that the correlation of the
Ni-order is isotropic in the crystal. In general on a TAS instrument, the resolution
is relaxed along the vertical direction, and we can neglect the enlargement factor
along this direction. The magnetic intensity has thus to be multiplied with the
square of the enlargement factor, accounting for the enlargement in the scattering
plane. We determine an experimental ratio of nuclear and magnetic intensity as
"Nieap = 1(0,0,3)/1(0,0,1.5) = 20. The intensity of scattered neutrons is proportional
to the square of the structure factor, which itself is proportional to the magnetic
moment of the scattering object:

I o F? o piss . (7.2)

From this considerations, we can estimate that about 25 % of the Ni-moments in
Nig4oMng 55 TiO3 contribute to the magnetic scattering at 2 K.

Furthermore, the diffuse nature of magnetic scattering is visible by the broad shape
of the reflections. A Lorentzian function was fitted to the data in order to determine
the intensity and linewidth. Fig. 7.5(c) shows the temperature dependence of
determined peak intensities along both directions. The resulting smooth increase
of scattered intensity perfectly agrees with a previous neutron study at this Bragg
position [231]. The linewidths were used to calculate the correlation length of the
diffuse scattering, which is shown in Fig. 7.5(d). Above the transition, magnetic
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Figure 7.6.: Temperature dependence of neutron scattering at the position of the AFM-
M order in Nip42Mng53TiO3 at IN3. (a) Intensity mapping of scans along [0,0, L] at
the Bragg peak position @ = (=1, 0, 2) in a logarithmic scale. (b) Scattered intensities
determined by subtraction of the high temperature curve at 37 K arising from magnetic
order. A Lorentzian function was fitted to the scans to extract the amplitude (c) and
the correlation length (d).

correlations primarily exist in the hexagonal plane, while below the SG transition
the correlations are similar along and perpendicular to the hexagonal plane.

Let us turn to Bragg positions of the AF-Mnj and AF-Mn, structure. The dif-
ference of both MnTiOs-type structures is the orientation of magnetic moments
relative to the hexagonal axis. The precise orientation of moments was investigated
using spherical neutron polarization analysis and will be discussed in Section 7.3.
Both structures have zero propagation vector and the magnetic reflections overlap
with the reflections from the crystal structure [233].

Figure 7.6(a) shows a logarithmic intensity mapping of Q-scans along the Bragg
position Cj = (=1, 0, 2). The Bragg peak signal is dominated by temperature-
independent nuclear scattering. The temperature-dependent magnetic scattering is
visible as diffuse scattering around the peak position. In order to study the evolution
of magnetic scattering with temperature, the intensity from the high-temperature
scan at 7' = 38 K was subtracted from intensities at lower temperatures. Fig. 7.6(b)
shows the resulting curves, which can be well described using a Lorentzian function.
Both temperature dependencies, of the scattered intensity and the correlation
length, differ from the behaviour of the AF-Ni reflection, shown in Figures. 7.6(c-d).
While significant magnetic intensity persists already at 20 K, well above the SG
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transition temperature, the correlation length of the AF-Mn| phase only spans
over a limited range along ¢. The reduced correlation length of Mn moments may
arise due to the perturbation by the single-ion-anisotropy of Ni moments which
rotates the orientation of Mn moments from ¢ into the ab-plane.

Again, it is possible to estimate the ordered magnetic moment by a comparison
of experimental and calculated intensities. For this, we assume a complete order-
ing of Mn moments in Nig4Mng53TiO3 with an effective magnetic moment of
fepr = 4.55 pup determined by neutron diffraction [233]. The AF-Mn-type reflec-
tions are significantly broadened, resulting in an enlargement factor of 9.2 relative
to a nuclear reflection in the scattering plane. By applying Eq. 7.2 and the same
assumptions as described before, we can estimate a contribution of about 25 % of
Mn-moments to the broad scattering at the AF-Mn) positions.

The presented data allow the conclusion that frozen fluctuations of both magnetic
structures, MnTiOs-type AF-Mnj and NiTiOs-type AF-Ni, coexist in the spin-glass
phase of Nig4oMng 55TiO3. The magnetic reflections could be well described with a
Lorentzian function suggesting a cluster glass type ordering of moments. While the
AF-Ni-reflections are sharp, indicating an almost long-range order of Ni moments,
the Mn-reflections are significantly broadened, indicating a short-range order of
AF-Mn-type order. The simple comparison of nuclear and magnetic intensities
yield a equal contribution of about 25 % of Ni and Mn moments to the magnetic
intensities.

7.2.3. (-dependence of magnetic reflections

A different experimental setup was used in order to investigate the ()-dependence
of magnetic scattering in the spin-glass phase of Nig4Mng 53TiO3. A large single
crystal (30 x 6 x 6 mm?®) was mounted in [1,0,0]/[0,0, 1] scattering geometry in
a cryostat on the thermal neutron TAS instrument IN8 at the ILL. The incident
neutrons were selected using the (1, 1, 1) Bragg reflection of a silicon monochroma-
tor. Instead of a single-detector, the multi-detector FlatCone was installed, which
covers a wide scattering angle [84]. The neutron energy was set to £ = 18.6 meV
(k=3.0A7").

The instrumental procedure with the FlatCone analyzer persist of a rotation of
the sample at a constant energy transfer. Such a scan creates a surface in (C,j, w))
space which is defined by the vectors spanning the scattering plane. At zero energy
transfer one obtains an intensity map of elastic nuclear and magnetic scattering.
For a better comparison with the comprehensive experimental data, we calculated
the structure factors in Nig 4o Mng 53 TiO3 arising from the nuclear structure, and
the magnetic phases AF-Mnj, AF-Mn,; and AF-Ni. The magnetic intensities were
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Figure 7.7.: Calculated intensities neutron scattering in Nig 40Mng 58TiOg3 in several
scattering planes. The structure factor was calculated for the nuclear structure (nuc)
and the magnetic phases AF-Mn|, AF-Mn,; and AF-Ni. The reflection condition for
the nuclear R3 structure is —h + k 4+ [ = 3n. The size of the dots corresponds to the
logarithmic value of the structure factor within one scattering map. A different intensity

scale was used for each map.
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

calculated assuming a equal distribution of antiferromagnetic domains. The loga-
rithmic peak intensities are shown in Figure 7.7 for the scattering planes [H, 0, L],
[H, K,0], [H, K,1] and [H, K,2]. Nuclear Bragg reflections obey the reflection
condition for the space group R3: Qe = (h, k, 1) with —h + k + [ = 3n [220].
This condition is modified for the different magnetic structure structures. In
the AF-Mn|-phase, the moments are parallel ¢ and scattering at Bragg positions
Q = (0, 0, L) is excluded due to the condition for magnetic scattering. In addition,
the structure factors sums up to zero at @ = (H, K, 0) for the G-type magnetic
structures AF-Mn; and AF-Mn, . Magnetic scattering of the AF-Ni-phase is only
visible at half-integer L, due to the finite propagation vector of the structure along
the c-axis.

Figures 7.8(a-b) show the intensity mapping of neutron scattering in the [H,0, L]
plane at 30 K and below the spin-glass transition at 2 K. The experimental data
(black frame) was symmetrized by a two-fold rotation. The same logarithmic scale
was used for both maps. Nuclear reflections are found at the expected positions
and the extinction rules are preserved, indicating a monodomain crystal structure.
Remarkable is the enhanced intensity along the hexagonal axis ¢ at integer h. The
diffuse scattering along ¢ has also been reported for Ni,Mn;_,TiO3 with x =0
and 0.33, in a diffuse neutron scattering study [257]. They may arise due to partial
disorder of M?*" and Ti**, resulting in stacking faults [233]. Another remarkable
observation is the existence of super-structure reflections at Q = (£1.5, 0,+3),
which could indicate an ordering of Mn and Ni ions. These super-structure reflec-
tions have also been found in X-ray diffraction at half-integer h [258].

The difference in the scattering maps at both temperatures can be attributed
to magnetic scattering from the spin-glass phase. The subtraction Iy — I30x is
shown in Fig. 7.8(c) in a linear color scale. Magnetic reflections are visible at
the positions of the nuclear reflections, arising from the AF-Mn| order, and at

positions indicated by the propagation vector k= (0, 0, 0.5), arising from the
AF-Ni order. Dashed lines indicate cuts through the 2D-data along [H, 0, H] and
0,0, L] which are shown in Fig. 7.8(d).

The sample was reorientated in order to access the scattering in the hexagonal
ab-plane. Figures 7.9(a-b) show the intensity mapping of neutron scattering in this
plane at 30 K and 2 K. The experimental data (black frame) was symmetrized by
a two-fold rotation and the same logarithmic scale was used for both maps. Strong
nuclear reflections are visible at positions corresponding to the R3 space group.
The cut along the hexagonal plane at both investigated temperatures reveals an
odd shape of nuclear reflections, that was not visible in the [H, 0, L] diffraction
maps. The intensity at the Bragg position is accompanied by smaller reflections at
a larger scattering angle. From the experiment, we can deduce two informations
for the nuclear satellites: their intensity does not change with temperature and
they are only visible in the hexagonal plane. An ordering of Mn and Ni ions
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Figure 7.8.: Intensity mapping of neutron scattering in the [H,0,L] plane in
Nig.42Mng 53 TiO3 at IN8. (a) and (b) show scattering maps at 30K and 2K in a
logarithmic scale. The black curve highlights the measured data, the other half was sym-
metrized. (c¢) Subtraction of the high temperature data to show the magnetic scattering
in a linear scale. Dashed lines indicate the directions of line cuts shown in (d).

in the hexagonal plane may lead to these features. Further investigations are
necessary to determine the origin of this nuclear satellites. Due to the weakness of
these anomalies and their nuclear nature, we will exclude them from the following
analysis of the magnetic scattering.

