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Abstract

This work is focused on two helimagnetic materials: BayCuGe,O; and
CusNbyOg. Recent studies report a number of interesting anisotropic proper-
ties.

BayCuGey,O7 melilite oxide shows a complex magnetic behaviour, indeed it
is known that at low temperature the system undergoes a transition from
a paramagnetic phase to an incommensurate antiferromagnetic cycloid spin
structure. Applying a magnetic field, additional magnetic transitions take
place, as for example a spin-cone phase. Moreover, BayCuGe;O7 shows also
multiferroic properties.

Several works report that the physical properties of melilite oxides mainly
depend on the nature of the transition metal ion, thus interesting proper-
ties could emerge in mixed melilite oxides. In this work Ba;MGe,O; with
M=Cu,Ni and Mn have been studied.

Cu3NbyOg is an unusual helimagnetic compound that undergoes a series of
magnetic ordering at low temperature. Development of electric polarization P
has been reported at Ty ~25K corresponding to emergence of a non-collinear
helicoidal ordering. P is oriented perpendicularly to the common plane of
rotation of the spins. This observation cannot be reconciled with the conven-
tional theory developed for cycloidal multiferroics.

The study of all these complex anisotropic phenomena requires the availability
of good single crystals.

In this thesis, an investigation on crystal growth conditions of BaaMGe,O7
and of CuzgNbyOg will be presented. Single crystal samples are vital to
study the physical properties exhibited by compounds which have high
magnetic/ferroelectric anisotropy where significantly different behaviour is
seen along different crystallographic directions.

Preliminarily, high quality polycrystalline powders have been prepared for all
compounds, indeed this is a critical point to grow pure crystalline samples.
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In this work the procedure to synthesize polycrystalline powders with high
purity is reported. Moreover, by using powder X-ray diffraction and energy
dispersive spectroscopy (EDS), the composition of the starting polycrystalline
powder is checked.

Successfully, the growth conditions to realize large and pure single crystals
suitable for low temperature magnetometry and lattice dynamic studies are
described.

The chemical composition and the morphology of the crystals are investigated
by X-ray diffraction and by scanning electron microscopy (SEM), with wave-
length dispersive spectrometry (WDS). Furthermore, the excellent quality of
the crystals is confirmed by rocking curve measurements.

The X-ray Laue back reflection and electron backscattered diffraction (EBSD)
techniques are used to orient single crystals specifically for selected experi-
ments.

To study the magnetic phase diagrams of grown crystals, magnetization
measurement vs temperature is performed in the range 1.5 K<T<300K on
both BayCuGesO7 and CugNbyOg crystals. Moreover, low temperature (0.5
K<T<5 K) magnetometry study is performed on oriented single crystal of
BayCuGeyO5. For the first time, a magnetic phase below 0.6 K is detected.

Finally, this work reports lattice dynamics of BayCuGe;O7 helimagnet pro-
vided by Infra-red and Raman spectra.



Introduction

In addition to the well-known magnetic orders (ferromagnetism, antiferromag-
netism, etc.) in the solid state, a series of more complex magnetic structures
appear. For example, materials hosting not-uniformly ordered magnetic
phases are of great interest. Among these candidates, there are helimagnetic
systems, in which the spins twist along one direction forming periodic mod-
ulation [1, 2, 3, 4]. In spiral magnetic structures, the magnetic moments of
adjacent atoms are rotated to one another in such a way that the vectors that
represent them lie on the same spiral. The essential difference between spiral
magnetic structures and other magnetic structures is that in the general case
the pitch of the spiral is incommensurable with the corresponding period
of the crystal lattice and, in addition, is temperature-dependent. There are
several types of spiral magnetic structures, two examples are illustrated in
Fig.1 .

Fig.1 a) shows a helical spiral where the moments rotate in a perpendicular
plane to the axis of the spiral, while Fig.1 b) shows a conical magnetic struc-
ture which represents a distortion of the previous structure.

Recent studies reported complex magnetic phase diagrams of magnets as
for example MnSi, Fe;gCog2Si, Feys5Cog551 and FeGe [5, 6, 7, 8]. These
compounds are very different in terms of chemical composition and crystalline
structure. Nevertheless, all magnetic phase diagrams show a common platform
indicating a helimagnetic phase. When physical conditions change (applied
magnetic field, temperature, etc.) a variety of complex magnetic phases are
observed, as for example conical spirals (a conical distortion of the helical
structure) and magnetic vortices (spin texture where, generally, the spin at
the core points down, while spins at the perimeter point up).

In BayCuGeyO7 [9] and in CuzgNbyOg [10] an electric polarization is observed
when they are ordered magnetically.
Helimagnetism shows interesting consequences, as for example the emergence
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Figure 1: . Examples of spiral magnetic structures (X is the period of the spiral):
a) helical spiral magnetic structure b) ferromagnetic (conical) spiral.

of spontaneous (ferroelectric) polarization mediated by the spin-exchange
and spin orbit interactions has been observed [11]. Various types of spin
order can have a potential to break the inversion symmetry and produce a
spontaneous ferroelectric polarization P. When the spins form a transverse-
spiral (cycloidal) modulation along a specific crystallographic direction, every
nearest-neighbour spin pair produces a unidirectional local P and, hence, the
macroscopic P of electronic (spin) origin should be generated [11].

On the theoretical level, research has focused on the interactions determining
the helimagnetism.

Systems lacking inversion symmetry, such as selected three-dimensional com-
pounds, multilayers and surfaces support Dzyaloshinsky-Moriya (DM) spin-
orbit interactions [12, 13, 14]. In recent years DM interactions have attracted
great interest, because they may stabilize magnetic structures with a unique
chirality and non-trivial topology. The inherent coupling between the various
properties provided by DM interactions is potentially relevant for a variety of
applications including, for instance, multiferroic and spintronic devices [15].
Therefore, the exploration of new magnetic materials is an important task to
study complex and magnetic phenomena and in the development of future
information technology.

Multiferroic materials simultaneously exhibit ferroelectricity and magnetism
and provide alternative ways to encode and store data using both electric po-
larization and magnetization. Moreover, the mutual control between electric
polarization and magnetization due to the strong magnetoelectric coupling
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gives even more potential to applications in the sensor industry, spintronics
and so on.

A spintronic device, generally, doesn’t need an applied electric current in
order to retain information and so have a much lower power consumption
than typical charge-based devices. Spintronics could theoretically be used for
magnetic random access memory (MRAM). Applying a magnetic field may
be possible to control the magnetisation state of a sample allowing less waste
of power.

Another proposed practical application for multiferroic materials is as read
heads for magnetic storage devices [16, 17]. Nowadays, read heads make use of
magnetoresistance effects while by the use of a multiferroic device an output
voltage could be generated in the absence of an external current. This would
then lead to reduced power consumption of the device, which is particularly
valuable for battery powered handheld devices.

In general, three different microscopic mechanisms of ferroelectricity of spin
origin has been identified: exchange-striction, spin-current model and spin
dependent p-d hybridization [11]. The exploration of those mechanisms lead
to the discovery of materials showing the coupled cycloidal spin and ferroelec-
tric orders.

In this work two helimagnetic systems are studied, in the case of BasCuGeyO7
the ferroelectric order is due to spin dependent p-d hybridization [9], while in
the case of CuzNbyOyg is related to the spin-current model [10].
BayCuGeyO7 is a melilite-type oxide with non-centro symmetric tetragonal
crystal structure. This insulator material shows a complex magnetic phase
diagram where the spin structure sensitively depends on the orientation of the
magnetic field and undergoes several phase transitions [18]. Helical magnetic
structure is promoted by DM interaction below Ty=3K. At low tempera-
ture and for magnetic field applied (H~2T) along c-axis, antiferromagnetic
cone phase is observed. The spins are mostly aligned in a commensurate
antiferromagnetic pattern in the ab plane. In addition, there is a small
incommensurate precession of transverse spin components.

The system CuzNbyOg is an unusual multiferroic compound that undergoes
a series of magnetic ordering at low temperatures. Development of electric
polarization has been reported at Ty ~25K with the emergence of a non-
collinear helicoidal ordering [10].

CuzNbyOg shows an improper ferroelectricity because the electrical polariza-
tion is oriented perpendicularly to the common plane of rotation of the spins.
This observation cannot be reconciled with the conventional theory developed
for cycloidal multiferroics.

Therefore, BayCuGe,O7 and CuzNbyOg helimagnets can host a number of
interesting properties. The study of all these complex phenomena requires
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the availability of good single crystals.

Single crystal samples are vital to study the physical properties exhibited by
compounds which have high magnetic\ferroelectric anisotropy where signifi-
cantly different behaviour is seen along different crystallographic directions.
In order to outline a complete magnetic diagram, high-quality single crystals
are essential.

In the case of BagMGeyO7 family (with M a transition metal) in litera-
ture there are some details on the growth of single crystals by the optical
floating-zone technique. However, there was no a full report on growth of
BayCuGe, Oy single crystals up to this work. Also the chemical diagram phase
of BayCuGe,O; was not reported, thus the synthesis of pure phase and the
following crystal growth are open issue.

Recently, helimagnetic CuzgNbyOg is also investigated but his magnetic phase
diagram is not fully described and many questions remain open, i.e. on the
microscopic origin of unusual multiferroicity.

Also in this case, the availability of single crystal samples is required for
further investigation about magnetic and structural properties.

The most of research on this compound has been done on polycrystalline
samples with the exception of only one investigation by Johnson et al. [10]
on CuzNbyOg single crystals realized by floating zone techinique.

No detail about crystal growth is reported in literature and also for CugNbyOg
the chemical phase diagram is not whole known. Thus the search for optimal
crystal growth is required to get large and pure single crystal samples.

In this thesis, the investigation of crystal growth conditions of BayCuGe,O7
and CusNbyOg is presented.

As discussed in Chapter 1, the physical properties of melilite oxides BasMGe;O7
change with the transition metal ion, thus interesting properties could emerge
in mixed melilite oxides [9]. This work investigates two mixed melilite oxides:
BayCu(i—4)Ni, Geo,O7 and BayCuq ) Mn, Ge;O7.

In Chapter 1 the main principles of the helimagnetic systems and the most
interesting consequences are described. Next Sections describe the melilite ox-
ides and they focus on BayM(Cu,Mn,Ni,Co,V)Ge,O; family. Magnetic phase
diagram of BayCuGe,O7 and all properties of this helimagnet are discussed in
detail. Finally, Cu3NbyOyg is described and its known properties are discussed.
Chapter 2 is concerned on the growth of large and pure single crystals. First,
synthesis of BayCuGe,O7 polycrystalline powders by different methods is
described. Then, the conditions of the single crystal growth are provided.
This work carries out the single crystal growth of the helimagnet Ba,CuGe,O7
by the floating zone technique, using different gas atmospheres and pressures.
The work reports the optimized growth conditions allowing the synthesis of
large crystals.
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The synthesis of polycrystalline and crystalline samples BayCu(;_)Ni, Ge;O7
and BayCu;_;)Mn,Ge,O7 are discussed. They are grown to investigate the
effects on the magnetic properties due to the partial substitution of copper
with nickel or manganese in the structure.

The growth conditions of CugNbyOg are shown in the Chapter 2. This thesis
sets out in detail about crystal growth of this compound by floating zone
using image furnaces with two mirrors and four mirrors symmetry.
Morphological, compositional and structural study on samples is discussed
in Chapter 3. By using powder X-ray diffraction and energy dispersive
spectroscopy (EDS), the structure and the composition of polycrystalline
powders are investigated. Powder X-ray diffraction is also used to check
the composition of the grown single crystals. The morphology and chemical
composition of the crystals are investigated by scanning electron microscopy
(SEM) with wavelength dispersive spectrometry (WDS). Furthermore, the
quality of the crystals is studied by rocking curve measurements. The X-ray
Laue back reflection and electron backscattered diffraction (EBSD) techniques
are used to orient single crystals specifically for selected experiments. Such
experiments are illustrated in Chapter 4.

To study the magnetic phase diagrams of grown crystals, magnetization
measurement as function of the temperature is performed. Low temperature
magnetometry study is performed on oriented single crystal of BayCuGe,O5
and a magnetic phase below 0.6 K is discussed for the first time.

This work provides also M(T) curves comparison acquired on single crystal of
BayCuGeyO7 and of BayCuyy—,)Ni,Ge;O7 for selected crystalline directions.
Magnetic measurements are performed on CuzNbyOg single crystals, too.
This system is one of only two multiferroic known with centrosymmetric
triclinic crystal structure with P -1 space group. For the first time, we report
magnetization vs temperature data measured along the crystallographic axes
of CU3Nb208.

While magnetoelectric properties of BaoCuGe,O; have been extensively dis-
cussed in the past, no investigations are reported on its lattice dynamics. The
end of the chapter is devoted to the study of lattice dynamics of BayCuGey,O5
provided by Infra-red and Raman spectra.



Chapter

Helimagnetism as a platform for
complex magnetic behaviour

Complex oxides exhibit several properties, including magnetism, ferroelectric-
ity, magnetoresistance, which are of great interest among the scientific and
technological communities. This dissertation investigates various aspects of
helimagnetism. In general, helimagnets are magnets with spins aligned in
helical order at low temperature.

A variety of complex magnetic phases with spins forming helical or conical
spirals, as well as magnetic vortices, are due to the competition among ferro-
magnetic exchange, Dzyaloshinskii-Moriya (DM) interaction and magnetic
anisotropy [19].

In this chapter, the main properties of the helimagnetic systems are introduced
and the most interesting consequences are described briefly. For example,
some helimagnetic systems show a magnetically-induced ferroelectricity. The
sign of the electric polarization depends on the helicity (direction of rotation
of spin), while the direction of polarization depends on further details of the
helical order and the underlying lattice symmetry.

This work focuses on two systems: the BasCuGe;O7 and the CugNbyOg, where
electric polarization arises from different mechanisms of magnetic interaction.
In the following of this chapter, their crystalline and magnetic structures are
discussed.
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1.1 Magnetic structures

Magnetic materials have a microscopic structure for arrangement of atomic
magnetic moments. This is called the magnetic structure. A magnetic struc-
ture describes the arrangements and symmetry of spins in a crystal lattice.
The magnitude and direction of the spin on each magnetic atom site is
specified [20]. The magnetism is a dynamic process involving spin waves
so the magnetic structure is a static approrimation of magnetic moments
configuration in the lattice.

Below, the Fourier representation of the magnetic structure is introduced and
the magnetic structures in solids are illustrated briefly. A full discussion is
complex and it is beyond the aim of this work, however further details are
well illustrated in the reference [21].

The magnetic structure is characterized by the magnetic moment density
which is given by M = (¥7(r) | m | ¢(r)), where 1(r) is the field operator of
electrons and m denotes the magnetic moment for an electron.

In a crystalline system, the space is divided into the Wigner-Seitz cells for
each atom. A magnetic moment of atom 7, m;, is defined as the integral
of M(r) on the i-th atom. The integration is over the Wigner-Seitz cell
belonging to atom ¢ In the case of the crystalline system, the atomic po-
sition R, is expressed by using the primitive translational vectors a,b,c as
R, = i1a + isb + i3c. The atomic magnetic moment is expanded with use
of the Fourier lattice series, m; =}, m(q)e™@®) where m(q) are Fourier
components of the magnetic moments defined in terms of the wave vector q
in the first Brillouin zone. Moreover, we assume that there is only one atom
per unit cell. The microscopic magnetic structure of magnetic materials is
specied by a set of m(q).

The ferromagnetic structure is the simplest structure where all of the atomic
magnetic moments have the same direction. It is realized when all the Fourier
components vanish except m(q = 0) = m.

The antiferromagnetic structure is defined by alternative arrangement of
the atomic magnetic moments along a direction, e.g., the z direction. The
structure is specified by a set, m(£Q) = mke**® and m(q = +Q) = 0,
where Q consists of half a reciprocal lattice vectors, and k denotes a unit
vector along the z axis, and a denotes a phase of the structure. In the case
a = 0, then m; = mkcos(Q - R;). Therefore, when the position R; moves
along @ vector, Q - R; changes by w. Accordingly, the magnetic moment my;
changes its sign.

When the periodicity of the spins follows the crystal structure, the antiferro-
magnetic order is called commensurate [22].
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The AF structure on the simple cubic lattice as shown in Fig. 1.1(a) is
expressed by the wave vector Q = M, a being the lattice constant.
The AF structure on the body-centered cubic lattice as shown in Fig. 1.1(b)
is expressed by the wave vector Q = W.

In the case of the face-centred cubic lattice (fcc) structure, two kinds of
AF structures are known. The AF structure of the first-kind as shown in

Fig. 1.1(c) is described by a wave vector Q = %. The atomic moment
0,0,1)a

alternatively changes the direction with a translation by ( 5. It is also
possible to change direction alternatively along (1,1,1) axis. This is referred
as the AF structure of the second-kind, and it is characterized by Q = %

( Fig. 1.1(d)).

S

—— a—f h—a—r
(a) (b)
b— a— g
(c) (d)

Figure 1.1: Antiferromagnetic arrangements on (a) the simple cubic (sc) lattice, (b)
body-centred cubic (bcc) lattice, (c¢) face-centred cubic (fce) lattice, (d)
the antiferromagnetic structure of the second-kind on the face-centred
cubic lattice. The lattice constants are shown by a. [21]
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A more complex magnetic ordering shows sinusoidal spin density wave
(SDW) structure (Fig. 1.2 (a)). This kind of magnetic ordering is described
by m; = mksin(Q - R; + «), where @ vector is neither equal to 0 nor to the
AF wave vectors. The magnetic moment sinusoidally changes with a period
A along the @ direction. The period of magnetic structure is not necessarily
commensurate with the lattice spacing, in general. In this case, the magnetic
structure is called incommensurate.

It is also possible that the magnetic moment rotates with a translation (see
Fig. 1.2(b)). This is known as helical structure, and is expressed by:

m; = m(e;cos(Q-R; + a) +e;sin(Q - R; + a)) (1.1)

Here e; and ey are the unit vectors being orthogonal to each other. The
magnetic moment with amplitude m rotates on the e; — ey plane with the
translation along the @ vector.
The conical magnetic structure is shown in Fig. 1.2 (¢). The magnetic moment
rotates for example on the z-y plane when the moment translates along the
direction of Q.
In this case, the magnetic structure is described by:

m; = mk+m(icos(Q-R; +a)+jsin(Q-R; +a)) (1.2)

Figure 1.2: a) Spin density wave structure b) Helical structure c¢) Conical structure
[21]

The origin of magnetic order in a material takes place because of the
different interactions between magnetic moments. The main one is the
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exchange interaction between two spins. It is a purely quantum mechanical
term proportional to the dot product of the corresponding spin operators.
Such interaction between neighbouring spins S; and §; is described by the
Heisenberg model, with the Hamiltonian given by:

He, =—> Ji;SiS; (1.3)
2

The value J; ; is the exchange constant and describes the nature of the
interaction between S; and §; . If J; ; is positive, neighbouring spins favour
a parallel alignment, and the system is ferromagnetic. If J;; is negative,
neighbouring spins favour an antiparallel alignment and the system is antifer-
romagnetic.

The exchange interaction is a direct result of the Pauli exclusion principle,
which forbids fermions with the same spin to exist in the same position and
time and of the electrostatic Coulomb repulsion. The exchange interaction
requires the overlap of electron orbitals and it is therefore a short range effect.
Chiral magnets are a particular type of non-collinear magnet that deserve a
special mentioning, indeed helimagnetic structure belong to this class. Sys-
tems with lattice lacking inversion symmetry, develop in addition to the
exchange interaction a Dzyaloshinskii-Moriya (DM) interaction [12, 13, 14].
This interaction is chiral, thus one direction is preferred. The DM interaction
tries to destabilise the collinear antiferromagnetic state (—<—) and can intro-
duce a canting of two magnetic moments at different sites (") or (,/\),
with one of which having a lower energy than that original collinear state
(—<).

Consistent with the periodic lattice of the crystal the ground state for most
of the known chiral magnets corresponds to a spiral state. The periodicity
of the spiral is given by an interplay between the DM interaction and the
Heisenberg exchange. Of course, spiral states may also be supported in
non-chiral magnets. In that case, they can result from competing Heisenberg
exchange interactions between different neighbours or are due to geometrical
frustration.

In 1957 Dzyaloshinskii [12] predicted on the basis of symmetry arguments
the presence of a unidirectional magnetic interaction of the form:

HDM = Di,j . (SZ X Sj> (14)

where D ; is known as DM vector. DM interaction results from relativistic
spin orbit corrections to the ordinary superexchange mechanism and therefore
is weak when compared to antiferromagnetic symmetric exchange [22].
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1.2 Helimagnetism

Helimagnetic phases are also referred as spiral magnetic order, generally
distinguished between helical and cycloidal arrangements of the magnetic
moments, where in a helical spiral the moments rotate in a plane perpendicular
to the propagation vector while in a cycloidal spiral the propagation vector
lies within the rotation plane of the spins.

The most well-known helimagnet is manganese silicide (MnSi). This compound
is a cubic crystal with space group P2;3. MnSi shows a helical spin structure
below the temperature 30 K (Fig. 1.3) [1, 2, 3, 4].

a) g (b
( rr - ‘_r ) \FJ\(J-'—"I\'_ ( )
Mol pigea s

Figure 1.3: a)Magnetic ordering in a helimagnet. On each plane, there is a fer-
romagnetic order, but the direction of magnetization rotates along
the helical direction. The arrow denotes the direction of the helix. b)
Diagram of helimagnetic structure.[23]

Such helical order can be explained by the DM mechanism [12, 14] due

to spin-orbit coupling [24] and to lack of spatial inversion symmetry in lat-
tice structure. The helimagnetic pattern is shown in Fig. 1.3. There is
ferromagnetic order on any given plane perpendicular to the helix, and the
direction of the magnetization rotates along the direction of the helix. The
helix is characterized by @ vector, indicating the direction of the helix. The
Q@ modulus is the helical wavenumber, where %’T is the helical wavelength,
describing the distance that the ferromagnetic order repeats itself.
Fig. 1.4 shows magnetic phase diagrams of MnSi (Fig. 1.4 (a)), FepsCop.2Si
(Fig. 1.4 (b)), Fep5Cop55i (Fig. 1.4 (c)) and FeGe (Fig. 1.4 (d)). These
systems have different chemistry and structure; however, the magnetic phase
diagrams show similar features. Indeed, for low magnetic fields and below
definite critical temperatures, all systems are helimagnetic. This magnetic
order is the platform through which more complex magnetic behaviours arise
for increased magnetic fields and higher temperature.
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At the lowest temperature and for small magnetic applied field all phase dia-
grams show a helical phase. For MnSi and Fey sCog 2Si this phase is indicated
as helical, while for Feq5Cog 551 and FeGe this phase is indicated as H.
Increasing the magnetic field, different behaviours are observed in the men-
tioned systems. For MnSi, at T<30K and for H>0.6 T, a field polarized
phase is observed. Instead, for FeysCog2Si at T<30K and for 0.6<H<1.5 T a
conical phase is observed. For FeGe the conical phase is observed at T<278K
and 0.1<H<0.3 T.

All phase diagrams show a skyrmion phase. Magnetic skyrmions are particle-
like nanometre-sized spin textures of topological origin found in several
magnetic materials, and they are characterized by a long lifetime [25]. As
will be discussed in section (1.3.2), skyrmions are observed both by means
of neutron scattering in momentum space and microscopy techniques in real
space. A skyrmion appears as a vortex-like spin texture in a chiral-lattice
magnet.

In MnSi the skyrmions are observed at T ~ 30 K. In magnetic phase diagram
(Fig. 1.4 (a)) this region is indicated as A phase. Muhlbauer et al. observed
the skyrmions for the first time in MnSi [26]. The neutron beam is parallel
to the applied magnetic field, and the magnetic phase exhibits six fold sym-
metry, as shown in Fig. 1.5 (a). This configuration is a two-dimensional (2D)
hexagonal periodic structure on a plane which is perpendicular to the applied
magnetic field.

Also in FeygCog2Si skyrmions are observed as shown in (Fig. 1.4 (b)). This
region is indicated as A phase at T ~ 30 K.

The region of skyrmions is very wide for Fey5Coq55i, it is indicated as SkX
in Fig. 1.4 (c¢). Around this region, mixed phases of skyrmion and helix (H +
Sk) and of skyrmion and ferromagnetism (H + FM) are observed.

In FeGe different phases of skyrmions are observed. There are several possible
types of skyrmion structure corresponding to different values of vorticity m
and helicity v, as defined in reference [25]. In magnetic diagram phase of
FeGe different types of skyrmions are observed when the temperature and
the magnetic field increase. Thus, in the phase diagram of FeGe (Fig. 1.4
(d)) the regions of skyrmions are indicated as Ay, Ay, Ay and As.
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Figure 1.5: a) Neutron scattering data in the columnar phase of MnSi. The
applied magnetic field is perpendicular to the paper. The six-fold
pattern implies the two-dimensional hexagonal columnar structure.
b)A hexagonal lattice of Skyrmions in the columnar phase of MnSi
[26]

1.3 Interesting consequences of helimagnetism

1.3.1 Multiferroics of spiral spin origin

The frustration in spin exchange interactions as well as the Dzyaloshinskii-
Moriya (DM) interaction on non-centrosymmetric lattice can often produce
the helical spin structure. Among them, the transverse-spiral (cycloidal)
structure in an insulating magnet can almost always produce the ferroelectric-
ity whose polarization direction depends on the vector spin chirality. Even
for the case of the longitudinal-spiral or proper screw structure, the coupling
of such a spin texture to the underlying chemical lattice can produce the
ferroelectric polarization via the spin-orbit interaction.

The magnetically flexible spin structure immediately leads to the magnetic
control of the ferroelectric polarization vector, both in magnitude and direc-
tion.

A material that combine more ferroic properties is called multiferroic [27].
Main three ferroic properties are ferroelectricity, ferromagnetism, and fer-
roelasticity. Similarly to a ferromagnet, a ferroelectric material shows a
spontaneous electric polarisation P that can be switched by an applied elec-
tric field E, while a ferroelastic material displays a spontaneous deformation
that can be reversed by an applied mechanical stress [28]. The most interest-
ing multiferroics exhibit a strong correlation of magnetism and ferroelectricity
(Fig. 1.6).

The prospect of controlling magnetic moment M (dipole moment P) by
applied voltages (by applied magnetic fields) drives the research for these
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innovative materials to built new forms of multifunctional devices.

OO
@D

Figure 1.6: Interactions in multiferroics. The primary ferroic orderings (ferro-
electricity (P), ferromagnetism (M), and ferroelasticity (¢)) can be
switched by electric (E), magnetic (H ), and stress (o) fields, respec-
tively. Multiferroic coupling allows to drive those ferroic orderings
by others fields. Physicists are also exploring the possibility of ferro-
toroidics, a promising new ferroic ordering of toroidal moments (T),
which should be switchable by crossed electric and magnetic fields.
The O represents other possibilities such as spontaneous switchable
orbital orderings, vortices, and chiralities that will likely enrich future
research [29]

Various types of spin order can have a potential to break the inversion
symmetry and produce a spontaneous (ferroelectric) P. This is valid for both
collinear and non-collinear forms of magnetic order, when they are placed on
some specific lattice geometry.

Rather lattice-form-independent mechanisms for the magnetically induced
ferroelectricity are found for versatile compounds with spiral spin orders,
as depicted in Figure 1.7. When the spins on the adjacent atomic sites are
mutually canted, the horizontal mirror-plane symmetry is lost, resulting in the
possible generation of a polarization along the vertical direction [30, 31, 32].
Transverse screw spin configurations, such as cycloidal and transverse-conical
spin orders (Fig. 1.7 (b),(d)), can always produce spontaneous P irrespec-
tive of magnetic modulation vectors. When the spins form a transverse-
spiral (cycloidal) modulation along a specific crystallographic direction, every
nearest-neighbor spin pair produces a unidirectional local P;; and, hence, the
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Compound Structure Magnetic Order P(uCm™2)  Ref.
RMnO3  Orthorhombic (mmm) Cycloidal < 2000 [38]
CuFeO;  Rhombohedral (—3m) Screw ~ 300 [39]
CoCry0y4 Cubic (m3m) Conical ~ 2 [40]
MnWO, Monoclinic (2 \m) Cycloidal ~ 60 [41, 42]

Table 1.1: List of magnetoelectrics related to spiral spin structure.[11]

macroscopic P of electronic (spin) origin should be generated. The direction
of the polarization can be expressed with equation P;; = aX; je;; x (S; x S;).
Here, e;; is the unit vector connecting the neighboring spins S; and S;, and
the proportional constant a is determined by the spinorbit and spin-exchange
interactions as well as the possible spin-lattice coupling term. The sign of
P depends on a clock-wise or counter-clock-wise rotation of the spin (called
spin helicity) in proceeding along the spiral propagation axis. The model
was termed the spin-current model (Katsura-Nagaosa-Balatsky model) on the
basis of the above-mentioned duality analogy or the inverse Dzyaloshinskii-
Moriya (DM) model.

Most of the magnetically induced multiferroics exhibit a spiral magnetic
structure (Tab 1.1). The magnetic order in these system is highly frustrated
and competing interactions between the magnetic moments lead to complex
magnetic structures [30, 31, 32, 33, 34, 35, 36, 37]. For that reason the
ordering temperature in these compunds is rather low.

Two spins of neighboring sites can couple through different ways generating
an electric moment dipole, when the sum over the crystal lattice sites is not
cancelled, the macroscopic P survives.

Mainly, there are three mechanisms of ferroelectricity of spin origin [11]:

Symmetric spin exchange interaction, P,; o< I1;;(S; - S;) . It works be-
tween the neighboring spins S; and S§; and induces striction along
crystallographic direction II;;.

Inverse Dzyaloshinskii Moriya (DM) interaction,P;; < €;;(S; x S;) .It
is an antisymmetric spin exchange interaction between canted spins S;
and §; where e;; is a unit vector linking two sites.

Spin ligand interaction (p—d hybridization),P,;; o (S;e;;)?e;;. This mech-
anism is caused by the variation of hybridization between transition
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Figure 1.7: Schematic illustrations of types of spiral magnetic structure on a one-
dimensional array of magnetic moments S(r). They include (a) proper
screw, (b) cycloidal, (c) longitudinal-conical, and (d) transverse-conical
magnetic structures. [11]

metal d orbitals and ligand p orbitals. In this case a single spin moment
is essential for the origin of the electric moment between two ions.

1.3.2 Skyrmions

In the section 1.2, magnetic phase diagrams of some helimagnetic systems
are discussed and they show a magnetic phase of skyrmions. As mentioned,
magnetic skyrmions are particle-like nanometre-sized spin textures of topo-
logical origin found in several magnetic materials, and they are characterized
by a long lifetime [25].

A skyrmion is a non-collinear magnetic structure where the magnetic mo-
ments point towards the centre (in a similar way to vortex type structures
of superconductors). There are several possible types of skyrmion structure,
corresponding to different values of vorticity m and helicity v [25]. An ex-
ample of two types of skyrmions is shown in Fig. 1.8, where Bloch and Neel
type skyrmions are illustrated.

Theory predicts that these topological magnetic structures appear only in
non-centrosymmetric structures [25]. The crystal structure of the prototype,
MnSi, is the cubic B20 structure with the chiral space group P2;3 [44], as
already mentioned, it exhibits a rich magnetic phase diagram that represents
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the typical phase diagram of a skyrmion system (Fig. 1.9).
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Figure 1.8: a) In a Bloch-type skyrmion, the spins rotate in the tangential planes,
that is perpendicular to the radial directions when moving from the
core to the periphery. b) In a Neel-type skyrmion, the spins rotate in
the radial planes from the core to the periphery. The cross-section of
the vortex is also depicted in both cases [43].

Skyrmions are found in metallic (Fe;_,Co,Si [7, 45], FeGe [46]) as well
as in insulating (CusOSeOy [47]) compounds through Lorentz transmission
electron microscopy.

To identify a skyrmion lattice many experimental techniques are used. For
example, a non-collinear magnetic structure can be identified by neutron
diffraction. Moreover, both specific heat and susceptibility measurements
are useful to give information to the magnetic phase diagram containing
skyrmions. Finally, real space methods as spin polarized scanning tunnelling
microscopy, magnetic force microscopy, scanning Hall microscopy, and Lorentz
transmission electron microscopy and the reciprocal space method small angle
neutron scattering can be used to investigate the skyrmion lattice.

Various mechanisms can generate skyrmions in magnetic systems, and multi-
ple mechanisms often contribute simultaneously [25]. The first one is due to
the long—ranged magnetic dipolar interactions. In magnetic thin films with
perpendicular easy-axis anisotropy, the dipolar interaction favours an in-plane
magnetization, whereas the anisotropy prefers an out-of-plane magnetization.
The competition between these two interactions results in periodic stripes in
which the magnetization rotates in the plane perpendicular to the thin film.
An applied magnetic field perpendicular to the film turns the stripe state into
a periodic array of skyrmions [48]. Skyrmions are typically of the order of
100 nm to 1 pm, which is comparable to the period A of the spiral.

The second mechanism is the relativistic Dzyaloshinskii-Moriya interaction.
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Figure 1.9: Schematic magnetic phase diagram of a compound with a skyrmion
ground state. For B=0, helimagnetic order develops below a critical
temperature (yellow area). Above a critical field the helical order
collapses. In MnSi the skyrmion phase appears only in a small area; in
thin films the skyrmion phase is observed for intermediate fields and
low T (grey area). At high magnetic fields a collinear interaction is
induced and at high temperatures the systems become paramagnetic.