The subtraction of both intensity maps reveals the contribution of magnetic scat-
tering in Fig. 7.9(c). Cuts along different directions are indicated as dashed lines
and are shown in Fig. 7.9(d). Weak scattering is present at the Bragg positions
of the nuclear structure, even though one would not expect magnetic scattering
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Figure 7.9.: Intensity mapping of neutron scattering in the [H,K,0] plane in
Nig.42Mng 53 TiO3 at IN8. (a) and (b) show scattering maps at 30K and 2K in a
logarithmic scale. The black curve highlights the measured data, the other half was sym-
metrized. (c¢) Subtraction of the high temperature data to show the magnetic scattering
in a linear scale. Dashed lines indicate the directions of line cuts shown in (d).

in the [H, K, 0] plane. Scattering from the AF-Ni phase is not visible due to the
finite length of the propagation vector along ¢. And the G-type orientation of
moments in the AF-Mn structure leads to a cancellation of the magnetic structure
factor for any Bragg position with L = 0. The presence of scattering at this po-
sitions is likely due to disorder along ¢, which breaks the symmetry of the structure.
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[120]  [010]

Figure 7.10: Sketch of the scattering geometry of
NizMn;_,TiOgz for neutron polarization analysis. The disc-
shaped sample is placed between aluminum plates along
[1,1,0]. An electric field can be applied along this direction.
The sample is aligned in a way that [1,0,0] and [0, 0, 1] span
the horizontal scattering plane, with [1,2,0] being vertical
at all times. The hexagonal ab-plane, indicated as light
gray plane, is perpendicular to the scattering plane.

7.3. Polarized neutron diffraction

Further insight into the alignment of the magnetic moments of Ni and Mn in the
spin-glass phase of Nig4oMng53TiO3 can be gained by looking at the polarization
dependence of scattered intensity. Spherical neutron polarization analysis is a
powerful tool, which is perfectly suited to determine the orientation of magnetic
moments in a crystal [102].

A single crystal of Nig4Mngs3TiO3 was mounted in a cryostat at the cold neutron
TAS instrument IN14 at the ILL. The instrument was equipped with the Cryopad-
I, a zero-field polarimeter which enables to independently choose the orientation
of incident and scattered neutron spin [109]. The flat shaped crystal (d = 2.5 mm)
was held between two aluminum plates in order to apply a homogeneous electric
field along the [1, 1, 0] direction. Throughout the experiment, we worked worked
with a fixed neutron energy of £ = 4.0meV (k = 1.55 A_l) and a beryllium filter
on Ef to suppress scattering from higher orders. The neutron beam was polarized
by a supermirror bender and analyzed using the (1, 1, 1) reflection of a Heusler
monochromator. The flipping ratio on a magnetic Bragg peak was almost 34,
which corresponds to a neutron polarization approx. 94 %.

The geometry of the experiment is schematically shown in Fig. 7.10. The scattering
plane is spanned by the directions [1,0,0] and [0, 0, 1] and the direction vertical to
the plane is [1,2, 0] in the hexagonal setting. The polarization directions always
fulfill the conditions: z || Q, z vertical, y | z x z.

The first part of the experiment was done in zero-field, in order to determine the
orientation of the magnetic moments in the frustrated spin-glass phase. The second
part is dedicated to the influence of magnetic and electric fields on the magnetic
structure.
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Figure 7.11.: Polarization analysis of temperature dependent magnetic scattering
in Nig4oMng58TiO3 at IN14. The scattered spin-flip intensity along the polarization
axes x, y and z are shown at the Bragg positions (a) Qar_ni = (0, 0,—1.5), (b)
QAF—Mn = (-1, 0, 2) and (c) @AF—Mn = (=1, 0,—1). The orientation is chosen so
that z is aligned parallel Cj, z is parallel [1,2,0] and y is perpendicular to x and z.

7.3.1. Temperature dependence and polarization of
ordered magnetic moments

In agreement with the experimental results from the previous section, we find
diffuse magnetic signals at low temperatures at positions corresponding to both
magnetic structures of the mother compounds MnTiO; (AF-Mn|) and NiTiOs
(AF-Ni). Figure 7.11(a) shows the temperature dependence of spin-flip cross sec-
tions along the polarization directions at a Bragg position of the AF-Ni structure,
Cj ar—ni = (0, 0,—1.5). The scattered intensity increases when approaching the
SG-transition at 10 K. The ratio of intensity of the polarization channels along
y and z is constant with temperature. Table 7.1 summarizes the polarization
directions at the investigated ()-positions. The equal distribution of intensity along
y and z allows the assumption that the magnetic moments of the AF-Ni order lay
in between those axis in the hexagonal plane.

The temperature dependence of the polarized intensities at the AF-Mn Bragg
positions @ = (=1, 0, 2) and Q= (=1, 0,—1) are shown in Fig. 7.11(b-c). At both
positions, the scattered intensity increases below 25 K, which has been observed
before in the unpolarized neutron experiment. Unlike the case for the AF-Ni reflec-
tion, where the intensity vanishes at higher temperatures, we find strong scattering
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- | 1 ! Table 7.1: Polarization directions in
Q (r _u) Yy (r u) z_(r. .u) Nig.4oMng 58 TiOg3 for specific Bragg posi-
(0, 0, 1.5) (1, 0,0) (1,2, 0) tions at IN14.

(1, 0, 2) (1, 0, 5) (1, 2, 0)

(1, 0, i) (T, 0, 10) (i, 2, O)

even at 40 K. Spin-flip processes are purely magnetic and should thus unambigu-
ously distinguish nuclear from magnetic scattering. Nevertheless, the incomplete
polarization of neutrons leads to a mix of non-spin-flip and spin-flip processes,
defined by the flipping ratio. With the given flipping ratio, 6 % of the neutrons are
polarized in the opposite direction. The finite temperature-independent intensity
at high temperatures can thus completely be attributed to scattering from the
strong nuclear scattering at the same Bragg position.

At both positions, the ratio of scattering along y and z changes with temperature,
indicating a rotation of magnetic moments in the sample. The directions of the
polarization axes, given in Tab. 7.1, allow one to understand the process. At
about 10K, the scattering is mainly in the ySF channel, which is sensitive to
moments perpendicular to @ and y. This implies that the moments are oriented
in the hexagonal plane. At this temperature, the ordering of Ni-moments sets
in, and their planar anisotropy seem to influence the alignment of Mn-moments.
Nig.42Mng 58 TiO3 was discussed to show the behaviour of a XY spin-glass, in which
moments parallel to the planar anisotropy freeze-in at TjglG = 12K [231]. At this
temperature the Mn-ordering corresponds to a AF-Mn | -type.

Below T = 10 K the polarization scheme changes drastically and scattering in the
zSF channel dominates at 2 K. It can be explained by the ordering of moments
primarily along ¢, the moment direction of the AF-Mn structure. The increase of
intensity perfectly coincides with the freeze-in temperature of moments perpendic-
ular to the planar anisotropy at 6.0(10) K [231]. The scattered intensity in the ySF
channel persists down to base temperature, which suggests either a coexistence
of AF-Mn| and AF-Mn, order, or a tilt of magnetic moments between ¢ and the
hexagonal plane.

The polarization analysis can be used to determine the different nuclear and mag-
netic components that contribute to the scattered intensity. Table 7.2 summarizes
the obtained values at different AF-Mn; and AF-Ni Bragg reflections at 2K for
the following components: nuclear scattering (NN*), total magnetic scattering
(M, - M?), magnetic scattering along y and z (M, M, and M,M,) and the chiral
magnetic term (—i(M, x M*),). The terms were calculated from spin-flip and
non-spin-flip cross sections measured at the corresponding Bragg peak positions
(see Tab. 3.1 for their composition).

The experimental values can be compared to the values obtained by a structure fac-
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

Table 7.2.: Experimental nuclear and magnetic scattering components determined by
neutron polarization analysis at different Bragg positions in Nig49Mng58TiO3 at 2 K.
The intensities were normalized to a monitor of 200 (cts/0.5s).

Q (rlu) NN* M, -M: M,M, M.M, —i(M, x M?),
(0, 0, 3) 852(2)  2.0(6) 0.9(6) 1.1(6) 0.2(4)
(1, 0, 1) 250(2)  5.6(5) 4.0(4) 1.6(4) -0.6(4)
(1, 0, 2) 287(2)  7.1(4)  5.1(4)  2.0(4) -0.1(3)
(0, 0, 1.5) | 0.13(40)  28.2(5) 14.5(6) 13.7(5) -0.6(5)
(1,0, 25) |  1.4(3)  7.333) 20(3) 5.4(3) -0.1(2)

tor calculation. The nuclear part was calculated assuming a random distribution of
Ni and Mn ions, a perfect order of M?* and Ti** sites and no atomic displacement
factors. The magnetic part was calculated assuming a contribution of AF-Mnj-,
AF-Mn, - and AF-Ni-type ordering. The effective moment was calculated as:

Heff = Cerystal * Cmagnetic * Htotal » (73)

with the moment-concentration cerystal, the ordering of moments cpagnetic and the
effective moment of the fully ordered structure. The parameters were the following:

AF—MnHi Cerystal — 0.58, Cmagnetic — 0.30, MUrin = 4.55 UB

moments parallel ¢.
AF-Mn,: ceystal = 0.58, Cmagnetic = 0.15, piarn = 4.55 i

moments in ab-plane (equal distribution of 120° domains).
AF-Ni: Corystal = 0.42, Crmagnetic = 0.25, i = 2.25 up

moments in ab-plane (equal distribution of 120° domains).