In this case, an analogous transformation from the helical spiral into the
triangular-lattice skyrmion crystal under an external magnetic field occurs.
In this case, the size is determined by the DM interaction and is typically 5
100 nm.

The third mechanism is due to the frustrated exchange interactions [49]. The
skyrmion size is of the order of the lattice constant.

The last mechanism consists of four-spin exchange interactions. Also in this
case the interaction can lead to atomic-sized skyrmion structures [50].
While the first mechanism was extensively studied in the 1970s aiming at
applications for magnetic memory devices, the other cases are a focus of
intensive research now.

It is known that non-centrosymmetric crystal classes can exhibit many in-
teresting physical and technologically properties such as piezoelectricity,
ferroelectricity, and pyroelectricity, and second-order nonlinear optical be-
haviour. The combination of one of these properties with helical magnetism
in non-centrosymmetric compounds might open new directions for compounds
with multifunctional properties.

In the context of future spintronic applications skyrmions might have an
enormous impact [15]. For example, applications of skyrmions can control
the magnetoresistance (electric current) by the magnetization in read heads
of hard disks based on the GMR effect.

Skyrmions, which can be manipulated by current low densities and small
magnetic fields in the mT range can open new directions for MRAM research,
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but also for racetrack memory, in which magnetic domain walls are moved by
an electrical current. Also, here small skyrmions could have an impact on
reducing the energy consumption. Another direction in spintronic is the use
and manipulation of a pure spin current, a current without charge transport
[47].

1.4 Melilite Oxides

It is well known that non-centrosymmetric tetragonal antiferromagnets can
host a number of interesting properties. The helimagnet Ba,CuGe,O7 is
one notable example. Part of this work is focused on this system, as will be
shown in following chapters. BasCuGeyO5 is a melilite oxide. Below, main
properties of these compounds are discussed.

A local origin of magneto-electric coupling in low-symmetry crystals through a
spin-dependent hybridization mechanism attracts interest of intense research
activity, which has recently expanded to include materials with complex
structures [33].

One possibility is offered by layered transition-metal oxides since of interesting
magnetic and electronic properties and their low-dimensional characteristics.
Melilite oxides have the general formula A;MN,O7 (where A is larger cations,
for example alkali earth and lanthanide ions; M, N is smaller divalent to
tetravalent ions) and typically show a tetragonal structure (space group
P—42,m) with a unit cell of a ~ 8 A and ¢ ~ 5 A.

The schematic crystal structure of the compounds is illustrated in Figure 1.10.
This pseudo layered structure consists of two-dimensional blocks perpendic-
ular to the c-axis, formed by NyO7 dimers linked to MOy tetrahedra; these
blocks are separated by A sheets.

Crystal sample are realized by different techniques. For example, Ba;MgGe,Or
and BayZnGe,O7 are grown by the top seeded solution growth technique
[51, 52], SryZnGeyO7, SroMgGeyO7, BagsZnGes,O7 and BagMgGeO7, are
grown using the Czochralski method [53, 54].

The melilite type oxides show a variety of magnetic properties,[55, 56] as
listed in Table 1.2. For example, Bao,MGeyO7 (M = Mn, Co, Cu) shows the
2D antiferromagnetic behaviour due to the square planar arrangement of the
magnetic M ions. At low temperature, these compounds show different be-
haviours. In BagMnGe,O7 an antiferromagnetic transition is observed [57] for
T < 4.6K, while in Ba;CoGeyO7 a multiferroic behaviour is observed, which
derived from antiferromagnetic-ferroelectric transitions under the magnetic
field[57, 58]. Finally, in Ba;CuGe,O7 an incommensurate-commensurate mag-
netic transition followed by a spiral antiferromagnetic ordering are observed
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[59].

Moreover, by introducing further magnetic ions into the M and A sites, the
spin—glass behaviour in BagFesGeO7 [60, 61] and ferrimagnetic ordering be-
tween Eu*™ and Mn?* moments in EusMnSiyO7 are found [55].

SroMGeyO7 compounds (with M = Co, Mn) are isostructural to the barium
analogues; the substitution of Sr for Ba at the A site should shorten the MM
distance along the c¢ axis. This may change the relationship between the
intralayer and interlayer magnetic interactions in the melilites.

(a)

Figure 1.10: Melilite crystal structure of AsMN9Oy with P—421m symmetry, show-
ing layers of NoO7 dimers linked by MOy tetrahedra intercalated
by A ions. The MOy tetrahedra are compressed along the ¢ axis,
resulting in different O-M-O angles a, 8. (b) Top view of the crystal
structure, highlighting two inequivalent MO, tetrahedra which are
rotated about the ¢ axis of k, respectively.

1.5 The Family of BaxMGe,Or

Among melitite oxides, this work focuses on the class of Ba,MGe,O; (BMGO)
materials with M belonging to the row of 3d transition metals.

In literature, for system with M = Cu, Co, Mn a study of magnetoelectric
properties is reported [9] while Jahn-Teller distortions are investigated in
system with M = Ni, V. The synthesis of material with M = Ni, V is not
reported in the literature, while a detailed study is discussed in ref. [65]
about distortions of crystalline system caused by effects of introduction of Ni
and V ions. As will be discussed in following, in compounds with M = Cu,



CHAPTER 1. HELIMAGNETISM 24

Compound  T¢ (K) magnetic properties Ref.
SroMnSip O 3.4 antiferromagnet [55]
CayCoSiy O 5.7 antiferromagnet [62]
SryCo0Siy 05 7 antiferromagnet [62]
SroMnGey O 4.4 antiferromagnet [63]
SroCoGesO7 6.5 antiferromagnet [63]
BagMnGeQO7 4.6 2D AFM [57]
BaQCOGGQO7 6.7 2D AFM [58]
BasCuGeyOr 3.2 2D spiral AFM, transition IC [64]
LnyGeBe, O >5 Ln =Y, La, Pr, Sm, Gd, Dy; paramagnet [506]
Eu,MgSi,O7  >1.8 paramagnet [55]
Euy,MnSi, O 10.7 ferrimagnet [55]

Table 1.2: Magnetic Properties of Melilite-Type Oxides

Co, Mn electric polarization arises as result of d—p hybridization mechanism
between transition metal d orbital and ligand p orbitals, while for system
with M = Ni, V an electric polarization is expected due to the combination
of Jahn-Teller distortions and d—p hybridization.

BMGO shows tetragonal non centrosymmetric (but non polar) P—42;m
(n.113) structure with two M sites, M; at (0,0,0) and M, at (%,%, ).

These compounds show magnetoelectric properties originating from the spin-
dependent hybridization between d orbitals of transition metal M and ligand
oxygen p orbitals. Other examples of such mechanism are found in CuFeO,
[39] and in CuCrO, [66], but the number of materials showing the ferroelec-
tricity due to the d—p hybridization mechanism is still limited.

In the d—p hybridization mechanism, the ionic charge at the ligand site (Ae)
varies as Ae o (S - r)?, where r is the vector connecting the transition metal
and ligand ions, owing to the spin-orbit interaction. As a result, the local
electric dipole moment P o< (S - r)%r is induced along the bonding direction.
Applying these fundamental relations in the case of MOy tetrahedron, a model
for electric polarization is obtained and it is confirmed by experimental results
as reported in [9].

The electronic structure of BMGO is strongly influenced by the local tetrahe-
dral crystal field experienced by d electrons on the M ions causing a splitting
between lower two-fold degenerate e, states and higher three fold ty, states.
Figure 1.11 shows the electronic structure of the transition metal d orbital
state for BMGO with M = Mn, Co, Cu. For BagMnGe;O7, the d orbitals of
the manganese site shows the high-spin configuration with S = g due to the
strong Hund’s rule coupling. In the case of M = Co?* and Cu?*", S= 2 and
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S = % states are realized following the Hund’s rule as shown.
Below, main physical properties of family BMGO with M =Mn, Co, Cu, Ni
and V are discussed.

a) Mn2* b) Co?2t c) Cu2+
S=5/2 S=3/2 S=1/2

Figure 1.11: The electronic structure of d levels in a) BasMnGeyO7, b)
BayCoGey07, and ¢) BapCuGeoO7, respectively.[9]

1.5.1 BagCuGe207

In this section, main properties of BasCuGe,O; about crystal structure and its
helimagnetism are discussed. However, magnetic behaviour is quite complex,
therefore a full discussion is proposed in the next section where magnetic
phase diagrams will be shown.

The magnetism of BaoCuGe,O5 is due to § = % spins localized on the Cu?*
sites. The tetragonal crystal structure is non-centrosymmetric, the lattice con-
stants are a = 8.4664, ¢ = 5.445A (Fig. 1.12) [59]. The characteristic feature
is a square-lattice arrangement of Cu ions in the (a, b) crystallographic plane
with the possibility of super-exchange interactions via the GeO, tetrahedra
along the diagonals and possibly the sides of the (a, b)-projected unit cell.
Adjacent Cu-planes are separated by layers of Ba with no obvious superex-
change routes. These structural features suggest that the material may exhibit
quasi-2-D behavior and, possibly, competing in plane antiferromagnetic (AF)
interactions.

In BayCuGey0O7 a helical spin structure is observed below Ty = 3 K [59], this
compound is the alone of BMGO family which shows this magnetic behaviour.
The magnetic spiral phase is due to the absence of inversion center which
allows the Dzyaloshinskii-Moriya (DM) terms in the Hamiltonian. The helical
spin structure [see Fig. 1.13] is realized in Bay;CuGey;O7 by the uniform
D,y(component of DM vector in (a,b) plane) as the DM-induced modulation
of the staggered antiferromagnetic structure.
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The electric polarization is observed in BayCuGe;O7. It is induced by the
helical spin structure under the magnetic field up to 5 T [67].

It is found that the spin helicity of the cycloidal spin order is always fixed to
the lattice, therefore the magnetic propagation vector k determines the sign
of electric polarization in BagCuGeoO7 [67]. Two types of magnetic domains
with orthogonal spin-modulation directions have the opposite spin helicity due
to the noncentrosymmetric crystal structure, hence hosting the spontaneous
polarization with the opposite directions. Therefore, the ferroelectric single
domain can be generated merely by an application of magnetic field without
the action of external electric field. Even more importantly, the magnetic k
domain can be completely switched by the genuine electric-field stimulation.
Measurements of electric polarization (component P, [9]) and corresponding
M are performed in the higher magnetic fields up to 14 T at various tempera-
tures. The variations of P, are measured in H along the (1,1,0) direction. At
the lowest temperature 1.8 K, P, shows H? dependence in the low-H region
and discontinuous change at around 8.7 T.

(a) ® Cu (b) o +K
® Ba /b(

[010]
[001]
[010]
[100]

[100] [001]

Figure 1.12: (a) Three-dimensional view and (b) top view of the crystal structure
of BagCuGeaO7. Two types of the CuOy4 tetrahedron (« and f) tilt
+k from the (1,1,0) directions. In-plane and out-of-plane components
of the DM vector (D, and D,) exist in this crystal structure. [9]

1.5.2 Ba2C0G6207

In this section, the main features and results of several measurements on
BayCoGeyO7 crystals are summarized briefly.
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Crystal structure of BayCoGesO7 is very similar to one of BayCuGe,O; (Fig.
1.12). The crystal structure is tetragonal P-42;m with a = b= 8.3836A4 and
¢ = 5.5510A [68]. Co®* ions carry spin S = 2 and the CoO, tetrahedron is
distorted along the ¢ direction.

In BMGO family, the magnetic configuration strongly depends on the d elec-
tron filling. Only BayCuGe,O7 shows a spiral antiferromagnet structure below
Ty =3K. BagCuGeyO7 shows a field-induced incommensurate-commensurate
(IC) transition, which can be induced also by a partial chemical substitution
of the spin carrying Cu®* ions by Co?*,

For all Co concentrations z the solid solution Bag(Co,Cu;_,)GeyO7 orders
magnetically. BasCuGesO7 (z = 0) at Ty = 3.2 K shows a helimagnetic spin
order while BayCoGeyO7 (x = 1) at Ty = 6.7 K exhibits an antiferromag-
netic transition and a staggered antiferromagnetic structure in the (0,0,1)
plane with slight canting [64]. The antiferromagnetic structure is C-type for
BayCoGesO7 (Fig. 1.13). A possible explanation is described briefly.

For x = 0, in compound the helimagnetic distortion is caused by the in plane
component D, of the Dzyaloshinskii vector D associated with the same
Cu—Cu bonds [64]. This component retains its direction from one bond to
the next, and thus favours a spin spiral state [12]. In contrast, the out-of-plane
component D, is sign alternating and stabilizes a weak ferromagnetic struc-
ture. However, for BayCoGesO7 Zheludev et al. [58] reported that the strong
anisotropy effects push all spins in the system into the (a, b) crystallographic
plane. Since in BayCuGe; O the helimagnet-forming uniform component Dy,
of the Dzyaloshinskii vector is itself in the (a, b) plane of BayCoGeyO7, forcing
the spins into the (a, b) plane makes the corresponding triple product in
the Hamiltonian D, ~ (S,, x S,,) vanish. Only the non-helimagnet forming
sign-alternating c-axis component of D remains relevant. As a result, the
spin structure may be slightly canted, but is, nevertheless, commensurate.
As reported in [69], in BayCoGeyO7 is discovered the appearance of ferroelec-
tricity below the Neel temperature of T=6.7K. The ferroelectric polarization
is rather small in magnitude and aligned along the ¢ axis, but its magnitude
increases remarkably and its direction rotates away smoothly from the ¢ axis
when magnetic fields are applied along the ¢ axis. The electric polarization’s
behavior of smooth rotation, rather than a sudden flip, is unique. It also
accompanies a linear increase in magnetization and a smooth change of di-
electric constant with little hysteresis, which may be important for certain
technological applications.

As mentioned, this order is due to the mechanism metal-ligand hybridization.
It is a single (magnetic) ion effect: when a transition metal is connected to a
ligand (with vector e), then a polarization of the form P ~ (S - e)%e develops.
In BayCoGeyO7 the four O-ligands around each Co-ion cooperate to give a
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net ferropolarization to the compound.

Other possible mechanisms are not probable. One mechanism is the inverse
Dzyaloshinskii-Moriya effect, which is active in helicoidal spin structures, then
a polarization P is developed. Since no helicoidal spin structure is present
in BayCoGe;O7 this mechanism is clearly unable to explain the multiferroic-
ity. Another mechanism, the magnetostriction-induced ferroelectricity can
be responsible for a developing a ferropolarization, but in BayCoGesO7 the
structure of the magnetic cell does not support this mechanism.

For further understanding of essential magnetoelectric properties originating
from the spin-dependent d-p hybridization mechanism, the magnetic-field
dependence of P. (component of electric polarization) up to 14 T along
(1,1,0) is measured at various temperatures. P, decreases with approaching
Ty. Even above Ty, the P, is finite and shows quadratic magnetic-field
dependence.

This is another supporting evidence for the scenario of the spin-dependent
d-p hybridization mechanism. Indeed, in this hypothesis P, is expected to
show the quadratic H dependence in the high-temperature paramagnetic
region, in which M is proportional to H. Such feature is indeed consistent
with experimental observations at T = 20, 50, 100, and 300 K reported in [9].

1.5.3 BagMnGe207

BasMnGe,O; shows a tetragonal structure with space group P4-2;m and
lattice parameters with a =8.505 A and ¢ =5.528 ;1, thus also BasMnGe, O
is isostructural to Ba;CuGeyO7. MnOy tetrahedra linked by GeOy tetrahedra
forms a square lattice in the crystallographic ¢ plane. The Mn?T-Mn?* dis-
tance is 6.014 A which indicates that the exchange constant may be reasonably
small. The square lattice is separated by Ba?" ions in the crystallographic ¢
direction.

The staggered antiferromagnetic order is certainly realized in the (0,0,1)
plane below Ty = 4 K in BaaMnGe,O7 [14, 57] (Fig. 1.13). In the case
of BapCoGey 07 the interplane magnetic coupling is ferromagnetic (J. < 0),
while in BapsMnGe;O7 the interplane magnetic coupling is antiferromagnetic
(J.>0).

Also in this case, in literature is reported the magnetic-field dependence of
electric polarization P, with various magnetic field directions. The observa-
tion of the finite electric polarization in the fully spin-polarized ferromagnetic
state in the high magnetic field is a strong evidence for the d-p hybridization
mechanism because the other mechanisms of the magnetically induced ferro-
electricity are irrelevant in this magnetic state.

While the magnetic field variation of ferroelectricity is qualitatively similar to
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that in Ba;CoGe;Oy, it should be noted that the shape of the P-H curve is
slightly different [9], reflecting the inequivalent magnetic sites generated by
the interplane antiferromagnetic interaction.