The calculated nuclear and magnetic components at the same Bragg peak positions
as the experiment are summarized in Tab. 7.3. In Section 7.2.3, it was discussed
that the magnetic reflections were significantly broadened, relative to the nuclear
reflections, due to the short-range magnetic order. The experimental values in
Tab. 7.2 were obtained by counting at the Bragg peak position. In order to be
able to compare experimental values with the calculated structure factors, one
has to correct for the broadening of the reflections. We use the same enlargement
factors as described in Section 7.2.3, while assuming an isotropic broadening within
the scattering plane and an neglectable vertical broadening, due to the relaxed
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Table 7.3.: Calculated nuclear and magnetic scattering components at different Bragg
positions in Nig4oMng58TiO3. The intensities were normalized to the experimentally
observed nuclear scattering intensity at Qap_am = (=1, 0, 2). The magnetic intensi-
ties were calculated assuming a superposition of AF-Mn -, AF-Mn | - and AF-Ni-type
structures, as described in the text.

Q (rlu) NN* M, -M: M,M, MM, —i(M, x M),
(0, 0, 3) | 1130.75 127 064  0.64 0.00
(1,0, 1) | 604.56 6.87 533 153 0.00
(1, 0, 2) | 287.00 913 682 231 0.00
(0, 0, 15) 0.00 2547 1274 12.74 0.00
(1, 0, 2.5) 0.00 923 253  6.70 0.00

instrumental resolution.

The calculated intensities were scaled to the experimental nuclear cross section
at Q = (1, 0,—2). The calculated nuclear cross sections at Q= (0, 0,—3) and
Q = (=1, 0,—1) overestimate the experimental values. Without further corrections,
such as the nuclear displacement factors and a Lorentz-correction, such deviations
are possible. Our qualitative analysis aims at the polarization dependence at
specific Bragg positions, for with our model is sufficient.

The magnetic part can be relatively well described by the given model. The
ratios between scattering along y and z are consistent, and both, experiment and
calculation, find a vanishing chiral component. Deviations exist in the intensities
of the strong nuclear reflections.

The scattering at the AF-Ni Bragg positions is purely magnetic. The finite ex-
perimental values for N N* are due to statistical deviations. For the calculation
of the AF-Ni-phase, we assumed an equal distribution of 120°-domains in the ab
and a contribution of 25 % of Ni-moments in Nig4Mng53TiO3 to the scattering.
The absolute values, as well as the component separation along y and z, of the
calculation nicely match the experimental values.

The contribution of magnetic scattering at the AF-Mn-type positions is more
complex. The component separation suffers from the strong nuclear part, which
inserts strong statistical errors for the magnetic components. In addition, the
direction of magnetic moments is uncertain and is probably canted relative to
the ¢. The calculation at the nuclear Bragg positions was done assuming a su-
perposition of AF-Mn- AF-Mn  -type ordering. The experimental data can be
relatively well described assuming a contribution of 30 % of Mn-moments to the
AF-Mn; ordering and 15% of Mn-moments to the AF-Mn, ordering. The val-
ues are given for Mn-moments in Nig4oMngs3TiO3. This would correspond to
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a tilting of Mn-moments of a ~ 26° relative to the c-axis. Chi et al. observed
an angle of a ~ 80° for a Ni concentration of x = 0.33, which was temperature
dependent and could be significantly reduced in magnetic field applied along ¢ [257].

7.3.2. Influence of magnetic and electric fields

After the discussion of the zero-field spin-glass phase, we can continue with the
investigation of influences of crossed magnetic and electric fields on the alignments
of magnetic moments in Nig 4oMng 53 TiO3. Yamaguchi et al. proposed the evolution
of a toroidal moment which accounts for the observed magnetoelectric effect [18].
Induced toroidal moments modulate the zero-field alignment of magnetic moments
which can be detected by spherical neutron polarization analysis. This technique
has already been successfully applied to detect different antiferromagnetic domains
in magnetoelectric [259] and ferrotoroidal compounds [260)].

The Cryopad option at IN14 allows, in addition to the diagonal terms, the de-
termination of off-diagonal terms of the polarization matrix, where incident and
scattered neutron are polarized along different directions [108]. Taking into account
the three polarization axes, there exists a total of 36 spin-flip and non-spin-flip
cross-sections, cf. Table 3.1. Furthermore, this allows to separate nuclear-magnetic
interference terms N M; (with i = y, z). A net toroidal moment may arise due to a
reorientation of magnetic moments or a structural displacement of magnetic ions
(cf. Eq. 7.1). The first one can be detected even by linear polarization analysis.
The latter one leads to a relative shift of nuclear and magnetic phases which
can directly be measured by looking at term N M;, requiring spherical neutron
polarimetry [102].

The control of neutron polarization with Cryopad is done using a zero-field envi-
ronment at the sample stage. This prohibits the use of external magnetic fields. It
is nevertheless possible to cool the sample in magnetic and electric fields outside of
the Cryopad and return the sample at constant temperature. Toroidal moments,
if present, would freeze-in below the spin-glass transition and persist even in the
absence of applied fields. The same scattering geometry was used as described in
Fig. 7.10. An electric field of 200 to 600 Vmm~! was applied along [1,1,0] and
a magnetic field of 1T was applied along vertical to the scattering plane along
[1,2,0], creating an angle of 60° between the fields. Between each field setting, the
sample was heated up to 30° in the paramagnetic phase.

The comparison of several AF-Mn| and AF-Ni reflections revealed no significant
change in the scattered magnetic intensities. Also, no additional magnetic reflec-
tions were observed. This is consistent with the measurement of the specific heat
in applied magnetic fields of equal strength. No anomaly was observed in the
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curves which lead Yamaguchi et al. to the conclusion that no long-range order is
induced by the field [18].

Specific scattering components derived from the polarization analysis at dif-
ferent settings of the magnetic and electric field are summarized in Table 7.4.
The corresponding cross sections were determined at the AF-Mn Bragg position
Q = (-1, 0, 2) at 2K. We start with the discussion of magnetic scattering along
the polarization direction y and z. In an applied magnetic field, the scattering in
M., increases, which is the direction of the magnetic field. The magnetic moments
seem to tilt along the direction of the field. This is equivalent to a poling of
antiferromagnetic domains. The scattering in M, increases in positive magnetic
field, while it decreases in negative magnetic fields. The scattering in M, and M,
seems to be unaffected by the electric field.

The nuclear-magnetic interference terms also show strong deviations by the applied
fields. While both real terms are close to zero at all settings, the imaginary parts
change drastically. ImM;N and ImM N increase in positive magnetic fields and
change their sign in negative magnetic fields. The electric field again appears to
have no influence on the scattering components.

The same scattering components, that have been derived from experimental neu-
tron polarization analysis, were calculated from the magnetic and nuclear structure
factor of Nig4oMng53TiO3. The results are given in the same Table 7.4, below the
experimental values. The table reads as follows: the first three rows were calculated
assuming the AF-Mn-phase with an equal distribution of domains (top), and the
positiv (middle) and negative (bottom) 180°-domains. The seven subsequent rows
were calculated assuming the AF-Mn, which consists of 60°-domains. The first
row was calculated assuming equal distribution of antiferromagnetic domains, while
for the rows below the direction of the moments is given on the left. The simulated
intensities were normalized to M, M; of AF-Mn|. The different correlation length
of the magnetic and nuclear reflections has not been taken into account. It is thus
not possible to compare the absolute values of the simulated and experimental
intensities. Nevertheless, the comparison of relative changes of intensities due to
the influence of the applied field can be analyzed.

The nuclear-magnetic interaction terms allow to investigate antiferromagnetic
domains. For example, the AF-Mnj-phase consists of two 180° domains. The
reversal of the magnetic moments is visible in this terms, as shows the comparison
of the imaginary part ImM;N for both domains in Table 7.4. The AF-Mn, phase
contains six equivalent antiferromagnetic domains. These domains show a finite
M, and M, component and are thus distinguishable via ImM;N and ImMIN.
First, we compare the zero-field experimental data in Table 7.4 with the simulated
values. The finite intensities in M, M, and M, M yield a tilt of magnetic moments
away from the c-axis, which can be described by a superposition of AF-Mn- and
AF-Mn | -type order. For an equal distribution of antiferromagnetic domains, the
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Table 7.4.: Magnetic and electric-field dependence of magnetic scattering components
in Nig49Mng 53TiO3, determined at QAF—Mn = (=1, 0, 2) at 2K. The intensities were
normalized to a monitor of 200 (cts/0.5s). The electric field was applied along [1,1, 0]
and the magnetic field applied along [1,2,0].
for different domain constellations of the AF-Mn) and AF-Mn, order. The simulated

intensities were normalized to ]\@M;k of AF—MnH.

Below, simulated intensities are shown

B(T) E (kV) | M,M; M.M; ReM,N ReMN ImM;N ImM;N
0 0| 5.1(4) 2.0(4) -0.3(5) 0.5(6) 0.7(7) 8.2(7)

+1 -1.5 | 8.1(7) 30.3(6) -1.4(7) -0.5(7) 8.2(6)  74.9(7)
+1 +0.9 | 8.0(6) 16.2(5) 0.5(7) 0.3(5) 6.6(7)  54.4(6)

-1 -1.2 | 0.8(4) 12.1(4) -0.2(4) -0.6(4) -2.6(4) -38.8(5)

-1 +0.5 | -0.9(7) 18.9(6)  -0.3(7) 0.2(7) -6.2(7) -65.1(9)
Simulation M,M; M. M; ReM;N ReM;N ImM;N ImMIN
AF-Mn, 1.00 0.00 0.00 0.00 0.00 0.00
[0,0,1] 1.00 0.00 0.00 0.00 -0.50 0.00
0,0, 1] 1.00 0.00 0.00 0.00 0.50 0.00
AF-Mn 0.19 0.70 0.00 0.00 0.00 0.00
[1,0,0] 0.39 0.00 0.00 0.00 -0.31 0.00
[1,0,0] 0.10 1.04 0.00 0.00 0.15 0.51
[0,1,0] 0.10 1.04 0.00 0.00 0.15 0.51
[1,0,1] 0.39 0.00 0.00 0.00 0.31 0.00
[0,1,0] 0.10 1.04 0.00 0.00 -0.15 -0.51
[1,0,1] 0.10 1.04 0.00 0.00 -0.15 -0.51
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7.3. Polarized neutron diffraction

N M interaction terms should all cancel to zero. The fact, that the interaction term
ImM; N shows a significant intensity indicates a preferred direction of domains in
the crystal, which breaks the symmetry.