As in BayCoGeyO7, the electric polarization is induced by the external mag-
netic field even above Ty = 4 K; P, ~ H? in the high-temperature region.
The temperature and magnetic-field dependencies can again be explained well
by the spin-dependent d-p hybridization mechanism.

e —

M= Mn M=Co M=Cu
canted G-AFM canted C-AFM helical = C-AFM

Figure 1.13: Magnetic orderings as reported for Mn, Co and Cu samples, from
left to right, illustrating AFM—G, AFM—C and the helical modu-
lation of the AFM—C configurations. A small canting arising from
relativistic Dzyaloshinskii—Moriya interaction has been reported for
the first two configurations. The estimated exchange couplings are
also schematically shown.[9]

1.5.4 Bag(Ni,V)Ge207

BasMGeyO7 with (M=Ni,V) are proposed as class of oxides where Jahn—Teller
(JT) distortions can lead the appearance of electric polarization [65].

The lack of inversion symmetry of the local tetrahedral environment allows
for odd ionic displacements to couple with the degenerate electronic states
and, therefore, for the symmetry allowed appearance of local dipole moments.
On the basis of general symmetry considerations, this study shows that polar
JT distortions may locally develop in this structure when JT-active transition-
metal ions are considered. Density functional theory (DFT) calculations are
then used to propose melilite oxides where such polar JT effects can appear,
possibly leading to ferroelectric, antiferroelectric, or ferrielectric phases. The
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analysis starts from the experimental crystal structure of BayCoGeyO7 be-
longing to the P-42;m space group and fully optimizes it by substituting Co
with the JT-active ion Ni** while imposing different magnetic configurations
of the transition metal magnetic moments. Also, V?* is considered, whose
electronic configuration is physically equivalent to Ni**, but with occupied
majority spins only.

By combining symmetry-based JT analysis and density functional theory
calculations, a lowering the crystal structure symmetry is found to the Cmm?2
space group.

It is found that both Ni and V oxides display an antiferromagnetic ground
state, and therefore they can be considered as proper multiferroic materials.
The in plane exchange constant .J,;, appears to be the dominant antiferromag-
netic interaction, while the out of plane exchange J. changes from a ferro to
antiferromagnetic interaction when Ni is replaced by V, leading to C—type
and G—type AFM configurations, respectively.

It’s clear that the physical properties of the insulating oxides BMGO mainly
depend on the nature of the transition metal ion and along the series there is
complete variation of electronic configuration, spin state, polarization and d
- p hybridization as well as cell parameters. Due to the substantially local
nature of some proposed mechanisms, interesting ferroelectric—multiferroic
properties could emerge in mixed melilite oxides.

From the literature, quite surprisingly an almost complete absence of reports
on the BasNiGe,O7 and BayVGey Oy is evinced.

The synthesis of this material is therefore very interesting but challenging
issue.

Furthermore, regardless of the existence of pure BasNiGe,O; phase, also the
partial substitution of copper with nickel in the BayCuGe;O5 structure can
be a fascinating topic of investigation, this replacement could lead to strong
changes in the magnetic phase diagram and eventually to multiferroicity.
However, it should be kept in mind that, if BasNiGe,O; has a different
crystalline structure, even the formation of mixed samples could not be trivial.
In general, the members of melilite family can form solid solutions with each
other for any composition, as the end compounds are isostructural, but this
should not occur with BayNiGeyO5.

In other words, considering the system BayCu;—,)Ni,Gep,O7 a miscibility gap
should exist for some intermediate values of x.

All these aspects will be discussed and studied in deep in the following
chapters.
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1.6 Magnetic phase diagram of Ba,CuGe,Or

Main features of BayCuGeyO7 are discussed in section (1.5.1), below the
complex magnetic properties are discussed showing magnetic phase diagrams
reported in literature [18].

BayCuGey O is an example of a helimagnet suitable for experimental investi-
gation thanks to a fortunate combination of physical properties. This system
is a type of helimagnet where in addition to 1D spin spirals, the ground states
can form a vortex (skyrmion) lattice, as predicted by Bogdanov et al. in a
number of related models [70, 71, 72].

Due to the low tetragonal symmetry, the corresponding Heisenberg Hamilto-
nian involves an interesting combination of antisymmetric (DM) as well as
symmetric exchange anisotropies which lead to a rich magnetic phase diagram.
Originally, the magnetic properties of this quasi 2-dimensional (2D) antiferro-
magnet were investigated as part of the ongoing search for new singlet ground
state compounds, triggered by the discovery of a spin transition and other
extraordinary magnetic properties of CuGeO3, CaCuGe;Og and BaCuSisOg.
The basic feature of BayCuGe,O~ is a square arrangement of Cu®* ions in
the (a,b) plane (Fig. 1.14). Nearest neighbour in plane AF exchange along
the diagonal of the (a,b) plane is the dominant magnetic exchange interaction
(J][~ 0.96 meV per bond) while the interaction between Cu atoms from
adjacent planes is weak and ferromagnetic (J_L~ -0.026 meV) [73, 64]. Below
Tx = 3.2 K an almost AF cycloid is observed, this is due to DM vector along
the diagonal of the basal (a,b) plane. A schematic diagram of the cycloidal
spin structure is given in Fig. 1.14; for the propagation vector q along (1,1,0),
spins are confined in (110) plane, the rotation angle 3 relative to a perfect
antiparallel alignment is 9.7° per unit cell. Note that for a single domain
sample, a small ferroelectric polarization is indeed observed [67].

Muhlbauer et al. [18] report the evolution of magnetic phases of this system
proved through neutron diffraction in combination with bulk measurements
of magnetization and specific heat.

Complex magnetic behaviour of Ba;CuGe;O7 in canted magnetic fields
is showed in magnetic phase diagrams (Fig. 1.15). Figure 1.15(a) shows
the phase diagram for magnetic field H confined in the (1,1,0) plane, Fig.
1.15(b) for the (1,0,0) plane. The salient features of the different phases and
phase transitions are summarized in the following. At zero field, an almost
AF cycloidal spin structure is observed, the ideal cycloidal spin structure is
slightly distorted due to the Kaplan-Shekhtman-Entin-Wohlman-Aharony
(KSEA) interaction [73]. Increasing magnetic field applied along the ¢ axis
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Figure 1.14: Almost AF cycloidal magnetic structure of BasCuGez0O7. The dom-
inant exchance paths J and J, are indicated by the green and
magenta colored line, respectively.[18]

[74], distortion of cycloid is observed, this distortion becomes a soliton lattice
for 2 < H < 1 T. Close to the I-C transition, an AF cone phase is found
closely aligned to the ¢ axis.

Applying a magnetic field strongly tilted with angle o > 10° with ¢ axes, a
crossover from the soliton lattice to a distorted incommensurate phase is seen
in neutron diffraction and magnetization. Finally, the [-C transition can be
continuously followed in magnetic susceptibility up to H. = 9 T for magnetic
field in the (a,b) plane, both along the (1,0,0) and (1,1,0) directions (a =
90°)(Fig. 1.15).

Fig. 1.16 shows (H,T) phase diagram containing the data obtained in the
neutron diffraction experiments, measurements of magnetization and specific
heat.

Below a temperature Ty, applying a magnetic field higher than 3T along ¢
axis (Fig. 1.16(a)) the structure is commensurate. In the low field region, the
structure is incommensurate, from AF cone phase in a short range of H~ 2T
to soliton phase and finally almost cycloid phase, with decreasing field.

The (H,T) phase diagram for tilted field is shown in Fig. 1.16(b)). The
grey area around the transition line at ~2 T denotes the crossover from the
almost AF cycloidal phase at low field to the distorted phase at high fields,
as measured by magnetic susceptibility. Compared to the phase diagram
obtained for magnetic field along the ¢ axis, the main differences resulting in
a slightly increased critical field and absence of the AF cone phase.

A similar trend is observed for the (H,T) phase diagram for magnetic field
parallel to the (110) direction (Fig. 1.16(c)). Here, the critical field is shifted
to ~9 T, consistent with magnetic susceptibility. The crossover from the
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almost AF cycloidal phase to the distorted phase is completely smeared out
and hence featureless in magnetic susceptibility.

Most of current research is focused on the search of suitable systems
where to study the helimagnetic or skyrmionic magnetic order. Because of
combination of magnetic properties just discussed, BayCuGe,O7 is identified
as a good candidate. This work focuses on optimization of crystal growth to
realize large and pure single samples which can be used to determine magnetic
domain structure.
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Figure 1.15: Phase diagrams of BasCuGeyO7 for magnetic field confined in the
(1,1,0) a) and the (1,0,0) b) planes. Green and blue markers indicate
the I-C transition at Ho and the phase transition from the soliton
lattice to the AF cone phase at H; as seen by neutron diffraction,
respectively. Black points stand for H; as obtained by magnetic
susceptibility. The hatched area thereby corresponds to the region
where a broad crossover is observed. Red markers indicate the I-C
transition at Hgo, seen by magnetic susceptibility. Neutron data
points have been taken at T = 1.65 K, magnetic susceptibility at T
= 1.8 K, respectively. The lines serve as guide to the eye.[18§]
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Figure 1.16: Phase diagram of BasCuGeoO7. The same color code as for Fig. 1.15

T(K)

is used. Data points obtained by measurements of the specific heat
are shown in magenta. a) shows the phase diagram for magnetic field

aligned along the ¢ axis. b) shows the phase diagram for oo = 25°,

confined in a (1,1,0) plane. ¢) shows the phase diagram for magnetic
field along the (1,1,0) direction. Solid lines serve as guide to the
eye. Dashed lines represent the assumed continuation of the phase
transition lines, based on our model of the magnetic structure.[18]
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1.7 CU3Nb208

Considerable efforts are required to realize the coexistence of electric polar-
ization and long-range magnetic order. Practically, functional devices that
incorporate multiferroic materials are yet to be realized. However, research in
this field is extremely active given the potential for creating new technology
such as energy-efficient, electrically written magnetic memories. Multiferroics
and in particular those with spin of spiral origin are also targets for funda-
mental research in the quantum properties of matter. Such magnetic ordering
below a given temperature lowers the symmetry group from a nonpolar parent
phase to a polar magnetic phase. Magneto-structural coupling to the crystal
structure gives rise to an electrically polar state, inducing ferroelectricity.
As shown in the section (1.3.2), three mechanisms are responsible of fer-
roelectricity of spin origin. The spin current model is studied in many
systems, indeed this mechanism is reported in helimagnet LiCuyOs [75, 47], in
MnWO,[41, 42] etc., instead there are few systems with electric polarization
induced by p—d hybridisation. Despite this difference, there are many aspects
to clarify for the first mechanism.

Indeed, surprisingly, innovative systems show an electric polarization al-
most perpendicular to the plane of rotation of spins (CaMn;O45 [76, 77],
Mnl,[78] and CuFeO, [39]), while the polarization is expected in the spin
plane. Controversial hypotheses are discussed to explain this feature which is
in contradiction with model [10, 79].

CuzNbyOg is an example of above systems. It is one of only two multiferroic
known with centrosymmetric triclinic crystal structure with P -1 space group.
The other one is FeVO, [80]. Triclinic multiferroics provide a unique paradigm
for theoretical studies. Any complex long-range magnetic order is likely to
break inversion symmetry, giving rise to a polar phase with no symmetry
constraints on the direction of the electric polarization.

There are many open questions, for example why of P is observed only when
the magnetic structure becomes non-collinear. This makes crucial the growth
of single crystals with millimetric size to realize anisotropic electric polariza-
tion measurements. The most of research on this compound has been done
on polycrystalline samples with the exception of only one investigation by
Johnson et al. [10] on CuzNbyOg single crystals.

CusNbyOg orders magnetically at T ~ 26,5 K, and shows an electrical
polarization below a second magnetic transition at Ty ~ 25 K. In the polar
phase below T5, a coplanar helicoidal magnetic structure is stabilized with
propagation vector q = (0.4876, 0.2813, 0.2029).
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Triclinic crystal structure shows at room temperature lattice parameters
a=5.1829A, b=5.4857A, ¢=6.0144A,a =72.58°, 3 =83.421°, v =65.71°.
There are two distinct Cu?T sites in the unit cell, located at Wyckoff positions
la (Cul, on an inversion center) and 2i (Cu2). The magnetic Cu®** sites (S=
3) form sawtooth chains parallel to the a-axis with 3-atom Cu2-Cul-Cu2 steps
sharing the edges of their CuOy4 squares, linked by Cu2-Cu2 risers (jumps),
sharing the edges of the triangular faces of the pyramids (Fig. 1.17). The key
element of the structure is Cu3zOg which forms the staggered Cu-O chains
along the a axis, and further, the chains extend to become the Cu-O layers,
separated by the non magnetic Nb atoms in between these layers (Fig. 1.18).
The electric polarization is determined through the integration of a pyroelectric
current with E = 2 kVem!. Reference [10] reports that P is along (1,3,2)
direction with a magnitude of 17.8 ;1 C m™2 at 10 K. As mentioned, the most
important feature is that the electrical polarization is nearly perpendicular
to the plane of rotation of the spins (~ 14° to the vector normal to the
spin rotation plane), in contradiction with the predictions of the cycloidal
multiferroics model[10].

Very probably the electrical polarization in CuzNbyOg must arise through
coupling of the chiral component of the magnetic structure with the crystal
structure with very low symmetry.

In cycloidal magnets, local DM vectors D;;, associated with pairs of magnetic
atoms ¢ and j separated by the bond vector r;;, are decomposed in components
parallel and perpendicular to r;; by:

Di,j = Pi,j X Tij + 04,5745 (15)

where P; ; is a polar vector and o;; is a pseudoscalar (both quantities are
time-reversal even). P;; can be taken to be the local polarization, so that
the macroscopic polarization is P =Y P ; .
o;; = 0 and P, ; = 0, respectively, when a cycloidal structure is not chiral.
Instead, in the case of a generic helicoidal structure, both o, ; and F;; are
present, but only the latter, which is always within the rotation plane of the
spins, is considered in the cycloidal multiferroics model. On the other hand
the chiral term o; ; cannot in itself produce a polarization, but it can do so
through coupling with the crystal structure, it provides that the paramagnetic
phase supports a macroscopic axial vector A, so that P = voA (7 being a
purely structural coupling constant). Note that the electrical polarization in
this case is always parallel to A. Macroscopic axial vectors represent collective
rotations of one part of the structure with respect to another, and are only
allowed in certain crystal classes (as P-1 of CusNbyOg) called ferroaxial
classes.
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(a) (b)

Figure 1.17: (a) and (b): The crystal structure of CuzNbsOg in the ac- and be-
plane, respectively. Cu?* ions form saw-tooth chains parallel to the
a-axis with steps of three edge sharing CuQOy4 squares. The steps are
linked via Cu2-O-Cu2 risers. Nb®t atoms separate the chains along
the b-axis. (c): The magnetic structure of the Cu?* chains. The
envelope of the spin rotation is shown by grey circles. (d) P (green
arrow) perpendicular to the spin rotation plane.[10]
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Figure 1.18: (a) The Cu3Og units connect to form the Cu-O chain. The Cul
atoms that are at the inversion center are in brown, and the Cu2
atoms are in blue. The magnetic structure is approximately given
by the FM-u and AFM-c arrangements. (b) Cu-O chains stacked to
form Cu-O layers, separated by nonmagnetic Nb atoms. The Nb-O
bonds are not shown.[79]



Chapter 2

Synthesis of BaoMGesOr
(M=Cu,Ni,Mn) and CuzNbyOg

As mentioned in the previous chapter, this work focuses on two systems:
BasMGesO7 (M=Cu,Ni,Mn) and CuzNb,yOg. Single crystal samples are vital
to study the physical properties exhibited by compounds which have high
magnetic\ferroelectric anisotropy where significantly different behaviour is
seen along different crystallographic directions.

Therefore, this chapther is concerned on the growth of large and pure single
crystals which can be used for many types of investigations.

In this work the procedures to synthesize polycrystalline samples are described
in detail and the conditions of the crystal growths by floating zone technique
are discussed.

40
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2.1 The floating zone technique

In crystalline solids, atoms are arranged in a regular manner. In an ideal single
crystal, Bravais lattice specifies the periodic array in which the repeated units
of the crystal are arranged. The units themselves may be single atoms, groups
of atoms, ions etc. but the Bravais lattice summarizes only the geometry and
the periodic structure [81]. From the definition a single crystal is free of lattice
imperfections. In crystals, strong connection between the optical, electrical
and mechanical responses with the crystal structure is often observed, and
these features are used in many current technologies.

Crystal growth refers to the artificial synthesis of crystals and can be roughly
classified into three groups: solid-solid, liquid-solid and gas-solid processes,
depending on which phase transition is involved in the crystal formation.
Among these three categories liquid-solid process is one of the oldest and
most widely used techniques to get pure samples. Crystal growth from melt
is undoubtedly the most popular method for growing single crystals at large
scale.

Melt growth can be achieved by a variety of techniques (e.g. free melt surface
of confined configurations) depending on the specific properties of the material
(e.g. contraction or expansion during solidification) and requirements. The
growth from melt can be subgrouped into various techniques. The main
techniques are: Czochralski, Bridgman-Stockbarger, Verneuil, zone melting
technique, skull melting process, shaped crystal growth technique.

Single crystals discussed in this work are grown by floating zone technique.
The most obvious advantages of the floating zone technique are that: no
crucible is necessary, oxides melting as high as 2500°C can be grown, the
growth can be conduced at high pressure (up to 10 atm) and in specific
atmosphere. On the other hand, this method is not suitable for materials
with high vapor pressure, low surface tension, high viscosity.

The floating zone method is the subject of extensive development such that
current furnaces are appreciated for their adaptability, compactness of design
and high efficiency, which sees them extensively utilized to grow single crystals
of an ever increasing variety of materials [82, 83, 84, 85, 86].

Three types of floating zone furnace are commercially avaible, with one, two
and four ellipsoid mirrors. In this work the samples are realized through
floating zone technique using image furnaces with different features (Tab. 2.1).
Early designs of furnaces for floating zone melting had one or two mirrors, but
in the last years some image furnaces are realized with four mirrors to both
increase the power of the furnace and also to obtain more uniform sample
heating.
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Below, floating zone method to grow a single crystal is summarized briefly.
The first step is a typical powder synthesis. The batch of weighed appropriate
powders is carefully prepared by ceramic method.

In all image furnaces, the basic concept is that either ellipsoidal or parabolic
mirror(s) (or combination of the two) [86] is used to focus the light from
halogen or xenon lamp(s) onto a vertically held rod shaped sample (feed rod)
to produce a molten zone, which is then moved along the sample in order
to grow a single crystal (Fig. 2.1). Inside a quartz chamber, the feed rod is
suspended above a crystal of the same compound or similar (the seed). Feed
and seed rods are brought close to each other at the centre of the furnace.
The light from halogen (or xenon) bulbs is focused by ellipsoidal mirrors
in the centre of quartz tube, creating a small region of high temperature.
The temperature in this point is gradually increased until both rods reach
their melting points. They are brought together to make a molten zone, held
together by the surface tension of the material. The rods rotate in opposite
direction to mix materials. The rods (or the mirrors) are then both lowered
through the hot region such that the length of the feed rod is transformed
from polycrystalline to a molten state, and then into a single crystal as it
leaves the high temperature zone and resolidifies upon slow cooling.

The use of light heating makes the technique suitable for both conducting and
non-conducting materials, a feature that distinguishes image furnace growth
from float zoning using induction or electron beam heating, both of which are
limited to use with conductors. Although light heating is not suited to all
materials (it struggles, for example, with those metallic samples that exhibit
a high reflectivity in the infrared region), it is particularly convenient and
efficient for those oxides and semiconductors that absorb infrared easily.
Using the floating zone method, crystals up to 80 mm in length and 8 mm in
diameter are grown.

The stability of the growth process and the quality of crystal obtained depend
strongly on the quality of the ceramic rod which acts as the source of material
for crystallization.

Experimental parameters need to be controlled when growing crystals in
order to optimize both the stability of the molten zone and the crystal quality.
Experimental parameters include materials properties (chemical composition,
thermal conductivity, volatility and viscosity) and setting parameters (trans-
lation speed, gas pressure, rotation rate, power of lamps).

To realize single crystal with high quality, different parameters are optimized
during a growth experiment:

Feed rod characteristics. Well compacted, homogeneous in composition,



CHAPTER 2. CRYSTAL GROWTH 43

D‘ Alumina feed hanger

Quartz
tube
1 Elliptical mirrors

Alumina seed holder

Figure 2.1: Schematic of the floating zone technique.

straight and constant diameter feed rod is required to achieve and keep
a perfectly stable molten zone.

Growth translation. It is one of the most critical parameters which can
affect crystal quality. Changes of this parameter show effects on final
crystal in terms of size, formation of secondary phases or inclusions,
cracks, composition, low angle grain boundaries, twin formation, bubbles
and also influences the liquid/solid interface and molten zone stability.

Growth atmosphere and gas pressure. These parameters are selected
according to the phase stability of the sample and thermodynamic data.
In general, for oxides the growth atmosphere is selected to be pure
oxygen (or oxygen mixed with argon) while for metallic samples selected
atmosphere is argon or vacuum due to potential oxidation at higher
temperatures. Usually, increasing the gas pressure increases the lamp
power needed to melt the sample, leading to the general assumption that
the melting point of the material increases under higher gas pressure.
The other significant and functional effect of increasing the gas pressure
is to reduce vaporization of volatile components from the sample.

Temperature gradient. A large temperature gradient along the growth
direction can cause thermal stresses in the growing crystal which result
in cracks. Temperature gradient along a sample depends on several
factors such as the type of image furnace (number of mirrors or lamps
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Specifications Nec Machinery IM Crystal Systems Inc.IM

Model SC1-MDH11020 F-ZT-10000-H-IV-VPS
Type of lamp Halogen Halogen
Elliptical Mirrors Two Four
Power Lamp 2000 W 500 W
Max Temperature 2200°C 2200°C
Max pressure 10 bar 10 bar

Table 2.1: Specifications of the image furnaces (IM) used in this work.

around the sample, type of the lamps, xenon or halogen, power of the
lamps, lamp alignment) and crystal properties (thermal conductivity,
anisotropic thermal expansion).

Rotation rate. Rotation is usually used to ensure efficient mixing in the
molten zone (liquid homogeneity) and a more homogeneous temperature
distribution within the melt. To use higher rotation rate, which enhances
forced convection in the molten zone by transporting the heat absorbed
on the melt surface, is an effective way to lower the convexity of the
interface during growth.

In this work, the furnaces used for crystal growth are the NEC SC1-
MDH11020 (Fig. 2.2), and the Crystal Systems Inc. F-ZT-10000-H-IV-VPS
(Fig.2.3) (Table 2.1).
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Figure 2.3: Four mirrors image furnace in inside view.
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2.2 BayCuGe,O; preparation

2.2.1 Powder synthesis

The preparation of the polycrystalline feed rods is a delicate procedure which
requires special attention. In literature, chemical phase diagram of this com-
pound is not reported, therefore powder synthesis of phase BasCuGey,O7
requires many attempts as reported in [87].

The starting materials for the preparation of feed and seed rods for growing
BayCuGe,O7 crystals are BaCO3 (Sigma Aldrich 99.999 %); CuO (MVLabo-
ratories 99.9999% )and GeO, (Alfa Aesar, 99.9999%).

The BayCuGe,O7 polycrystalline rods are prepared by conventional solid state
reactions at high temperature. We adopt two different methods, called Method
A and Method B in the following, for making single phase polycrystalline rods.
In both methods, before the reactions, BaCOjs is pre—annealed at 500°C
for 1h, and then mixed with the other starting materials, in stoichiometric
proportions and heated. In Method A three thermal treatments at 850°C
for 24h, 900°C for 24 h and 950°C for 15 h with intermediate grindings
are performed. After cooling down, the synthesized powder is thoroughly
reground and the powder is isostatically pressed for about 10min in water
to a pressure of approximately 50 MPa. The resulting cylindrical rods are
sintered in a furnace, in a vertical position, at 980°C in air for 15h.

In Method B both the BaCOg3, and the GeOs are pre-annealed, the latter at
800°C. The pre—annealing of both BaCO3 and GeO, produces dried powders
guaranteeing the mixing of the powders in the desired stoichiometry. More-
over, X-ray analysis on GeO, powder performed before and after the 800°C
thermal treatment show a partial transition from a-quartz to the rutile-type
structure. It is well known that GeO, exhibits several polymorphs that mainly
differ in their chemical properties, especially solubility and densities. Hence
the reaction of GeO, in our system, depending on the phase stability and
microstructure, is favoured by the thermal treatment. Concerning the method
B, after the pre-annealing, mixtures of starting materials in stoichiometric
proportions are heated at 880° for 15 h, 950°C for 20h and 980°C for 60 h
with intermediate grinding. Finally, the rods are prepared as in the method
A. In both methods, the resulting sintered rods are typically 6 or 7 mm in
diameter and 60—90 mm in length and their densities is determined to be
about 85% of the theoretical density of BayCuGe;O.

Steps of method A and of methos B are summarized in Tab. 2.2.
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Method A Temperature (C) Duration (h)
Pre-annealing of BaCOj3 500° 1
Calcination 1 850° 24
Sintering 1 900° 24
Sintering 2 950° 15
Sintering 3, preparation of feed rod 980° 15
Method B Temperature(C) Duration (h)
Pre-annealing of BaCOj3 500° 1
Pre-annealing of GeO, 800° 12
Calcination 1 880° 15
Sintering 1 950° 20
Sintering 2 980° 60
Sintering 3, preparation of feed rod 980° 15

Table 2.2: Methods A and B sample heating procedures for BasCuGesO7.

2.2.2 Crystal Growth

As discussed in section (1.5), investigations on BayCuGesO7 show a great
number of interesting properties. The study of all complex anisotropic
phenomena requires the availability of good crystals. Many studies are
realized on single crystals of this compound; however, the procedure of crystal
growth is not reported. For the first time, we report procedure of single
crystal growth in reference [87].

For growing single crystals in this study, we employ the floating zone method
using two types of optical image furnaces with elliptical mirrors. One has
double-elliptical mirrors (NEC Machinery,model SC1-MDH11020 at CNR-
SPIN Salerno) with two 2.0 kW halogen lamps. The other has four elliptical
mirrors (Crystal System, model F-ZT-10000-H-IV-VPS at the University of
Warwick) with four 500W halogen lamps. After several attempts of crystal
growth, varying the growth conditions, including the speeds of the feed rod
and the seed crystal, the counter-rotation speeds and the gas atmosphere,
large single crystals with high crystalline quality are obtained.

The entire set of growth parameters attempted are summarized in Table 2.3.
We can see that the rods from method A give mixed phase (batches No.1 and
2) or small crystals (batches No.3-6) for low growth speed. Improving the
quality of the starting polycrystalline rods with method B, as discussed later,
we get bigger and purer crystals (batchesNo.8-13). Moreover, from the results
summarized in Table 2.3 we can deduce that the rotation speed, responsible
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for mixing of material and for the shape of the crystallization front, and
the furnace type, strictly related to the temperature distribution with in the
molten zone, greatly influence the size and the colour of the crystals. Infact,
comparing the results for batches No.7 and No 8 we can see that for the same
growth conditions only increasing the rotation speed we change the crystal
size.

From a comparison of batch No.8, grown using a two mirror furnace with
rotation speeds of 20 rpm,and batch No 13, grown using a four mirror furnace
with a rotation speeds of 30 rpm, we can observe that they show a change
in the colour of crystal and this may be related to a combination of two
factors: different temperature gradient with in the molten zone, related to
the different crystal growth furnace used, and to a change of the shape of
the crystallization front, due to a change in the rotation speeds. The best
results are obtained (Fig. 2.4) for a growth rate of 0.5mm\h, a rotation speed
for both rods of 15—30 rpm and an atmosphere of pure Oy or dried air at a
pressure of 3 or 5.5 bar, respectively. It is worth mentioning that the best
crystals are obtained starting from feed rods obtained by method B. This
method, as further discussed later, assures polycrystalline rods with the right
BayCuGeyO7 phase. This is an important factor in order to achieve a stable
liquid zone producing large crystals.
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Figure 2.4: Photograph of a BaaCuGeyO7 single crystal grown in this work (batch
No.10).

2.3 Bay,Cu; ,M,Ge,O; preparation (M=Ni,Mn)

2.3.1 Powder synthesis

Physical properties of the insulating oxides BaaMGesO7 (where M indicates
a transition metal) mainly depend on the nature of the transition metal
ion. Due to the substantially local nature of some proposed mechanisms,
interesting properties could emerge in mixed melilite oxides.

In the following, it will be described the synthesis of polycrystalline sam-
ples with the partial substitution of copper with nickel or manganese in the
BasCuGeyO7 structure.

BayCug_)NiyGe,O7 (BCNGO) are prepared as polycrystalline powder by
heat treatments of starting materials: BaCOj; (Sigma Aldrich, 99.999%);
GeOy (Alfa Aesar, 99.9999%); NiO (Sigma Aldrich, 99.99%); CuO (MV
Laboratories, 99.9999%). Samples are prepared with z in the range from 0.05,
to 1.

Similarly, to the synthesis of BayCuGesO7, at first BaCOg is pre-annealed at
500°C for 1 h and GeOs is pre-annealed at 800°C for 12 h. After that, the
powders are stoichiometrically mixed, pressed and heated at 830°C for 15 h,
at 950°C for 20 h and at 980°C for 60 h in a muffle furnace, with intermediate
grinding after any step.

For all BCNGO ceramics, the thermal steps described above are performed.
For Ni0.05, Ni0.006, Ni0.08, Ni0.1 and Ni0.2 (samples with z=0.05, 0.06, 0.08,



CHAPTER 2. CRYSTAL GROWTH 51

0.1 and 0.2, respectively) a successive thermal process is added at 980° for 30
h while for Ni0.3, Ni0.4, Ni0.5 (z=0.3, 0.4 and 0.5) two thermal treatments
are added at 980°C of 30h and 60h, respectively. Finally, for Ni0.6, Ni0.7,
Ni0.8, Ni0.9 (z from 0.6 to 0.9) three thermal steps are added, the first one
at 980°C of 30h and the last two at 980°C for 60h .

To prepare polycrystalline sample of BagNiGe,O7, pre-annealed BaCO3 and
GeOy are used. Two long thermal processes are executed at 1200°C for 60 h.
Powder melts over such limit temperature.

After cooling down, the synthesized powder is reground and the powder is
isostatically pressed for about 10min in water to a pressure of approximately
50 MPa. The resulting cylindrical rods are sintered in a furnace, in a vertical
position, at 980°C in air for 15h.

Figure 2.5: Photograph of BagCu(;_;)Mn,;Ge;O7 pellets synthesized. [88]

Polycrystalline samples (2g) of BayCuy—4)Mn,Ge,O7, with 2=0, 0.1, 0.25,
0.5, 0.75, 0.9 and 1, are prepared by standard solid state reaction [88]. As
starting materials, BaCOj3 (Sigma Aldrich 99.999%), CuO (MVLaboratories
99.9999%), MnCO3 (99.99% AlfaAesar) and GeO, (Alfa Aesar,99.99%) are
used. These starting materials are weighed out in a stoichiometric ratio and
well mixed in an agate mortar. The BayCu(_z)Mn,Ge;O7 mixtures, pressed
into pellets, are placed in an alumina crucible and heatedat 880°C, 950°C and
980°C for 15h each, with intermediate grindings. For x=0.75 an additional
stepat 1050°C again for 15 h is also performed. The samples’ color gradually
changes with the composition from pale gray for Ba;CuGe;O7 to blueviolet
for Ba,MnGe;O7,as can be observed in Fig. 2.5.

2.3.2 Crystal Growth

Peculiar physical properties of BasMGesO7 depend on the nature of the
transition metal M, that therefore plays a central role. Considering that
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in the periodic table, nickel is located exactly between cobalt and copper,
it may be expected that also BagNiGe,O7 (BNGO) should have interesting
properties. While the other BMGO have been prepared since many years,
BNGO is not synthesized yet. It has been theoretically proposed [65] that in
BNGO, Jahn Teller effect could induce a structural distortion that lowers the
symmetry from tetragonal to orthorhombic.

Regardless of the existence of pure BNGO phase, also the partial substitution
of copper with nickel in the BCGO structure can be a fascinating topic of
investigation. It be guessed that this replacement could lead to strong changes
in the magnetic phase diagram and eventually to multiferroicity.

This work investigates about the crystal growth of BayCu(i_z)Ni,Ge,O
for the first time. As consequence of expected structural transition in
BNGO, a miscibility gap should exist for some intermediate values of z
in BayCu(y_;)Ni,Ge;O7 system. As will be shown in the next chapter, this
hypothesis is confirmed, therefore synthesis of single crystals of BNGO is not
allowed.

In the following, crystal growth of BaoCu(;_,)Ni,Ge;O7 with z = 0.05, 0.06,
0.08, 0.1, 0.2, 0.3 is described. The growth is performed using floating zone
method.

In literature, none previous report exists which describes the preparation of
these single crystals, so the investigation starts from crystal growth results
on pure BayCuGeyO7.

Single crystals of BayCu(;—,)Ni,Ge;O7, with x as indicated above, are pro-
duced using double elliptical mirrors (NEC Machinery, model SC1-MDH11020)
image furnace. The growths are performed in dried air atmosphere of 5.5 bars.
Crystals are grown at a rate of 0.5 mm/h and a rotation speed of 20-30 rpm,
all growth experiments are summarized in Table 2.4. It shows that increasing
nickel content the lamp voltage increases, so it deduces that samples with
higher nickel doping melt at higher temperature.