In all field settings, the experimental values for ReM;N and ReM} N are close to
zero within the error bars. This is in agreement to the simulated values, which are
zero for all domain configurations. The imaginary parts ImAM ;N and ImM} N are
strongly enhanced when the field are applied. The value of InMN even exceeds
the values M, M; and M, M7. This enhancement is probably due to the strong
nuclear part N, which enters the interaction VM. The term ImM} N is only present
for domains of the AF-Mn-order. This shows that the applied magnetic field
further rotates the moment in the ab-plane, with is also visible in an enhancement
of M,. Finally, we can analyze the change of sign of the experimental interaction
terms. In an positive magnetic field, ImM; N and ImM N are positive. A negative
magnetic field switches the sign of both terms. This behaviour is also shown by the
simulated intensities of the AF-Mn -domains [0, 1,0] and [0, 1,0]. The comparison
of experimental and simulated nuclear-magnetic interaction terms thus indicate,
that it was possible to switch antiferromagnetic domains in the spin-glass phase of
Nig42Mng 53 TiO3. The analysis at the AF-Mn Bragg positions @ = (-1, 0,—1)
and Q ar_nrm = (0, 0,—3) is shown in appendix C.

Yamaguchi et al. observed finite ME tensor elements oy, = —ay,. By the appli-
cation of crossed magnetic and electric field, one would expect a sign change by
the reversal of either one of the fields. Our experimental data report a switching
of domains by the reversal of the magnetic field. The sign of the electric field,
nevertheless, seems not to affect the domain population. This might be related
to a memory effect. For example in MnWO, it has been observed, that the first
field-cooling set a preferred direction for the magnetic moments [50]. This preferred
direction was only removed after heating up to room temperature. In the presented
experiment, the crystal was heated to 30 K between the field-cooling.

The presented results from the neutron polarization analysis may indicate that the
short range AF-Mn order alone accounts for the ME effect in Nig 4oMng 58TiO3.
The AF-Mn structure breaks the inversion symmetry and allows for the linear
magneto-electric effect [257]. The magnetoelectric tensor of MnTiO3 has non-zero
diagonal and off-diagonal terms [249]. The terms o, and «a,, were also measured
by Yamaguchi et al. in Ni,Mn;_,TiO3z at x = 0.38. Nevertheless, the diagonal
term o, vanished at x = 0.40 and above, while the off-diagonal term persisted up
to © = 0.42. The explanation for this behaviour cannot be deduced from the given
dataset.
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Figure 7.12.: Polarization analysis of zone center excitations in Nig4oMng 58TiO3 at
IN14. (a) Excitation spectrum at Qap_am = (—1, 0, 2) at 30K and 2 K. (b) Excitation
spectrum at Q Ar—ni = (0, 0,—1.5) at 2 K. For each spectrum the scattering for spin-flip
(filled circles) and non spin-flip (open circles) processes along the polarization axis x
are shown. At 2K, the intensities in the spin-flip channels along y and z are given for
specific energies.

7.4. Magnetic excitations in the spin-glass phase

The coexistence of AF-Mn; and AF-Ni type magnetic order in Nig4oMng 53TiO3
raises the question of the interaction of magnetic moments in the spin-glass phase.
The diffuse scattering maps shown in Section 7.2.3 indicate short-range order
in the hexagonal plane which is only weakly coupled along ¢. The study of the
excitation spectrum allows one to investigate determine the coupling constants
and anisotropies from the spin-wave dispersion.

In the following we will discuss the origin of the zone center excitations and present
a complete picture of their ()-dependence. Finally, the dispersion of modes is
compared to the excitation spectrum of pure MnTiOj3.

7.4.1. Zone center excitations

Subsequently to the polarization analysis of elastic scattering, we investigated the
polarization analysis of zone center excitations at AF-Mn) and AF-Ni Bragg reflec-
tions. A single crystal of Nig4oMng 55TiO3 was mounted in [100/[001] scattering
geometry on IN14 with Cryopad, as described in Section 7.3. We worked with a
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7.4. Magnetic excitations in the spin-glass phase

fixed final neutron energy of £y = 4.0meV (k; = 1.55 Ail). An energy resolution
of AE ~ 0.18 meV was determined on the elastic line.

The polarization analysis of the zone center spectra at @ ar—yvm = (=1, 0, 2) is
shown in Fig. 7.12(a) for the spin-flip and non-spin-flip channels along x. The
spectrum is rather broad at the superposed nuclear and magnetic reflection. The
polarization analysis verifies the origin of the inelastic signal to be purely magnetic.
In addition, the full xyz polarization analysis at specific energies enables to state,
that the magnetic spectra is nearly isotropic.

The energy scan at Q ap—_n; = (0, 0, —1.5) reveals a similar picture, cf. Fig. 7.12(b).
The intensity shows the same energy dependence as at the AF-Mn| zone center
and purely arises from magnetic excitations. The similarity of the data indicates
once more a weak coupling between hexagonal planes. A differentiation between
AF-Mn and AF-Ni modes is not possible. The broadening of the excitation

spectrum is intrinsic to the system, which has been verified using k¢ = 1.2 AT
with increased energy resolution.

The application of polarized neutrons verified the magnetic nature of zone center
excitations and their isotropic character. This is a non-trivial information as the
Bragg reflections of nuclear and AF-Mn| structure overlap. Experiments using
polarized neutrons suffer from the reduced neutron intensity, rendering especially
inelastic scans very time-consuming. The following study can be done using un-
polarized neutrons which has the advantage of an increased neutron flux and the
possibility to cover a larger region in ()-space.

7.4.2. @-dependence of magnetic excitations

The dispersion of the magnetic excitations in the spin-glass phase of Nig 4oMng 55 TiO3
was investigated at the cold neutron TAS instrument Panda at the FRM II. The
large single crystal (30 x 6 x 6 mm?), that had been used for previous experiments,
was installed in the same [100]/[001] scattering geometry. The experiment was

performed with a final neutron energy of Ef = 4.0meV (k; = 1.55 A_l), double
focusing monochromator and analyzer and a Be-filter on Ef. The energy resolution
was comparable to the previous experiment, AE ~ 0.14meV.

Figure 7.13(a) shows zone center scans at several AF-Mn| and AF-Ni Bragg peak
positions at 2 K. The data strengthens the assumption that the inter-plane inter-
action is weak, as they seem to differ only in scattered intensity modulated by the
magnetic form factor.

A different situation is visible within the hexagonal plane. Figure 7.13(b) shows
scans along Qg at a different energy transfer around Cj aF—yvm = (=1, 0,—-2).
Above 4meV the peak at the center splits up, showing a dispersion-like be-
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Figure 7.13.: ()-dependence of magnetic excitations in Nig42Mng58TiO3 at 3K in-
dicating correlations in the hexagonal plane: (a) Energy scans at several AFM-M
and AFM-N zone center positions, (b) Constant ()-scans at the Bragg peak position
G AF—_pn = (=1, 0,—2), (c) extended @-scans perpendicular to the hexagonal plane at
4 meV, measured at PANDA.

haviour. The observation of collective magnetic excitations in the spin-glass phase
of Nig4oMng 55TiO3 is quite remarkable. Elastic diffraction studies have obtained
an order of approximately 25 to 45 % of magnetic moments and the correlation
length only spans over some 10 A (cf. Section 7.2).

Similar scans along ()1 do not show any evidence of a dispersion. Figure 7.13(c)
shows two of such scans at 4meV. The scattered intensity only diminishes in
accordance to the magnetic form factor showing no correlation along ¢.

The dispersion-like feature in Nig 4oMng 53 TiO3 turned out to exceed the maximum
energy transfer on instruments with cold neutrons. A subsequent experiment was
performed at the thermal neutron TAS instrument IN8 at the ILL, in order to
access the whole energy range of the dispersion. The instrument was equipped
with the FlatCone multi-detector, which covers a large area in ()-space. The same
large crystal of the previous experiment was mounted in two different scattering
geometries, [100]/[001] and [100]/[010], in order to obtain a complete picture of the
excitation spectrum in the spin-glass phase of Nig4oMng53TiO3. The final energy

of the neutrons was £y = 18.6meV (k; = 3.0 Ail) and the energy resolution can
be estimated to be AF ~ 0.8 meV.
Experiments with FlatCone are generally conducted by performing sample rota-
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7.4. Magnetic excitations in the spin-glass phase

tions at a constant energy transfer at two or more positions of the multi-detector.
The resulting data forms a concentric surface at constant energy in (Q,w)-space.
Figure 7.14 shows a collection of these maps obtained along [H, 0, L] at 2 K ranging
from 2 to 12meV (see Fig. 7.8 for the corresponding elastic map). Black frames
indicate the original data which was symmetrized by a two-fold rotation to fill the
map. All maps were produced using the same linear color scale and can directly
be compared. The maps demonstrate the absence of dispersion along )y and
thus confirm the assumption provided by previous experiments. Modulation of
scattered intensity along ¢ only arises from a combination of magnetic structure
factor and the magnetic form factor.

The regions of strong intensity split up above 6 meV, showing a dispersion in the
hexagonal plane. The dispersion extends up to 12meV. Additional maps at higher
energies have been collected to verify the absence of inelastic scattering. Sharp
spots, which are present in all maps, can be attributed to spurious effects from
strong nuclear Bragg peak scattering.

The excitation spectrum inside the hexagonal plane [H, K, 0] is presented in Fig-
ure 7.15 (see Fig. 7.9 for the corresponding elastic map). At low energies the
scattered intensity is located at lattice positions indicated with (h, k, 0), h+k = 2n.
Towards higher energies the modes disperse concentrically and before they disap-
pear above 12meV.

At this point it should be mentioned again that this system does not exhibit a
completely ordered magnetic structure at low temperatures. Instead the magnetic
moments freeze-in in a spin-glass manner with short-ranged regions of AF-Mn;
and AF-Ni type order (cf. Section 7.2).

The excitation spectrum seems to be dominated by the AF-Mn order. This can
be understood by a comparison of the ordered magnetic moment of Mn and Ni
ions in Nig 4 Mng 58TiO3. In Section 7.3.1 we estimated an ordering of 25 % of Ni
moments and 45 % of Mn moments. In addition, we have to take into account
the maximum effective moment of Ni and Mn as determined by neutron diffrac-
tion [233], pters NiTios = 2.25up and fieff pnrios = 4.55up. By using Equation 7.3,
we can derive the ratio as follows:

Heff ,Ni . 0.42 ) 0.25 ] 225/13
feffam 058 0.45 4.55up

~ 0.20 . (7.4)

The intensity of magnetic neutron scattering is proportional to the square of the
ordered magnetic moment, I oc M?, yielding a ratio of intensity of In;/Iys, & 0.04.
This comparison explains that the inelastic signal is dominated by the AF-Mn
order from the Mn moments in Nig4oMng55TiOs5.

Intensity maps in the [H, K, 1] plane and the temperature dependence of inelas-
tic neutron scattering maps in the [H, K, 0] plane are presented in the appendix C.2.
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Figure 7.14.: Intensity mapping of magnetic excitations in NizMn;_,TiO3 in the
[H,0, L] plane in NizMn;_,TiO3 at 2K at IN8. The scattered neutron intensity was
collected at constant energies from 2 to 12meV. The same linear color scale was used
for all maps. Black lines surround the measured data, the maps were completed by

symmetrization.

178



7.4. Magnetic excitations in the spin-glass phase

(a) 2 meV (b) 4 meV

Q (A" Q (A"
(d) 10 meV

(e) 12 meV

¥

4 S o
Y ‘23 1 A
< 9
>

Q (A7) x
T T ess—— Cf5/550C
10 50 100 150

Figure 7.15.: Intensity mapping of magnetic excitations in NizMn;_,TiO3 in the
[H, K, 0] plane in NizMn;_,TiO3 at 2K at IN8. The scattered neutron intensity was
collected at constant energies from 2 to 14 meV. The same linear color scale was used
for all maps. Black lines surround the measured data, the maps were completed by
symmetrization.
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Figure 7.16.: Spin wave calculation in MnTiOs using SpinW [94]. (left) Exchange
interaction paths in MnTiOg in the hexagonal ab-plane and between the planes along C.
The positions of the M2 ions and the six shortest distances are shown. (right) Calcu-
lation of magnetic excitations along [0,0, L] and [H,0,0] in MnTiO3. The parameters
used for the calculation are given in the inset.

7.4.3. Spin wave model

The comprehensive dataset of the excitation spectrum in the spin-glass phase of
Nig42Mng 53 TiO3 obtained on IN8 leads to the assumption that the dispersion
is dominated by the AF-Mnj-type order. Todate et al. reported the magnon
dispersion in MnTiO3 at 4.2K, obtained by inelastic neutron scattering [247].
Their model describing the ()-dependence of modes consists of three in-plane and
three out-of-plane interaction paths, which have been discussed before theoretically
by Goodenough et al. [234]. The interactions between the M>* sites are shown
in Figure 7.16(a). The index J; denotes the order of paths in terms of moments
distance. Consistent with theoretical aspects of the superexchange and super-
superexchange paths, Todate et al. find all exchanges to be antiferromagnetic [234,
247].

The magnon dispersion of MnTiO3 was modeled with SpinW, a MATLAB code for
linear spin wave calculations (see Section 4.3 for details). The reported dispersion
along [0,0, L] and [H, 0, 0] could be reproduced using the following set of exchange
interactions: J; = 1.25meV, J, = 0.02meV, J3 = 0.38meV, J; = 0.19meV,
Js = 0.32meV, Jg = 0.09meV and an easy axis anisotropy SIA = 0.01 meV,
confining the moments along ¢.

The model for MnTiO3 was slightly modified to describe spin-wave-dispersion
observed in Nip4Mng 53TiO3. The energy scans at the magnetic zone centers did
not show a gap, arising from an anisotropy. Accordingly, the anisotropy was set to
zero. In addition, we will neglect the weak interactions J, and Jg. The calculated
dispersion along ¢ and @ using the modified model is shown in Fig. 7.16(b).

The described model for MnTiO3 was used to simulate scattering maps at constant
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

energy transfer, which can directly be compared to experimental data of the
spin-glass phase in Nip42Mng 55 TiO3. Intensity maps along [H, 0, L] and [H, K, 0]
at specific energies are shown in Figure 7.17. The maps can be compared to the
experimental data in Figure 7.14 and Figure 7.15. The calculation takes into
account the magnetic form factor, the Bose factor at 2K and an energy resolution
of AE = 0.8meV.

The calculated intensity maps nicely reproduce the experimental data in the
[H, K, 0] plane, clearly showing the hexagonal symmetry. The distribution of weak
and strong reflections in the[H, 0, L] also fits the experiment rather well. One
discrepancy between simulation and experiment lays in the correlation along ¢,
which is stronger in MnTiOs.

The magnon dispersion of the MnTiO3 model and the experimental data from
Nig42Mng 58 TiO3 can be compared directly by producing vertical cuts through the
(Q, E) space. This has been done for both experimental orientations, [H,0, L]
(Fig. 7.18) and [H, K, 0] (Fig. 7.19). The organization of both figures is the same.
The top image shows the three-dimensional experimental data set with the energy
being on the vertical axis. Vertical planes indicate the 2D-cuts through the dataset.
Below, the experimental data is shown on the left side and the calculation on the
right. The experimental data was treated using the MATLAB-code feplot [85].
The dispersion in the hexagonal plane can be described surprisingly well by the
MnTiO3 model. The deviation of simulation and experimental data at low energies
arises from strong Bragg peak scattering, which is visible at higher energies due to
the finite energy resolution. Scattering from static Bragg peaks has not been taken
into account for the calculation. The range of the dispersion and the spectral weight
is correctly reproduced. The cut along the c-axis is more difficult to interpret. If
there would be only weak interaction along ¢, one would expect at flat mode at
low energies. Instead, the experimental data shows a broad mode up to 5meV
with only little () -dependence. It seems plausible that interactions along ¢ exist
as proposed by the model, yet they are limited to small correlated regions. The
regions are independent of each other and thus smear out the dispersion along the
hexagonal axis.
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Figure 7.17.: Neutron scattering intensities of constant energy planes calculated for
MnTiO3 using SpinW [94]. Intensity mappings of scattering in the [H,0, L] plane (left)
and in the [H, K, 0] plane (right) are shown at different constant energies. The intensity
is linearly color-coded. The calculation takes into account the magnetic form factor, the
Bose factor at 2 K and an energy resolution of AE = 0.8 meV.
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Figure 7.18.: Comparison of measured (IN8) and calculated neutron scattering intensi-
ties in NizMn;_,TiO3 at 2 K in the [H, 0, L] plane. Intensity mappings of scattering along
Q= (H, 0, 4.5) and § = (—1, 0, L) are shown. (right) Cuts from data determined on
IN8. The corresponding planes are indicated on the top. (left) Intensities calculated
using SpinW [94] for the AF-Mn order in MnTiO3, taking into account the magnetic
form factor, the Bose factor and an energy resolution of AE = 0.8 meV.
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Figure 7.19.: Comparison of measured (IN8) and calculated neutron scattering inten-
sities in NizMn;_,TiO3 at 2K in the [H, K, 0] plane. Intensity mappings of scattering
along G = (H, 1, 0) and Q = (H, H + 2, 0) are shown. (right) Cuts from data
determined on IN8. The corresponding planes are indicated on the top. (left) Intensities
calculated using SpinW [94] for the AF-Mn| order in MnTiOs3, taking into account the
magnetic form factor, the Bose factor and an energy resolution of AF = 0.8 meV.
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7. Nip42Mny 55 TiO3, a magnetoelectric spin glass

The comparison of experimental data and simulation showed that the dispersion
in Nig42Mng53TiO3 can be described by assuming an AF-Mn-type model with
Mn moments only. In the spin-glass phase, nevertheless, short-ranged regions of
AF-Mnj and AF-Ni order coexist, which are formed by Mn and Ni moments. The
simulation hence implies that the excitation spectrum is not disturbed by the
frustration introduced by Ni moments and that Ni moments contribute to the
AF-Mn fluctuations.

7.5. Conclusion

In this chapter, the magnetic ordering of Mn and Ni moments in the spin-glass
system Nig4oMng 53 TiO3 was presented. The properties of the magnetic structure
and the magnetic excitations were investigated using unpolarized and polarized
neutron scattering. The compound arose interest due to its magnetoelectric effect
that was observed inside the short-range magnetic phase [18].