The crystals obtained are around 5 mm in diameter and 60-70 mm in length
(Fig. 2.6), with violet and transparent aspect (Fig. 2.7).
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Figure 2.6: As grown crystal of BagCu(;_,)NizGe2O7 with x=0.1.

x=0"x=0.05 x=0.06 x=0.08"x=0.1

Figure 2.7: Crystal samples of BagCu(;_;)Niy Ge207.
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2.4 Cu3Nb,Og preparation

2.4.1 Powder synthesis

Most of research on helimagnet CusNbyOg investigates physical properties
measured on powder samples. In literature, chemical phase diagram of
CusNbyOyg is reported partially [89]. It shows that phase of CuzNbyOyg is
obtained by mixing CuO and NbyQOj in stoichiometric ratio using the following
reaction:

3Cu0 + Nb205 — CUngQOg (21)

Reference [90] describes thermal steps to prepare polycrystalline powder of
CusNbyOg. Therefore, starting from results reported in literature, we prepare
Cu3zNbyOg as polycrystalline powder by heat treatments of starting materials
CuO (MV Laboratories, 99.9999%) and NbyO5 (Alfa Aesar, 99.9985%). They
are mixed in agate mortar following the stoichiometric ratio shown above.
Powder mixture is pressed into pellets and they are heated at 800°C for 36 h
and at 950°C for 40 h with an intermediate grinding.

To perform a crystal growth, cylindrical rods with about 7mm in diameter
and 70 mm long are realized through isostatic compression and heated at
950°C for 15 h in air.

2.4.2 Crystal Growth

As discussed in the section (1.7), there are many questions about helimagnet
CuzNbyOg. For example, it’s not clear the cause of electric polarization P ob-
servation only when the magnetic structure becomes non-collinear. Moreover,
it is expected that electric polarization P is in rotation plane of spin, but
reference [10] shows that the electrical polarization is perpendicular to the
plane of rotation of the spins and it develops below T~25 K. Reference [10]
is alone investigation on CuzNbyOg single crystal. This type of sample with
millimetric size is vital to realize measurements along selected directions.
Crystal growth of CuzNbyOg is not reported in literature and this work in-
vestigates this topic for the first time. In the following, crystal growth of
CuzNbyOg is described.

We employ the floating zone method using two types of optical image fur-
naces with elliptical mirrors. The first one is NEC Machinery (model SC1-
MDH11020 at CNR-SPIN Salerno) with double-elliptical mirrors and two
2.0 kW halogen lamps. The second one has four elliptical mirrors (Crystal
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System, model F-ZT-10000-H-IV-VPS at the University of Warwick) with four
500W halogen lamps. Several attempts of crystal growth are tried. Growth
conditions are changed (including the speeds of the feed rod and the seed
crystal, the counter-rotation speeds) to obtain large single crystals with high
crystalline quality.

For all crystal growths, a polycrystalline powder rod is used as feed and a
crystal from a previous growth with very quick rate (about 10 mm\h) is used
as seed, all that make easy the production of a single crystal.

The entire set of growth parameters attempted are summarized in Table 2.5.
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We can see that crystal growth with translation speeds of 3 or 2.5 mm\h
give polycrystalline powder (batches No.1) or small crystals (batches No.1-2).
Using a lower translation speed, we get bigger and purer crystals (batches
No.3-6). Moreover, from the results summarized in Table 2.5 we can deduce
that the rotation speed doesn’t influence the size of the crystals. However,
a rotation speed greater than 25 rpm is not used because it destabilizes the
molten zone during the crystal growth. When we use a rotation speeds of
30 or 35 rpm, the shape of the crystallization front changes and the molten
zone is not stable. Therefore, 25 rpm is the rotation speed limit for a crystal
growth.

Comparing the results for batches No.3-5 and No.4-6 we can see that single
crystals of CugNbyOg can be grown in dried Air or in a flux of 0,1 I\min of
argon and 12.7 cc\min of oxygen.

Cleaving surface is thin and shiny. The single crystals realized with an
image furnace with two mirrors (batches No.5 and No.6) show the same
morphological features of the other ones.

An example of crystal samples of CugNbyOg is showed in Fig. 2.8.

Figure 2.8: Crystal samples of CuzNbsOg from batch No.3



Chapter

Compositional and structural studies
of polycrystalline and crystalline
samples

Large single crystals of helimagnetic compounds (BayCuGesO7 and CuzgNbyOg)
are grown, as described in the last Chapter. High purity and quality of the
produced samples are checked by compositional and structural studies, as
shown in this Chapter. The characterization of these crystals allows to un-
derstand in more detail the complex crystal structure of compounds.
Synthesis of large single crystals allows us to investigate the fundamental
physics of these materials.

3.1 Experimental procedures

Several types of experimental procedures are used to investigate chemical
composition and crystal structure of samples. The following section gives a
brief overview of each experimental procedure.

3.1.1 X-ray spectroscopy

X-ray spectroscopy includes several techniques for characterization of materi-
als by using X-ray excitation. Mainly, in this work are used: powder X-ray
diffraction, Laue technique and high resolution X-Ray diffraction.

The phase composition of polycrystalline and crystalline samples is checked by
X-ray diffraction using a Bruker D5005 (at Warwick University) and a Bruker

29
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D2-PHASER-2nd-generation (at Salerno University), X-ray powder diffrac-
tometers with Cu K, radiation (A ~1.54 A). The #-26 scans are recorded
from 10° to 110° using a step size at 0.02° and counting time of 10s for each
step. Analysis of the data is processed using PANalyticals HighScore Plus
suite [91] and Inorganic Crystal Structure Database. Powder refinement is
performed using Rietveld analysis with Full-Prof software, based on standard
algorithms employed in Rietveld refinement [92].

In order to determine a model that is compatible with the observed diffrac-
tion data, a Rietveld refinement may be performed. Accidental overlapping
because of limited experimental resolution, considerable background difficult
to define with accuracy, non-random distribution of the crystallites in the
specimen (generally known as preferred orientation) may be some of the
difficulties during the analysis of X pattern. One of the methods to solve
these problems is the Rietveld analysis [93]. The Rietveld method refines
user-selected parameters to minimize the difference between an experimental
pattern (observed data) and a model based on the hypothesized crystal struc-
ture and instrumental parameters (calculated pattern). Whole diffraction
pattern is analysed (not only the integrated intensities), the results give infor-
mation about chemical composition (quantitative phase analysis), structural
parameters (lattice parameters, atomic positions and occupancies) and other
information, as for example grain size and macro micro-strain. The main
advantage of this method is the reduced sensitivity to errors of the model and
of the experimental setup. On the other hand, Rietveld refinement requires
a starting model, a high quality X-ray spectrum and some experience with
Rietveld programs which are not easy to use.

In addition to compositional and structural analysis through X-ray powder
diffraction, single crystal samples are characterized by X-ray Laue technique.
Laue analysis is used to determine the single crystals quality, the orientation
and to align them along selected directions.

The Laue diffraction experiments are conducted on a high-resolution X-ray
Laue camera (Photonic-Science, at Warwick University). The system is
equipped with a goniometer can be used to align the samples along selected
directions.

An X-ray beam is focused onto the sample and the resulting diffracted beams
form arrays of spots on the TeGaOS scintillator which has a peak emission of
500nm which matches that of the CCD camera. The beam is not monochro-
matic, but a range of wavelengths, therefore a white beam, is used. Thus,
many diffraction events happen simultaneously and a whole plane of recipro-
cal space can be probed in a single measurement. In detail, a white beam
hits the crystal sample from the centre of the scintillator. The wide range



CHAPTER 3. COMPOSITIONAL AND STRUCTURAL STUDIES 61

of wavelengths are then back scattered onto a screen. Crystal orientation
is determined from the position of the spots. Each spot can be indexed
and attributed to a particular plane. If there are defects (strain, multiple
crystals with a boule) in the crystal then spots become distorted. Thus, Laue
technique is useful to determine also the quality of a sample.

High Resolution X-Ray Diffraction is a technique used to obtain structural
information and to investigate on crystal defects (misorientation, mosaic
spread, surface damage etc.) [94]. The structure and crystalline quality of the
crystals are assessed by a high resolution X-ray diffractometer (Philips, model
X Pert MRD, at CNR-Spin-Salerno), with a Cu K,, source and a four-circle
cradle allowing the sample to be tilted in W and rotated in ® besides be
moved in w; 20, X, Y and Z. The angles w, 20, ® and ¥ are used according
to the standard definition in XRD: w represents the angle between the sample
surface and incident beam, 26 the angle between the incident and diffracted
beams, ® the rotation angle around the sample surface normal, and ¥ the
tilt angle about a line in the sample surface normal to the w and 26 axes [95].
The incident beam is defined by an asymmetrical four-crystal Ge(2,2,0)
monochromator coupled with a mirror so that the resultant beam has an
angular divergence less than 12 arcsec in the diffraction plane [96].

This system can also map regions in reciprocal space around the Bragg
reflections which can be useful to characterize relaxation of strained epitaxial
films and carry out pole figure maps.

Different types of scans are available for high Resolution X-Ray diffraction.
When a single crystal is investigated, the Rocking Curve (a plot of X-ray
intensity vs. w) is primarily used to study defects such as dislocation density,
mosaic spread, curvature, misorientation, and inhomogeneity.

3.1.2 Electron spectroscopy

Scanning Electron Microscope (SEM) scans a sample with a focused elec-
tron beam and delivers images with information about sample’s topography
and composition. This examination gives information about morphology,
composition and crystalline structure, through specific detectors applied to
the instrument [97]. The resolution (depending on the application) that can
approach 1nm.

Several types of electrons are generated as the result of specimen’s bom-
bardment by the electronic primary beam. These genereted electrons carry
distinct structural information about the sample and differ from one another
in origin, energy, and traveling direction. For example, secondary electrons are
generated at a close proximity from the impact point and therefore they carry
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high-resolution, surface-sensitive (topographic) information of the sample.
They are low energy electrons (<50eV), while backscattered electrons are high
energy electrons (>50eV) which result from elastic interactions between the
incident electrons and the target specimen [98].

Moreover, the incident electrons on the sample surface produce also the emis-
sion of X-rays with discrete energies. Energy dispersive X-ray spectroscopy
(EDS or EDX) and Wavelength dispersive X-ray spectroscopy (WDS or WDX)
are powerful techniques that reveal what chemical elements are present in a
particular specimen. Basically, they consist of detecting the characteristic
X-rays produced by each element after bombarding a sample with high energy
electrons. These techniques are used in combination and provide information
about the elemental composition of a sample.

For the studies presented herein, a morphological study of crystal samples
is performed by scanning electron microscopy (SEM, LEO EVO 50 at CNR-
Spin-Salerno). This instrument has a large multi-ported specimen chamber
with a 5-axis motorized sample stage. The vacuum system uses an oil-free
turbomolecular pump. In this work, Sem morphological analysis is performed
with electron accelerating voltages of 20 kV and with a working distance of
8,5 mm.

Integrated with the Zeiss SEM are an EDS system (Oxford INCA Energy 300)
and an WDS system (Oxford INCA Wave 700). Both X-ray microanalysis
systems have software for calculating sample composition. EDS can detect
all elements with atomic number greater than or equal to 5 and with EDS
system is also possible to perform elemental mapping and compositional line
scans. EDS analysis is used to investigate volumes with dimensions of around
1 micron with a sensitivity of about 0.2wt%. The WDS system advantages
are a lower limit of detection (about 100ppm) and a higher spectral resolution
(FWHM~10eV) than EDS system.

Electron backscatter diffraction (EBSD) is a SEM based method that pro-
vides crystallographic data regarding the microstructure of a sample [99, 100].
EBSD allows to detect crystallographic orientations, misorientations, texture
measurement, grain size and boundary types and chemical phases.

This method is based on the interaction between an electron beam and a
slanted crystalline sample. Electrons are backscattered and diffracted accord-
ing to Bragg’s law, giving rise to diffraction patterns or Kikuchi bands. The
diffracted electrons create a pattern (Kikuchi bands) that can be identified
with a fluorescent screen (Fig. 3.1). The positions of the Kikuchi bands
can thus be utilized to determine the orientation of the diffracting crystal,
comparing the diffraction pattern that is collected with a simulated pattern
[101].

Sem LEO EVO 50, is equipped also with EBSD detector (Inca Crystal 300).
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In this work, this technique is used to detect the crystallographic orientation
of cleaved pieces from crystals boules. Moreover, after careful mechanical
polishing, the same crystals oriented by Laue technique, are also inspected by
EBSD. During EBSD analysis, SEM works with electron accelerating voltages
of 20 kV and with a working distance of 18,5 mm.

EBSP formation

tilted sample

clectron beam

Spherical

Phosphor screen Kikuchi map

Figure 3.1: Electron backscatter pattern (EBSP) formation. The electron beam
strikes the specimen and the scattering produces backscatter electrons
in all directions. Electrons that travel along a crystallographic plane
trace generate Kikuchi bands whose widths are dictated by the Bragg
Law and specimen-to-phosphor screen distance. The electrons hit the
screen phosphor and produce light which is detected by a CCD/SIT
camera and converted to an digital image. This image is indexed and
it allows to determine the orientation of sample.
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3.2 Characterisation of polycrystalline sam-
ples

3.2.1 BayCuGe,Or

Polycrystalline samples of BagCuGesO; are prepared with two different meth-
ods, called A and B, (Section 2.2.1) [87]. In both methods, before the reactions,
BaCQOj is pre—annealed at 500°C for 1h, and then mixed with the other start-
ing materials (GeOs and CuOQ), in stoichiometric proportions and heated. In
method A, three thermal treatments at 850°C for 24h, 900°C for 24 h and
950°C for 15 h with intermediate grindings are performed. In method B both
the BaCO3 and the GeOs are pre-annealed, the latter at 800°C. After the
pre-annealing, mixtures of starting materials in stoichiometric proportions are
heated at 880° for 15 h, 950°C for 20h and 980°C for 60 h with intermediate
grinding.

The XRD patterns of the samples produced by both processes are refined
with a P -4 2;m space group of tetragonal BayCuGe,O7 [102], the Fig. 3.2 a)
and the Fig. 3.2 b) show a comparison of the results [87].

Obtained pattern from powder of method A fits with Ba,CuGe,O7 quite
well, but X-ray spectrum shows some spurious peaks. A full profile match-
ing is performed with FULLPROF [92, 106] code combining the major
phase BayCuGeyO; with the possible unreacted starting oxides (BaCOs,
GeOy and CuO) or mixed phases (CuGeOs, BaGeOg3, BagGe;Og, BagCuOs,
BaCuyGesO7, BaCuOy). Spurious peaks have very low intensity, therefore
several attempts to extract quantitative results about the amount of spuri-
ous phases are failed. Nevertheless, through a careful qualitative analysis
of spectra, peaks of CuO, BazGe3Og and BaCuyGe;O7 are indexed. It is
concluded that method A synthesizes small amount of mentioned spurious
phases together main phase of BayCuGe,O7 (Fig. 3.3 a)).

Undesired phases are not found in X-ray spectrum of powder coming from
method B, which shows only BayCuGe,O7 phase (Fig. 3.3 b)).
Polycrystalline insulating samples are polished and coated with 20 nm layer
of silver to perform EDS analysis. Comparing EDS compositional maps of
method A (Fig. 3.4) and method B (Fig. 3.5) powders, emerges confirmation
that method B powder does not contain spurious phases.

The distribution of chemical elements is not uniform in EDS compositional
maps of method A powder. In the samples the stoichiometric ratio of the
elements is different that the stoichiometric ratio in samples of method B. In
Fig. 3.4 are shown the elemental maps acquired on a polycrystalline sample
obtained via method A. There are large areas with a homogeneous composition
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of BasCuGe,O7 and few small domains rich in Cu or with BaCuyGeyO7,in
agreement with the X-ray data. While in EDS maps of powder of method
B (Fig. 3.5), there are not stoichiometric domains and distribution of Ba,
Cu, Ge and O is uniform with the ratio expected namely. For these reasons,
powder realized with method B is pure phase of Bay;CuGe,Oy.
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Figure 3.2: XRD data refinement of the powder from method A a) and method B
b) [87]
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Figure 3.3: A zoom of the observed X-ray diffraction pattern of the powder from
method A a) and method B b). No spurious peaks from unreacted
CuO phase can be seen in method B [87].
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Figure 3.4: SEM image and EDS compositional map of BagCuGesO7 polycrys-
talline samples synthesized using method A. Left panels: small regions
with deficiency of Ba and Ge and rich in Cu are visible. Right pan-
els: in the regions rich in Cu a deficiency of Ba is observable, while
Ge and O are homogeneous. Quantitative EDS results of these off
stoichiometric domains gave the composition of BaCuaGeoO7 [87].
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Figure 3.5: SEM image and EDS compositional map of a BasCuGe2O7 polycrys-
talline sample synthesized via method B. A uniform distribution of
the elements Ba,Cu,Ge and O, corresponding to the expected atomic
ratio of 2:1:2:7 is observed [87].
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3.2.2 BaQCu(l_x)NixGe207

Polycrystalline samples of BayCu(1_,)Ni,Ge2O7 (BCNGO) are prepared by
method illustrated in the Section 2.3.1. It has been theoretically proposed [65]
that Jahn Teller effect could induce a structural distortion that lowers the sym-
metry from tetragonal (BayCuGesO7, 2=0) to orthorhombic (BayNiGeyO7,
r=1). As will be discussed below, the consequence of expected structural
transition in BagNiGesO5 is that a miscibility gap exists for some intermediate
values of z in BayCu(_;)Ni, Ge;O7 system. The results of this work show
that the limit of solubility is z~ 0.3.