The detailed analysis of the magnetic scattering in the spin-glass phase revealed
a distinct contribution of Ni and Mn moments. Diffuse magnetic signal is
present at the Bragg peak position of the magnetic order of the parent com-
pounds Nig4oMngssTiO3 and MnTiO3. This shows that a short-range order of
Nig.49Mng 53 TiO3-type and MnTiOs-type coexist in the spin-glass phase. The mo-
ments of the Mn ions are tilted relative to the c-axis. It was possible to estimate a
contribution of 25 % of Ni moments and 45 % of Mn moments to the total magnetic
scattering.

The dependence of crossed magnetic and electric field on the magnetic order in
the spin-glass phase was investigated using spherical neutron polarimetry. It could
be shown that a magnetic field applied parallel to the hexagonal plane aligns the
Mn-moments within the plane. The antiferromagnetic domains could be controlled
by a reversal of the magnetic field.

Finally, we were able to measure the magnetic excitations in the spin-glass phase. A
comprehensive dataset was obtained within the hexagonal plane and perpendicular
to it. The excitations are found to be significantly broadened along the c-direction,
indicating a weak coupling of the hexagonal planes along ¢. The magnon dispersion
in the hexagonal plane is comparable to the MnTiO3 mother compound [247].
The magnetic excitation spectrum in the spin-glass phase could be well described
by linear spin wave theory. The applied model could be derived by taking into
account only a contribution of the Mn-moments.
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Chapter 8

Summary

This work contains experimental studies on the magnetic properties of four different
transition-metal oxides with the focus on multiferroic and magnetoelectric effects.
These studies will be summarized in the following.

The multiferroic phase of TbhMnOj3 was intensively studied since its observation
in 2003 [5]. The magnetic frustration in the ab-plane and the coupling between
Mn and the Tb-subsystem are the reason for the complexity of the system and its
fascinating magnetoelectric effects. Within this work, it was possible to investigate
the properties of the successive magnetic phase transitions and the dynamics in
the multiferroic phase.

The detailed analysis of the magnetic fluctuations in the paramagnetic and the
spin-density-wave phase of ThMnOQOj revealed significant diffuse scattering arising
from the Th and the Mn-subsystems. The contributions could be distinguished
using neutron polarization analysis and it was shown that magnetic fluctuations of
the bc spin-spiral are present throughout the ordered SDW phase. This indicates
an almost continuous transition towards the spin-spiral phase.

The magnetic excitations in the multiferroic spiral phase were studied in the past by
inelastic neutron scattering [12] and different models for the spin-wave dispersion
were proposed [114,143]. We presented a comprehensive dataset of the excitation
spectrum in the multiferroic phase obtained by time-of-flight spectroscopy. We
developed a model of the Mn-subsystem in order to describe the magnon dispersion
using linear spin wave theory. The model takes into account the nearest-neighbor
exchanges along ¢ and in the ab-plane, as well as the next-nearest-neighbor exchange
along b. At the zone center, we find an in-plane mode and two out-of-plane modes
of the spiral. The splitting of the out-of-plane mode was achieved by introducing
a distorted easy-plane anisotropy. The model is able to quantitatively describe the
full spin-wave dispersion in the multiferroic phase.

Multiferroic materials of spin origin are perfect candidates to study electromagnons,
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which are coupled phonon-magnon excitations. The polarization of the zone center
mode derived from the spin-wave model predicts one electrically active magnon
mode. The energy of this mode agrees with observations from infrared spec-
troscopy [57] and inelastic neutron scattering [12]. This supports the assumption
that the lowest of the electromagnetic excitations observed in TbhMnOj3 can be
attributed to the DM mechanism. Furthermore, the spin-wave model could describe
the dispersion of the chiral component, which was observed by poling a single
crystalline sample in an electric field.

The magnetic excitation spectrum was also studied in the multiferroic high-field
phase in magnetic fields parallel b. The analysis of the ()-dependence allowed for
the separation of in-plane and out-of-plane modes at the magnetic zone center.
The energy of the mode which is predicted to be electrically active by the DM
mechanism is found at the same energy as a reported electric mode [60]. This
finding supports again the existence of an electromagnon in TbhMnOj3 of DM
origin.

The tungstate MnWOQy is another multiferroic material of spin origin. Upon cooling,
the spins order first in a spin-density wave before a spiral order is realized, which
induces the ferroelectric polarization [175]. We studied the diffuse quasi-elastic
scattering in all magnetic phases. By the separation of contributions from the
SDW and the spiral order, we could demonstrate the almost continuous nature
of the PM—SDW—spiral transition. A comprehensive dataset of the magnetic
fluctuations was obtained documenting a characteristic shape of the magnetic
fluctuations, which is linked to the complex magnetic exchange interactions in
MHWO4.

The vector chirality of the spiral structure is directly correlated to the ferroelectric
polarization of the multiferroic phase [13]. The chirality of the diffuse scattering
could be poled by an electric field and observed using polarized neutron analysis.
The poling was only possible in a small range above the transition, which could be
explained by comparing the energy of the electric field with thermal fluctuations.
The chiral character of the fluctuations can be compared to the critical slowing
down of electric fluctuations observed by dielectric spectroscopy [203].
Furthermore, we report the magnetic excitations in the multiferroic phase. The
magnon modes possess a strong chiral component, which could be poled by applying
an electric field. As in the study of TbhMnO3, we find modes of both chiral states
which coexist within one Brillouin zone.

The double tungstate NaFe(WOQOy), exhibits a complex magnetic phase diagram
and shows strong hysteresis effects [213]. We investigated the magnetic structure
in the zero-field phase and in the high field phases in magnetic fields applied along
the monoclinic axis b using elastic neutron scattering.

It could be demonstrated that the Fe magnetic moments order directly in a spin
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spiral with incommensurate propagation vector ki, = (0.485, 0.5, 0.48) at 3.9K.
The rotation plane of the Fe moments is similar to the multiferroic phase of
MnWO, [175]. This magnetic phase does not induce a ferroelectric polarization,
as the DM effect is canceled out by the symmetry of the moments in the unit cell.
The incommensurability of the structure is strongly temperature dependent and
could be related to an anharmonic distortion of the spiral. The hysteresis effect
of the propagation vector directly corresponds to features in thermal expansion
data [213].

In magnetic fields applied along l;, the magnetic structure becomes commensurate
with a propagation vector of k. = (0.5, 0.5, 0.5). This commensurate phase should
be the ground state of NaFe(WO,),, since it persists even after the subsequent
removal of an magnetic field at constant temperature. This phase is similar to the
commensurate ground state of MnWO, [175].

The ilmenite Nig4Mng53TiO3 develops a spin-glass phase due to a frustration
of magnetic interactions and anisotropies [18]. We were able to investigate the
magnetic properties of the Ni and Mn-subsystems and presented a comprehensive
study of the dynamic correlations.

In the spin-glass phase, we find contributions at the magnetic Bragg peak position
of NiTiO3 and MnTiOs-type. The elastic signal is significantly broadened, indicat-
ing an incomplete magnetic order. It was possible to estimate a contribution of
25 % of Ni moments and 45 % of Mn moments to the total scattering. The onset
of the Ni-order can be attributed to a sharp feature in the magnetic susceptibility,
while the Mn-order develops continuously. Spherical neutron polarimetry was
applied in order to analyze the orientation of the moments. The Ni moments
are aligned in the ab-plane while the Mn-moments can be described by a canting
relative to the c-axis.

The antiferromagnetic domains could be controlled by crossed magnetic and electric
fields, which were applied within the hexagonal plane. Our observations indicate
that the MnTiO3-type magnetic order can be accounted for the magnetoelectric
effect which was observed in the spin-glass phase [18]. The G-type magnetic
ordering breaks the inversion symmetry and allows for finite elements of the ME
tensor.

The magnetic excitations in the spin-glass phase were studied intensively by un-
polarized and polarized neutrons. We collected a comprehensive dataset which
documents correlated hexagonal planes which are only weakly coupled along the
c-axis. It was found that the inelastic scattering primarily arises from the Mn-
subsystem. A model was developed which only slightly deviates from the spin-wave
model of MnTiOj3 [247]. The calculated neutron intensity maps are able to repro-
duce the main features of the experimental data.
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Appendix A

Unit conversion

The properties of the incident and final neutron beam are often given in dif-
ferent units, adapted to the specific experimental approach. Table A.1 lists the
corresponding values for various neutron wavelengths.

Table A.1.: Conversion of units for neutron scattering. In general, neutrons are classified
as hot (0.4A< X <1A), thermal (1A< A <3A) and cold (3A< A <20A).

AA) k(AT E@meV) v(ms?) v (THz) T (K) #(cm™) ¢ (ps)
050 1257 32724 791207  79.12 3797.58  2639.18  0.01
0.80 785 127.83  4945.04 3091 148343  1030.93  0.03
1.00 6.28 81.81  3956.03  19.78 94940  659.80  0.05

1.50 4.19 36.36  2637.36 8.79  421.95 293.24 0.11
2.00 3.14 20.45 1978.02 4.95  237.35 164.95 0.20
2.36 2.66 14.66  1674.80 3.5 170.16 118.25 0.28
3.00 2.09 9.09  1318.68 220  105.49 73.31 0.46
4.00 1.57 5.11 989.01 1.24 59.34 41.24 0.81
5.00 1.26 3.27 791.21 0.79 37.98 26.39 1.26
8.00 0.79 1.28 494.50 0.31 14.83 10.31 3.24
10.00 0.63 0.82 395.60 0.20 9.49 6.60 5.06
25.00 0.25 0.13 158.24 0.03 1.52 1.06  31.60
50.00 0.13 0.03 79.12 0.01 0.38 0.26 126.39
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A. Unit conversion

The following equations were applied to calculate the values in Table A.1 for the
given neutron wavelengths A [71]:

wave vector k = 27”

_ _h?
energy FE = T
velocity v = ,/%E
Mn
_E
frequency v =4
- E
temperature 1T = -
wave number = F/c
time t=1
14

neutron mass m, = 1.674954 - 107" kg

speed of light ¢ =2.9979240-10"ms*
Planck constant h = 6.62618 - 1073* Js
electron volt 1eV = 1.6021-1071%J
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Appendix B

SpinW code for TbMnO3

In Chapter 4.4, a model was presented to simulate the magnon dispersion in
the multiferroic phase of TbMnO3 (model M-II). The underlying code is presented
below. The calculation was done using MATLAB R2014a 64-bit [82] and the
library SpinW (version 2.1 revision 238) [94].

In order to use the space group Pbnm to describe the crystal structure of ThMnOs,
the following line had to be added at the bottom of the SpinW-file symmetry.dat:
231 P bnm: -x,-y,241/2;-x+1/2,y+1/2,-2+1/2;-x,-y,~2 .

\o

%% CRYSTAL STRUCTURE %%%

$Definition of the Pbnm lattice.

tbmno = sw;

tbmno.genlattice('lat_const', [5.30 5.85 7.40],'sym','P b n m');

o\

$Definition of the magnetic Mn3+ atom with S = 4 / 2.
tbmno.addatom('r"', [1/2; 0; 0],...
's',4/2,'label', '"MMn3"', 'color', [40; 178; 2231);

%$Definition of the oxygen atoms.

rl0 = [0.1083; 0.4694; 0.25];
r20 = [0.7085; 0.3267; 0.0523];
tbmno.addatom('r', [r10 r20],'S', [0 O], ...
'label', {'O'" 'O"},'color', [255 255; 0 0; O 01);

%$Definition of the Tb atoms.
tbmno.addatom('r', [0.9836; 0.0810; 0.25],...
's"',0,"'label’, 'Tb", 'color', [200; 200; 2001);

%%% MAGNETIC STRUCTURE %%%

$Definition of k and the magnetic unit cell 1x7x1.
kinc=2/7; kvec=[0 kinc 0]; mucell=7;

Mb=[0 1 0]; Mc=[0 0 0.72];

ucell=[0.5 0.5 0 0;0 0 0.5 0.5; 0 0.5 0.5 0];
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B. SpinW code for TbMnQOj3

%$Generation of moments in unit cell.

longucell=[]; mom=[];

for 1=0: (mucell-1)
longucell=[longucell ucell+[0 O 0 0;1 i i i;0 0 0 011;

end

for i=1:numel (longucell (1, :))

mom=[mom (Mc'*cos (2«pixkvecxlongucell (:,
-Mb'xsin (2+xpixkvecxlongucell (:,1) )

i)) ...

)x (=1)"~(2+«longucell (3,1))1;
end

tbmno.genmagstr ('mode', 'direct', 'S',mom, 'nExt"', [1 mucell 1]);

%$%% EXCHANGE INTERACTIONS %%%

%$Definition of exchange parameters.

neta=-sin (2xpi*xkinc*0.5)/sin (2xpixkinc);

Jab=-0.3808; Jbb=neta*Jab; Jcc=+0.837;
tbmno.gencoupling
tbmno.addmatrix ('label', 'Jab', 'value', Jab, 'color','r'");
tbmno.addmatrix ('label', "dbb', 'value', Jbb, 'color','g");
tbmno.addmatrix ('label', "Jcc', 'value', Jcc, 'color', 'b");
tbmno.addcoupling ('Jab',2);

tbmno.addcoupling ('Jbb', 6) ;

tbmno.addcoupling ('Jcc', 1)

%$%% ANISOTROPY AND DM %%%

%Definiton of distorted easy plane.

D=-0.124%[0.0 sum(Mb) sum(Mc)];
tbmno.addmatrix ('label','D', "value',diag (D), 'color', [1 1 11x200)
tbmno.addaniso ('D")

%%% DISPERSION IN AND OUT-OF-PLANE %%%

% polarization analysis in bc plane.

tbpol=tbmno.spinwave ({[0 -1 1] [0 1 1] 100},...
'hermit', true, 'formfact', true);

tbpol=sw_neutron (tbpol, 'pol',true, 'uv',{[0 1 0] [0 O 11});

tbpol=sw_egrid (tbpol, 'component', 'Sperp', 'Evect', linspace(0,10,100));

sw_plotspec (tbpol, 'mode', 'color', 'dE', 0.2, "axLim', [0 13]);
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Appendix C

Supplemental data for
Nig.42Mng 58T103

C.1. Field dependence of magnetic scattering
components

The dependence of magnetic scattering components on crossed magnetic and electric
fields in the spin-glass phase of Nig4sMng55TiO3 was discussed in Section 7.3.2 at
the Bragg peak position @ = (=1, 0, 2). The comparison of experimental and
simulated compounds was also determined at Q = (-1, 0,—1) and Q= (0, 0,-3)
and is shown in Tables C.1 and C.2. The experimental values were determined
following the component separation in spherical neutron polarimetry, cf. Tab. 3.1.
The simulated components were determined by calculating the nuclear and magnetic
structure factors for different antiferromagnetic domain settings. The details of
the calculation are given in Section 7.3.2.
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C. Supp]ementa] data for Nj0.42MHO‘58T1.03

Table C.1.: Magnetic and electric-field dependency of magnetic scattering components
in Nig.4oMng 58TiO3, determined at @AF—Mn = (=1, 0,—1) at 2K. The intensities were
normalized to a monitor of 200 (cts/0.5s). The electric field was applied along [1,1, 0]
and the magnetic field applied along [1,2,0]. Below, simulated intensities are shown
for different domain constellations of the AF-Mn) and AF-Mn, order. The simulated
intensities were normalized to ]\@M;k of AF—MnH.

B(T) E (kV) | M,M; M.M; ReM,N ReM;N ImM;N ImM:N
0 0| 4.0(4) 1.6(4) 0.6(6) -0.2(6) 3.3(6) 6.8(6)

+1 -1.5 | 5.3(7) 23.9(6) 1.2(6) 0.6(3) 4.9(6)  62.4(6)
+1 +0.9 | 5.4(5) 9.9(5) 0.5(6) 1.0(6) 3.1(5)  39.5(5)

-1 -1.2 | -3.0(5) 22.0(4) -0.2(5) -1.4(5) 1.3(5) -79.6(9)

-1 +0.5 | 0.0(6) 14.5(5) 0.5(6)  -0.8(6) 1.0(4) -47.8(7)
Simulation MMy M.M; ReMyN ReMIN ImM;N ImM;N
AF-Mn, 1.00 0.00 0.00 0.00 0.00 0.00
0,0,1] 1.00 0.00 0.00 0.00 -1.13 0.00
0,0,1] 1.00 0.00 0.00 0.00 1.13 0.00
AF-Mn 0.05 0.55 0.00 0.00 0.00 0.00
[1,0,0] 0.10 0.00 0.00 0.00 0.35 0.00
[1,0,0] 0.02 0.82 0.00 0.00 -0.18 -1.03
0,1,0] 0.02 0.82 0.00 0.00 -0.18 1.03
[1,0,1] 0.10 0.00 0.00 0.00 -0.35 -0.00
0,1,0] 0.02 0.82 0.00 0.00 0.18 1.03
[1,0,1] 0.02 0.82 0.00 0.00 0.18 -1.03
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C.1. Field dependence of magnetic scattering components

Table C.2.: Magnetic and electric field dependency of magnetic scattering components
in Nig49oMng 58TiO3, determined at QAF—Mn = (0, 0,—3) at 2K. The intensities were
normalized to a monitor of 200 (cts/0.5s). The electric field was applied along [1, 1, 0]
and the magnetic field applied along [1,2,0]. Below, simulated intensities are shown
for different domain constellations of the AF-Mn” and AF-Mn | order. The simulated
intensities were normalized to MyM; of AF-Mn .

B(T) E(kV)| MMy M.M: ReMyN ReM;N ImM;N ImM:N
0 0| 0.9(6) 1.1(6) 1.6(9) -1.6(4) 4.9(4) 16.5(9)

+1 -1.5 | 12.3(8) 44.6(7)  -0.4(9) 1.6(5) 17.3(9) 174.6(9)
+1 +0.9 | 6.8(7) 21.2(6) 1.2(9) 1.1(4)  12.2(9) 115.5(9)

-1 -1.2 | -4.3(4) 15.3(4) -1.0(9)  -0.5(9) -1.5(7)  -90.2(9)

-1 +0.5 | -7.3(8) 24.9(7) -1.1(9)  -1.8(9) 0.5(3) -151.4(9)
Simulation MMy M. M; ReM;N ReM;N ImM;N ImM;N
AF-Mn 0.00 0.00 0.00 0.00 0.00 0.00
0,0,1] 0.00 0.00 0.00 0.00 0.00 0.00
0,0,1] 0.00 0.00 0.00 0.00 0.00 0.00
AF-Mn 1.00 1.00 0.00 0.00 0.00 0.00
[1,0,0] 2.01 0.00 0.00 0.00 6.31 0.00
[1,0,0] 0.50 1.51 0.00 0.00 -3.16 -5.47
0,1,0] 0.50 1.51 0.00 0.00 -3.16 5.47
[1,0,1] 2.01 0.00 0.00 0.00 -6.31 -0.00
0,1,0] 0.50 1.51 0.00 0.00 3.16 5.47
[1,0,1] 0.50 1.51 0.00 0.00 3.16 -5.47
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C. Supp]ementa] data for Nj0.42MHO‘58T1.03

C.2. Magnetic excitations

In Section 7.4.2, inelastic neutron scattering data was presented in the spin-glass
phase of Nig4Mng53TiO3. Supplemental data obtained at the thermal neutron
TAS instrument INS8 at the ILL will be presented in the following. The single crystal
sample was mounted in the [100]/[010] scattering plane, the final neutron energy

was Ey = 18.6meV (k; = 3.0 A_l) and the energy resolution can be estimated to
be AFE ~ 0.8 meV.