Powders are analysed by X-ray powder diffraction and the profiles are shown
in Figure 3.6. In all cases, except for z = 1, the peaks are easily recognized
and they are indexed using the space group P-42;m. In X-ray patterns, the
peaks shift in a systematic way, therefore a solid solution BayCu;_5)Ni, Ge;O7
forms for any composition z. For x<0.3, all diffraction peaks are indexed
using ones of BayCuGe,O; phase with a systematic shift on 26. This result
indicates that the powders contain only solid solution BayCuj_z)Ni,Ge;O7
without secondary phases. For £>0.4, the X spectra of samples show peaks
of BagGe3zOg, NiO and BaCuyGe,O7 in addition to main phase, with different
intensity depending of .

X-ray patterns are analysed using Rietveld refinement, two examples of fit are
shown in Fig.3.7 a) (sample Ni0.05) and in Fig.3.7 b) (sample Ni0.6). Below,
a quantitative analysis of composition of samples is discussed.

For powders with £<0.3, Rietveld results confirm that no spurious phases are
detected. All peaks of X patterns have Bragg positions of BasCuGe,O; with
a systematic shift on 26, no peak shows a different Bragg position, therefore
Rietveld code is written with alone BayCu(;_5)Ni,Ge,O7 phase.

At 2=0.4, main phase is BayCu(1_;)Ni,Ge,O7, but just small amounts of
secondary phases (BazGe3Og and BaCuyGey;O7) are observed. For higher
doping, the BayCu( ;) Ni, Ge,O7 solid solution is still present, but its quantity
decreases, while the concentration of the secondary phases greatly increases.
For z=0.6 and for z=0.8, the amount of Ba;Cu(;_,)Ni,Ge,O7 is about 75%
and 50% of total weight, respectively; while BazGe3zOg and unreacted NiO
are detected in both cases. These spurious phases show higher percentage in
powder with x=0.8. Finally, for z = 1 the X pattern is completely different
and the main phase is BagGe3Og. Quantitative results are reported in Table
3.1.

We conclude that for the BayCu(;_,)Ni, Ge,O7 phase, the higher nickel con-
tent reduces purity of polycrystalline samples. BayCuy—5)Ni,GeoOy is a solid
solution with solubility limit x~ 0.3.

Since a complete solid solution along the entire range of compositions does
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Sample BCNGO(%) BazGe3Oo(%) NiO (%) BaCuyGe2O7 (%)
Ni0.05 100.00 —— - -

Ni0.1 100.00 —— —— ——
Ni0.3 100.00 —— —— ——
Ni0.4  89.13(2) 9.14(1) —— 1.73(1)
Ni0.6  75.24(1) 19.73(4) 5,03(3) ——
Ni0.8  49.93(1) 38.08(4)  12.00(1) ——

Table 3.1: Quantitative phase results from Rietveld analysis.

Sample a = b(A) c(A) x> GOF
)

Ni0.05 8.4597(2) 5.4445(8) 1.68 1.2
Ni0.1  8.4592(1) 5.4517(9) 1.64 1.5
Ni0.2  8.45247(8) 5.4553(3) 237 1.5
Ni0.3  8.44749(2) 5.46170(2) 1.71 1.5
Ni0.4  8.4485(9 1
7
7

) 5.4643(1) 161 1.3
Ni0.6  8.4467(7) 5.4645(2) 1.93 14
Ni0.8  8.4494(7) 5.4683(1) 12.7 4.9

Table 3.2: XRD refinement data of BagCu(;_;)NiyGeaO7 samples. x? and param-
eter of Goodness Of Fit (GOF) increase with nickel amount, infact for
higher z the fit is not perfect, due to spurious phases.

not form, this could confirm the phase of BayNiGe;O7 would have a different
crystal structure from the other BaaMGe;O7 compounds. As mentioned in
Chapter 1, the phase formation of BagNiGesO7 is theoretically expected, but it
is not yet observed experimentally [65]. In the XRD profile of z=1, there is no
evidence of any phase that could put in relation with the Ba;CuGe,O7 struc-
ture. However, it is not possible to realize a satisfactory fit of the experimental
diffractogram, which on the contrary shows only the presence of BazGe3zOyq
and unreacted NiO. There is not clue of the presence of BayNiGe,O7, that
likely could not be synthesized, at least by standard solid state route.
Analysis through Rietveld refinement allows to estimate cell parameters (sum-
marized in Table 3.2). Fig. 3.8 shows such parameters of BayCu;_4)Ni, Ge,O7
as a function of Ni content.

Addition of nickel to structure involves a linear stretching of c-axis and a
parallel shortening of a-axis. For £>0.3, the cell parameters keep constant in-
dicating that the solubility limit of nickel in Ba;CuGe;O7 is around this value.
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Figure 3.6: XRD patterns of BagCu(;_,)NizGeaO7. Zero of Instrument is corrected
through profile matching analysis between BasCu(;_;)Niz; GeaO7 ex-
pected phase and experimental data. Increasing Ni content a shift of
the BCNGO peaks is observed, for £>0.4 BagGe3Og and unreacted
NiO appeared in XRD pattern. Their intensity increased with Ni

percentage.
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Figure 3.7: Observed (red points) and refined (black curve) X-ray powder diffrac-
tion pattern of Ni0.05 (a) and Ni0.6 (b) samples. Colored bars below
the patterns mark the Bragg peak positions. a) The best fit results for
an analysis with a single phase (BagCug 95Nig 05Ge207, space group
P-42ym) b) Spectrum shows a good refinement using three phases:
BayCug 4Nig gGeaO7, BagGeszOg, NiO, their Bragg positions are in-
dicated in the Rietveld patterns with bars respectively from top to
bottom. Intensity is not fitted perfectly, it is an index that powder
contained an amount of different phases.
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Figure 3.8: Cell parameters (blue for a-axis and red for c-axis) of
BagCu(l_m)NixGegO7 as a function of substituted Ni content.

3.2.3 BayCu(_,)Mn,Ge 07

Fig. 3.9 shows the XRD patterns of BayCu(_,)Mn,Ge;O7 polycrystalline
samples prepared as described in Section 2.3.1 [88].

BayCu(—z)Mn, Ge,O7 solid solution forms for any doping z as results from
analysis of patterns which are indexed as belonging to the expected phase.
Peaks shift in a systematic way (Fig. 3.9). Such result is in agreement with
literature which reports only BayCuGesO7 [59] (z=0) and BasMnGe,O7 [57]
(z=1), these are the extremes of solid solution BayCu;_zMn,Ge,O7.

Since all peaks are indexed in all BayCu(;—z)Mn,Ge,O7 solid solutions in
the z range (0,1), no rietveld analysis is performed. Fig. 3.10 shows the
dependence of the cell parameters as function of the content of the manganese.
Cell parameters a and ¢ obtained are in agreement with the ones reported in
literature for BapCuGeyO7 [59] (z=0) and for BaaMnGeyO7 [57] (z=1).
The obtained cell parameters of the pure ends (z=0 and z=1) are a=8.467 A,
¢=5.441A4 and a=8.479A, ¢=5.527A, respectively. In Fig.3.10 a-axis shows a
constant behaviour while c-axis shows an increasing trend. As consequence,
also the cell volume increases as function of z, in agreement with the Vegard’s
law.

EDS analysis is performed on samples coated with a layer of 20 nm silver, the
results are summarized in Table 3.3 and confirm the chemical composition
expected.

1
0.8
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Figure 3.9: XRD patterns of BaxCu(;_,;)Mn;Ge207 compounds. In the upper
panel a zoom of XRD data shows the systematic shift of the peaks.
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Figure 3.10: Evolution of the cell parameters of BagCu(; _,)Mn;GezO7 compounds
as a function of substituted Mn content(z). Changes of (a) a-axis
and (b) c-axis with doping [88].
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Composition EDS results
x=0 Bay +0.1C10.9540.05G€2.0+0.206.6+0.7
x=0.1 Bay.9+0.5C110.8+0.2Mn0.07+0.02G€2.0+0.706.2+0.6
x=0.25 Bag +0.4Cug.6+0.2Mng.3+0.08G€2.0+0.406.2+0.8
x=0.5 Bay.1+0.4Cug.5+0.1Mng 49+0.08G€2.0+0.4O6.9+0.4
x=0.75 Bay 8+0.6C19.25+0.11Mng 60+0.15Ge2.0+0.907.2
x=0.9 Bag 2+0.2C10.1240.02Mn0 80+0.15Ge2.0+0.206.7
x=1 Bay s+0.7Mng 8+0.2G€2.0+0807.740.4

Table 3.3: Compositional results obtained by EDS analysis

75
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3.2.4 CU3Nb208

Polycrystalline samples of CuzNbyOg are prepared by method illustrated
in the Section 2.4.1. X-ray diffraction pattern is acquired by Bruker D2
diffractometer.

The XRD pattern of a sample is indexed through the P -1 space group of
triclinic CusNboOg [10] (Fig. 3.11).

All peaks belong to the expected phase and no spurious phase is detected.
Polycrystalline samples of CuzgNbyOg are analysed also by EDS analysis.
Therefore, the insulating surfaces are polished and coated with 20 nm layer of
silver. The ratio averages to 3:2 for Cu:Nb, confirming high purity of samples.
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Figure 3.11: Indexed XRD patterns of CugNbyOsg.
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3.3 Compositional and structural study of sin-
gle crystals

3.3.1 BayCuGe,Or

As discussed in Section 3.1.2; results of analysis on BayCuGe,O; polycrys-
talline powder of method B show that this powder is purer than Bay;CuGesO7
polycrystalline powder of method A.

BayCuGe;O7 crystal samples grown by floating zone technique are listed in
Table (2.3) of the previous Chapter. Samples are realized using different
conditions of crystal growth. Below, a compositional and structural charac-
terization of samples is provided to identify the best growth parameters of
BagCuGegO7.

Looking at the last column Table (2.3) it is evident that the best crystals
are achieved starting from feed rods obtained using method B. To check the
quality of grown crystals, a careful inspection by optical microscopy of all
crystal batches is performed.

As mentioned, for fast growth speed (batches No. 1 and 2) no single crystals
are observable.

Optical microscopy inspection of crystals batches from No.3 to No.6 reveals
the presence of small transparent yellowish crystals surrounded by a darker
outer layer. Rectangular crystals are isolated with size of about 4mm in
length and 2 x 1 mm? in cross section. For batches from No.9 to No.13,
optical microscopy investigation reveals the presence of large transparent and
homogeneous yellowish crystals.

The XRD pattern of powdered crystals from batches No. 1 and 2, show many
diffraction peaks not belonging to the BayCuGe;O; phase. Some of the peaks
are indexed with CusO phase, observable in some areas of the as grown boule
as small red patches.

In the case of crystals from No.3 to No.6 the mentioned darker outer layer
is object of interest. XRD experiments performed on these crushed crystals
show only diffraction peaks of BaoCuGe;O7 phase, confirming the single phase
nature of these batches.

Crystals from batches No.7 and 8 are characterized by a dark yellow coloured
boule. In these cases, XRD patterns on powder coming from crystals show
diffraction peaks matching with of BayCuGe,O;. As mentioned, it is con-
cluded that dark colour of the boule does not arise due to a secondary phase
but may be due to a slight off stoichiometry of oxygen.

The Rietveld refinement of XRD pattern of crushed transparent yellowish
crystals from the batch No.12 show diffraction peaks, all of them could
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be indexed to the BayCuGe;O; phase, meaning that transparent yellowish
Bay;CuGeyOr crystals are the pure phase. Since there are no reported val-
ues of the anisotropic thermal displacement parameters available for the
BayCuGe,O7 phase, the refinement code of such parameters starts from pa-
rameters of BayCoGeyO7 [103].

A careful analysis of our Rietveld refinement shows that the mismatch between
the calculated and the measured intensities comes mostly from the limit in
the definition of the thermal displacement parameters when refining a pattern
obtained using a standard X-ray laboratory diffractometer. A more accurate
evaluation of these parameters needs synchrotron or neutron diffraction pat-
terns. In Table 3.4 are summarized the refined lattice parameters obtained
for polycrystalline and single crystal samples. The crystallographic data are
in agreement with reported values [102].

The compositional analysis of the crystals by WDS is carried out on various
regions of selected crystals from different batches (No. 9-13).

The atomic percentage obtained normalizing WDS data to the stoichiometric
value of Ba= 2 is Bay.00+0.03C11.02+0.02G€2.0420.0307.20.1-

WDS analysis on the dark yellow crystals (batches No. 7, 8) reveal an excess
of oxygen in these crystals.

Natural preference for the crystal boule to cleave is not observed and crystals
are orientated by Laue technique. In detail, samples of few mm?® from batches
No 6,10 and 11 oriented using the X-ray Laue technique are cut parallel to
(0,0,1) or (0,1,0) planes and their surfaces are mirror polished. In Fig. 3.12(a)
and (b) are shown the Laue photographs of two samples surfaces with (0,0,1)
and (0,1,0) planes being orthogonal to the X-ray beam, respectively.

The excellent quality of the crystals is confirmed by high resolution X-ray
diffraction measurements. In Fig. 3.13 is shown the rocking curve of the
(0,0,2) reflection proving the high crystallinity of the grown BayCuGeyO5
crystals . After careful mechanical polishing, the same crystals oriented by
Laue technique, are also inspected by electron back scattered diffraction
(EBSD) technique.

EBSD is used to further characterize the microstructure of our crystals and
to identify, possibly, the presence of grains or of spurious phases. Fig. 3.14
shows an EBSD pattern of a crystal from batch No.10, the Kikuchi bands are
bright and in good contrast against background. An example of EBSD micro-
graphs is reported in Fig. 3.15. Fig. 3.15 b) reveals that all surface shows
BayCuGe,O7 chemical phase. Moreover, this technique enable to drawing the
orientation maps for the selected surface.

The orientation maps (Fig. 3.15 ¢),d),e)) are based on the sample normal
(ND), rolling (RD) and transverse (TD) directions. In each point of the map,
the crystallographic direction corresponding to the particular sample direction
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Sample a=b (A) c (A) GOF
Method A 8.45930(5) 5.43940(4) 2.24
Method B 8.46023(5) 5.43962(4)  2.10

Powdered crystal (batch No.12) 8.46013(1) 5.44003(7) 3.67

Table 3.4: XRD refinement data of BasCuGesO7 samples.

is calculated, and a colour allocated according to its position in the inverse
pole figure. Fig. 3.16 shows inverse pole figure of Ba;CuGe;O7. The inverse
pole figure is coloured by a mix of red, green and blue depending on the
position in the stereographic triangle. This acts as a colour key to determine
the colour of the ND, RD and TD orientation maps at the analysed point.
The orientation maps of a crystal from batch No.10 are showed in Fig. 3.15
¢),d),e). They reveal that there is the same crystallographic orientation on
all surface. Moreover, the single crystal shows a and b axes on plane while ¢
axis is perpendicular to surface.

Figure 3.12: X-ray Laue patterns of BayCuGeyO; crystals oriented with
the(a)[0,0,1](batch No.10) and (b)[0,1,0](batch No 11)direction or-
thogonal to the exposed surface.
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Figure 3.13: Rocking curve of the (0,0,2) reflection acquired on a BagCuGeaO7
single crystal (batch No.10) The line is a fit with a pseudo-Voigt

curve.
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Figure 3.14: a) EBSD pattern acquired on a BapCuGezO7 single crystal (batch
No.10). b) Indexed EBSD pattern. Yellow lines indicate the indexed
Kikuchi bands while pink lines indicate revealed Kikuchi bands, but
they are not indexed.

4 mm Phase map

Normal direction Transverse direction Rolling direction

Figure 3.15: a) SEM image of BapCuGe2O7 single crystal (batch No.10) where
EBSD pattern is acquired. b) Phase map of crystal. Only
BayCuGey 07 phase is revealed (yellow colour). c),d),e) Orientation
maps along Normal, Transverse and Rolling directions, respectively.
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Figure 3.16: Inverse pole figure of BaoCuGeaO7. The inverse pole figure is colored
by a mix of red, green and blue depending on the position in the
stereographic triangle.
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3.3.2 BaQCU(l_x)NixGQQO7

As mentioned in Section 3.2.2, the results of study on polycrystalline powders
of BayCu—4)Ni; GeaO7 show that not whole stoichiometry of « in (0,1) range
is allowed being £=0.3 is the solubility limit of this solid solution. For these
reasons, single crystals of BayCu(;_,)Ni,Ge,O7 are grown by floating zone
technique in z range from 0.05 to 0.3.