The instrument was equipped with the FlatCone multi-detector, which covers
a large area in (Q-space. It allows for a vertical tilting of the detector plane of
—10 to 20°. This enables to access a momentum transfer which is vertical to the
horizontal scattering plane [84]. The scattering plane [H, K, —1] could be accessed
by a combined tilting of detector and a cryostat.

The elastic scattering map in the [H, K, —1] plane is shown in Figure C.1. The
intensity is logarithmically color coded. The intensity map significantly differs from
the [H, K, 0] elastic map, cf. Fig. 7.9. The strongest reflections can be attributed
to the nuclear structure, while the weak signal arises from diffuse magnetic and
nuclear scattering.

Figure C.2 shows intensity maps at an energy transfer of 4meV and 8 meV at
2 K. The inelastic intensity is similar to the data obtained in the [H, K, 0] map, cf.
Figure 7.15. This demonstrates the weak coupling along the hexagonal axis c.
Finally, the temperature dependence of the inelastic signal in the [H, K, 0] plane
is shown in Figure C.3. The same color scale was used for all temperatures. The
inelastic signal significantly weakens upon heating, but is present up to 300 K.
The sharp features arising at higher temperatures can be attributed to phonon
scattering, whose intensity is enhanced by the Bose factor.

100000

10000

Figure C.1: Elastic neutron scat-
tering map of NizMn;_,TiO3 at 2K
in the [H, K, 1] plane at IN8. Dot-
ted lines indicate the reciprocal direc- , EA
tions [1,0,0] and [0, 1,0]. The inten- 2 D) 0 5 4 Inte—nsi1t)(l)00
sity is logarithmically color coded. Q (A7) (cts/5sec)
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C.2. Magnetic excitations

200
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E=8meV iy
- - - Intensity
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X

Figure C.2.: Intensity mapping of magnetic excitations in NizMn;_,TiOs in the
[H, K,1] plane in NizMn;_,TiO3 at 2K at IN8. The scattered neutron intensity was
collected at constant energies (a) 4meV and (b) 8 meV. The same linear color scale was
used for both maps.

N

[H.K,0] 200

150

50

Intensity

-4 -2 0 2 4 (cts/5sec)

200

150

50

0 2 4

Intensity
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Figure C.3.: Temperature dependence of magnetic excitations in Ni,Mn;_,TiOg in the
[H, K, 0] plane in NizMn;_,TiO3 at IN8. The scattered neutron intensity was collected
at constant energy of 4 meV. The same linear color scale was used for both maps. The
black frame indicate the experimental data, the maps were completed by symmetrization.
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Commonly used terms

AFM
EM
DM
FE
FM
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Antiferromagnetic
Electromagnon
Dzyaloshinskii-Moriya
Ferroelectric

Ferromagnetic

Inelastic neutron scattering
Infrared

Magnetoelectric

Neutron resonance spin echo
Neutron spin echo
Polycrystalline graphite
Single ion anisotropy
Spin-orbit interaction
Spin-density wave
Triple-axis spectrometer
Time of flight

Magnetic form factor
Magnetic propagation vector
Scattering vector @ = Ef — EZ
Angle of sample rotation
Scattering angle

Spin-flip cross section o;; along ¢

Non-spin-flip cross section o;; along 4
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Chapter 4
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Ferroelectric transition temperature
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Abstract

In this thesis, the magnetic properties of four transition-metal oxides are pre-
sented. Their multiferroic and magnetoelectric phases have been investigated by
means of different neutron scattering techniques.

The materials ThMnO3 and MnWO, belong to the group of spin-induced multifer-
roics. Their ferroelectric polarization can be explained by the inverse Dzyaloshinskii-
Moriya interaction. Another common feature of both materials is the presence of
subsequent magnetic transitions from a spin-density wave to a spin spiral. The
features of the phase transitions have been studied in both materials and it could
be shown that diffuse magnetic scattering from the spin spiral is present even in
the ordered spin-density wave phase.

The excitation spectrum in the multiferroic phase of ThMnOj3 was investigated in
detail and a comprehensive dataset was obtained using time-of-flight spectroscopy.
A spin-wave model could be obtained which can quantitatively describe the full
dispersion. Furthermore, the polarization of the zone-center excitations could be
derived which fit well to data from inelastic neutron spectroscopy and infrared
spectroscopy.

With the combination of spherical neutron polarimetry and a poling of the sample
by an electric field, it was possible to observe the chiral magnetic component
of the magnetic excitations in ThMnO3 and MnWQO,. The spin-wave model for
ThMnOj obtained in this thesis is able to correctly describe the dispersion of this
component.

The double tungstate NaFe(WQy,), is isostructural to the multiferroic MnWO, and
develops a complex magnetic phase diagram. By the use of neutron diffraction
techniques, the zero-field structure and high-field structures in magnetic field
applied along the b-axis could be determined. The data reveal a direct transition
into an incommensurate spin-spiral structure. The value of the incommensurability
is driven by anharmonic modulations and shows strong hysteresis effects.

The static and dynamic properties in the magnetoelectric spin-glass phase of
Nig 42Mng 53 TiO3 were studied in detail. The spin-glass phase is composed of
short-ranged MnTiO3 and NiTiOgs-type order. The antiferromagnetic domains
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could be controlled by crossed magnetic and electric fields, which was visualized
using spherical neutron polarimetry.

A comprehensive dataset of the magnetic excitations in the spin-glass phase was
collected. The dataset revealed correlations in the hexagonal plane which are only
weakly coupled along the c-axis. The excitation spectra could be simulated by
taking into account the MnTiOs-type order.
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Kurzzusammenfassung

Die vorliegende Arbeit beschiftigt sich mit dem Magnetismus in vier Ubergangs-
metalloxiden. Die magnetischen und magnetoelektrischen Phasen dieser Materi-
alien wurden mittels verschiedener Methoden der Neutronenstreuung experimentell
untersucht.

Die Verbindungen ThMnO3z und MnWO, gehoren zu der Gruppe der Spin-induziert-
en Multiferroika. Die ferroelektrische Polarisation in diesen Materialien kann
mithilfe des inversen Dzyaloshinskii-Moriya Mechanismus erkléart werden. Beide Ma-
terialien zeigen eine Abfolge von magnetischen Phasen, von einer sinus-modulierten
Phase zu einer spiralen Phase. Die Eigenschaften der Phaseniibergénge wurden
in beiden Materialien untersucht und es konnte gezeigt werden, dass diffuse mag-
netische Streuung der spiralen Phase bereits in der geordneten sinus-modulierten
Phase existiert.

Das Anregungsspektrum in der mulitferroischen Phase von TbhMnO3 wurde de-
tailliert untersucht und ein umfangreicher Datensatz wurde mittels Neutronen-
Flugzeitspektroskopie gemessen. Im Rahmen dieser Arbeit konnte ein Spinwellen-
model entwickelt werden, welches die komplette Dispersion qualitativ beschreiben
kann. Die Polarisation der Magnonen des Models im Zonenzentrum stimmen
sehr gut mit vorherigen Ergebnissen von inelastischer Neutronenstreuung und
Infrarot-Spektroskopie iiberein.

Die gleichzeitige Nutzung von sphérischer Neutronen-Polarimetrie und einem an-
gelegten elektrischen Feld haben es ermdoglicht den chiralen magnetischen Beitrag
der magnetischen Anregungen in ThMnO3 und MnWO, zu messen. Das in dieser
Arbeit entwickelte Spinwellenmodel beschreibt die Dispersion dieser Beitrige kor-
rekt in TbMnOs.

Die Verbindung NaFe(WOy), ist strukturgleich mit dem Multiferroika MnWO,
und sie zeigt ein komplexes magnetisches Phasendiagramm. Die Strukturen der
Nullfeld- und der Hochfeldphasen konnten mithilfe von Neutronendiffraktion in
magnetischen Felder entlang der b-Achse ermittelt werden. Dabei wurde ein direkter
Ubergang in eine spirale Phase entdeckt. Die Periodizitét ist inkommensurabel
zu der Kristallstruktur. Diese ist mit einer anharmonischen Storung der Spirale
verkniipft und zeigt starke Hysterese-Effekte.
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Die statischen und dynamischen Eigenschaften der magnetoelektrischen Spin-Glass
Phase von Nig42Mng 55 TiO3 wurden detailliert untersucht. Die Spin-Glass Phase
zeigt Beitrdge von kurzreichweitigen Ordnungen des MnTiO3 und des NiTiOg3-
Types. Es konnte gezeigt werden, dass die antiferromagnetischen Doménen in
gekreuzten magnetischen und elektrischen Feldern ausgerichtet werden kénnen,
wozu sphérische Neutronen-Polarimetrie verwendet wurde.

Ein umfangreicher Datensatz der magnetischen Anregungen in der Spin-Glas wurde
ermittelt. Dieser dokumentiert magnetische Korrelationen in der hexagonalen
Ebene und nur eine schwache Kopplung entlang der c-Achse. Die Anregungen
konnten mittels eines Modelles simuliert werden, welches auf der MnTiO3-Ordnung
basiert.
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