BayCu(1—4)Ni, Ge,O7 single crystals are listed in Table (2.4).

Optical microscopy inspection of Ni0.05 to Ni0.8 crystals reveals the presence
of large transparent violet crystals with dimensions similar to those of the
parent compound. Rectangular crystals are isolated with size of about 4mm
in length and 2 x 1 mm? in cross section. Some crystal samples from these
batches are surrounded by a darker outer layer. Similarly to the Bay;CuGeyO7
single crystals, XRD experiments performed on these crushed crystals confirm
the single phase nature.

For samples Ni0.1la and Ni0.1b optical microscopy investigation reveals the
presence of transparent violet crystals. In this case, crystals are isolated with
size of about 3mm in length and 1 x 1 mm? in cross section.

From batches of Ni0.2 and Ni(.3 rectangular crystals are isolated similarly to
Ni0.1 ones, microscopic analysis shows that some samples are surrounded by
a darker outer layer.

More detailed morphological inspection is carried out using electronic micro-
scope. SEM images are taken on several samples with different Ni doping.
All surfaces investigated don’t show grain boundaries, inclusions, or defects.
Several SEM images are taken with variable magnification, some examples
are showed in Fig. 3.17, 3.18. Cleaved surfaces illustrated show perfectly flat
areas and smooth crystallographic terraces.

The XRD pattern Rietveld refinement of crushed transparent crystals from
each batch, except for Ni0.5, shows diffraction peaks, all indexed with
BayCuGe, O phase, which means that crystals are pure phase of solid solution
of BagCu(l_I)NixGeQO7.

In Table 3.5 are summarized the refined lattice parameters, these results
confirm those obtained for polycrystalline samples. In fact, the study of poly-
crystalline samples shows that for £<0.3 the addition of nickel to structure
involves a linear stretching of c-axis and a parallel shortening of a-axis. The
same behaviour is observed in single crystals, as shown in Fig. 3.19.

EDS analysis is performed on many areas of all the samples and their com-
positions are very close to the nominal ones, as reported in Table 3.6. Each
sample is coated with a thin layer (20 nm) of silver to get a metallic surface.
No spurious elements are detected, confirming the high quality of the obtained
compounds.
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Also, compositional WDS analysis (Tab. 3.7) is carried out on various regions
of selected crystals with quantitative results that confirm EDS ones.
Samples of few mm? from crystals Ni0.05, Ni0.0.06, Ni0.08 and Ni(.1 oriented
using the X-ray Laue technique, are cut parallel to (0,0,1) or (0,1,0) planes
and their surfaces are mirror polished. Fig. 3.20 shows the Laue photograph
of (0,0,1) plane. Considering a selected crystallographic direction, the position
of the spots in Laue pattern acquired on BayCu(;_;)Ni, Ge;O7 single crystal is
similar to that shown in Laue pattern acquired on BayCuGe,O7. Indeed, Fig.
3.20 shows the Laue photograph of (0,0,1) plane acquired on Ni0.06 crystal.
This Laue pattern is similar to that shown in the case of Ba;CuGe,O (Fig.
3.12 of the previous Section). This result confirms that BayCu(_4)Ni, Ge O
compounds have a crystal structure with same space group of Bay;CuGe,Oy.
High resolution X-ray diffraction measurements show the excellent quality
of crystal samples. FWHM of rocking curve on (0,0,2) reflection proves the
high crystallinity, indeed the values listed in Table 3.8 are similar of those
reported for systems with a crystal structure less complex and used as com-
mercial substrates [104, 105]. Fig. 3.21 shows rocking curve acquired on
Ni0.08 sample, compared with rocking curve acquired on a single crystal of
BayCuGeyO7. Also in this case, X-ray diffraction measurement confirms the
excellent quality of the crystal. The slight shift of curves along w confirms
slight structural distortion (distortion of crystalline axes) from BayCuGe,Oy
to BagCu(l_x)NizGegOT

Moreover, also pole figures prove the presence of a single grain in volume in-
teraction examined by X diffraction. Fig. 3.22 reports a polar figure acquired
on sample Ni0.06. To perform the pole figure measurements, the sample is
tilted in ¥ and rotated in ®. The data are collected by using the (0,0,2)
reflection obtained at a fixed value 20 = 32.87°.

After careful mechanical polishing, the same crystals oriented by Laue tech-
nique and other samples cleaved, are also inspected by electron back scattered
diffraction technique. This measurement confirms the absence of any misori-
entation on a microscopic scale.
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Sample a = b(A) c(A) x> GOF

Ni0.05
Ni0.06
Ni0.08
Ni0.1a
Ni0.2
Ni0.3

8.4629(5) 5.4480(2) 1.80 1.5
8.4607(3) 5.4483(9) 1.85 1.5
8.4597(1) 5.4488(7) 1.80 1.7
8.4572(5) 5.4517(8) 250 1.8
8.4547(7) 5.4570(5) 2.00 1.5
8.4498(1) 5.4580(0) 1.80 1.5

Table 3.5: XRD refinement data of BagCu(l,w)NixGegO7 samples.

Composition EDS results
r=0.05 Bay +0.3C0.95+0.2Ni0.04+0.02Ge1.940507.240.4
r=0.06 Bay.9+0.4C0.95+0.2Ni0.06+0.04Ge2.0+0.606.3+0.7
r=0.08 Bay 1+0.5C0.9140.3Ni.00+0.03G€1.940.406.9+0.4
r=0.10 Ba 84+0.6C110.90+0.3Ni0.10+0.04G€2.0+0.706.4+0.7
7=0.20 Bag 240.2C0.78+0.3Nip.194+0.12G€1.940.207.240.4
r=0.30 Bay +0.7Cu0.67+0.4Nig.28+0.14Ge1.840.207.140.4

Table 3.6: Compositional results obtained by EDS analysis

Composition

WDS results

x=0.05
2=0.06
=0.08
=0.10
=0.20
x=0.30

Bay 00+0.3C10.96+0.02N10.05+0.02G€2.0240.0307.2+0.1
Bayg 00+0.4C0.95+0.1N10.054+0.04 G€2.03+0.0207.3+0.2
Bay 00+0.3C10.92+0.3N10.0940.03G€2.02+0.0306.9+0.1
Bay.00+0.2C10.91+0.3Ni0.10+0.04 G€2.04+0.0306.8+0.2
Bag 00+0.2C10.80+0.3N10.19+0.02G€2.04+0.0207.2+0.2
Bag 00+0.2C0.79+0.4N10.3240.04 G€2.01£0.04 O7.140.1

85

Table 3.7: Compositional results obtained by WDS analysis, normalizing WDS
data to the stoichiometric value of Ba= 2

Table 3.8: FWHM data of BagCu(;_,)Ni; Ge207 samples of (0,0,2).

Sample FWHM(°)

Ni0.05  0.0121(8)
Ni0.06  0.0135(1)
Ni0.08  0.015(2)
Ni0.la  0.0112(9)
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10 pm EHT = 20,00 KV Signal A = SE1 Date 23 Jan 2017 [
=1 WD = 85 mim Mag= 100 KX Time 46:16:56

Figure 3.17: Sem image of cleaved surface of sample Ni0.3 with magnification 1kX

|11| " EHT = 20,00 kY Signal A= SE1 Date 123 Jan 2017

WD= B.E&mm Mag= 1.00KX Time -14:4508

Figure 3.18: Sem image of cleaved surface of sample Ni0.3 with magnification 1kX
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Figure 3.19: Evolution of the cell parameters of BagCu(;_,)Ni;GeaO7 compounds
as a function of substituted Ni content(z). Changes of (a) a-axis and
(b) c-axis with doping.

Figure 3.20: X-ray Laue patterns of Ni0.06 crystals oriented with the [001] direction
orthogonal to the exposed surface.
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Figure 3.21: Rocking curve of the (002) reflection acquired on a BagCuGeyO7
(black) single crystal (batch No.10) and on a BayCug.92Nig 0sGeaO7
(red) single crystal (Ni0.08).

Figure 3.22: Polar figure taken by high resolution X-Ray diffraction on reflection
(002) of crystal sample Ni0.06.
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3.3.3 CU3Nb208

As mentioned in Section 2.4.2, single crystals of helimagnetic CuzNbyOg
are grown by floating zone technique (Table 2.5). A careful study of the
morphology, chemical composition and the crystal structure is carried out by
the techniques illustrated above.

Optical microscopy inspection of batches No.1 and No.2 reveals the presence
of small dark crystals with dimensions of about 2mm in length and 1 x 1 mm?
in cross section. The cleaved pieces are extracted by a sort of polycrystalline
matrix.

For batches No.3 and No.4 bigger crystals are isolated with size of about bmm
in length and 1 x 1 mm? in cross section. Cleaving surface is thin, shiny, and
smooth.

The single crystals realized by an image furnace with two mirrors (batches
No.5 and No.6) show the same morphological features of the samples realized
by an image furnace with four mirrors.

Crushed crystals from each batch are analysed by X-ray powder diffraction
and the patterns are processed by Rietveld refinement. The results are dis-
cussed below to compare the quality of samples. In XRD pattern all peaks
are indexed with Cuz3NbyOg phase and no spurious phase is detected, this
result underlines the high purity of crystals. Starting from crystal structure
reported in literature [10], data are analysed by Rietveld refinement using
triclinic symmetry of space group P -1. Qualitatively, refined spectra from
CuzNb;yOg crystals are similar and the blue curves of difference are flat in
all cases. Below, we consider a crystal sample from the batch No. 4 (grown
in a furnace with four mirrors and called CNO_4M) and one from batch
No. 6 (grown in a furnace with two mirrors and called CNO_2M). Rietveld
refinement performed on a X-ray pattern acquired on CNO_4M is shown
in Fig. 3.23a) while Fig. 3.23b) shows Rietveld refinement performed on
a pattern of CNO_2M. There are only slight differences between I - Toqc
curves of Rietveld profiles. Indeed, such curve for CNO_4M is flatter than
curve of CNO_2M. Probably, this detail is related to quality of single crystal
sample, which results slightly better in the first case. This slight difference is
confirmed by x? of fit, (Tab. 3.9), indeed this value is higher for CNO_2M.
Quantitative results, listed in Table 3.9, clearly show that the refined param-
eters are in agreement with those ones reported into literature [10]. EDS
analysis is performed on many areas of all samples and their compositions
are very close to the nominal one. The average is Cus.1409.1Nb2.0+0.105.2+0.1-
No different elements from those expected are detected, confirming the high
quality of the obtained compounds.

EBSD analysis is performed on many cleaved surfaces. CuzNbyOg crystal
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Sample a(A) b(A) c(A) a B g X’

CNO_AM 5.1815(4) 5.4871(5) 6.0096(4) 72.5762(2) 83.4261(5) 65.7086(5) 1.8
CNO2M 5.1785(4) 5.4801(5) 6.0074(7) 72.5790(9) 83.4222(3) 65.7091(2) 2.1

Table 3.9: XRD refinement data of CugNbsOg. CNO_4M is a sample realized by
a furnace with 4 mirrors, while CNO_2M by a furnace with 2 mirrors .

cleaves without a natural favourite crystallographic direction.

An example of EBSD pattern is reported in Fig. 3.24. Pattern is acquired on
a single crystal from batch No.5. EBSD pattern shows bright Kikuchi bands
and a good contrast against background, thus single crystal shows a high
crystallinity.

From processing of this pattern by software, the orientation maps are elabo-
rated together to pole figure (Fig. 3.25). In the example, the single crystal
has only ¢ axis on surface plane with inclination of @ = 25° to rolling direction
RD. Moreover, phase map shows only CuzNbyOg phase along all surface.
Results discussed below show that CusNbyOg crystal grows without a natural
favourite crystallographic direction.

Crystal batches of CugNbyOg (No.3, No.4, No.5) are cut through a diamond
saw perpendicularly to the direction of growth. These slices are finely pol-
ished with polycrystalline diamond suspension down to 0.3 um in grain size.
EBSD analysis is performed also on these crystalline slices. Normal direction
ND (detected with EBSD) corresponds to the crystal growth direction. ND
orientation map shows a different colour in each slice, therefore we conclude
that the CuzNbyOg grows with a random crystallographic direction.

Three samples of few mm?® from batch crystal No.3 are oriented using the
X-ray Laue technique. The first sample is oriented with a-axis normally
to the surface of sample. Similarly, the second one is oriented with b-axis
perpendicularly to the plane of sample. Finally, the last crystal is oriented
with c-axis orthogonally to surface. These samples are used for an inves-
tigation about magnetic behaviour which will be discussed in the next Chapter.
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Figure 3.23: Simulated diffraction pattern of CugNboOg against experimental XRD
data. a)Rietveld refinement on CNO_4M, grown by a furnace with
4 mirrors. b)Rietveld refinement on CNO_2M, grown by a furnace
with 2 mirrors.

Figure 3.24: EBSD pattern taken on single crystal of CugNboOg No.3 with indica-
tion of crystallographic direction of each Kikuchi band.
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Figure 3.25: (0,0,1) Pole figure and simulation of crystal cell in single crystal.



Chapter I

Low temperature magnetometry and
lattice dynamics of single crystals

In this work, the successful growth of BasCuGe,O; and CusNbyOg single
crystals is discussed. High quality samples are grown using the floating zone
technique, in different gas atmospheres and pressures.

The X-ray Laue back reflection and EBSD techniques are used to orient single
crystals specifically for selected crystalline directions.

To study the magnetic phase diagrams of grown crystals, magnetization mea-
surement as function of the temperature (M(T)) is performed in different
ranges of temperature. Also, measurement of magnetic dc susceptibility
(x(T)) is discussed below. Moreover, low temperature magnetometry study is
performed on oriented single crystal of BayCuGey,O7. The results show the
presence of different magnetic transitions for 0.5K<T<5K.

While magnetoelectric properties of BayCuGeyO7 have been extensively dis-
cussed in past research [18, 9, 107], no investigation is reported on its lat-
tice dynamics. In this Chapter, infrared and Raman phonon spectra of
BasCuGeyO7 are shown.

Finally, last Section shows the reflectivity in the ab plane and along the ¢ axis
of a single crystal of BasCuGe;O7. The resulting optical conductivity o(w)
is compared with the results of calculations of its electronic band structure
based on Density Functional Theory (DFT).

93
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4.1 Experimental procedures

4.1.1 Magnetic measurements

In this work, magnetic magnetization of BayCuGeyO7 crystal is measured us-
ing a SQuID (Superconducting Quantum Interference Device) magnetometer,
part of Quantum Design’s Magnetic Property Measurement System (MPMS).
The SQuID is an instrument which is very sensitive to magnetic fields, making
it ideal for measuring subtle changes in the magnetic behaviour of a sample
when it is subjected to different temperatures, magnetic fields or pressures
[108].

A zero-field cooled (ZFC) measurement involves the sample being cooled from
the high temperature state to base temperature before a magnetic field is
applied to the sample, and in a field cooled (FC) measurement the field is
applied beforehand. There can be a significant difference between the ZFC
and FC data depending on the nature of the magnetic order present in a
material.

BayCuGeyO7 samples of few mm? are oriented using the X-ray Laue technique,
then they are cut parallel to selected planes and their surfaces are mirror
polished.

The magnetization measurements on single crystals of Ba;CuGe;O7, in the
temperature range 1.5K-300 K, are carried out in a Quantum Design MPMS
system at Warwick University. Data are recorded in zero field cooled (ZFC)
and field cooled (FC) modes in an applied magnetic field of 0,1 T.

To explore the magnetic phase diagram of BayCuGes;O7 at low temperature,
different magnetic fields in the range 0 to 5 T are applied along the a or ¢
crystallographic axes for 0.5 K<T<5K.

Moreover, this work reports the magnetic characterization of BasCu(j_;)Ni, Ge;O7
for the first time. Measurements are carried out using a vibrating sample
magnetometer (VSM, Oxford Instruments, Maglab 9T, at CNR-Spin-Napoli).
The magnetization is measured as a function of temperature in a constant
field of 0,1 T with range 2K -120K, using ZFC mode and FC mode.

Finally, this work reports the magnetic characterization of single crystals of he-
limagnet CusNbyOg. Also, these measurements are performed using by using
Quantum Design MPMS system at Warwick University. Measurements are
performed on main axes a, b and c¢. Magnetization M in ZFC mode and in FC
mode is recorded versus temperature in the range 2K-300K with field H=0.1 T.



CHAPTER 4. MAGNETOMETRY AND LATTICE DYNAMICS 95

4.1.2 Infrared and Raman spectroscopy

Infra-red (IR) and Raman spectroscopy can provide information about the
molecular composition, the bonds, the chemical environment, the phase and
the crystal structure of the samples.

Fundamentals of these techiniques are discussed below, but a full description
of experimental methods is rather complex and it is beyond the aim of this
work. However, further details are well illustrated in the references [109, 110].
When light (or a photon) interacts with a molecule, it can either be elasti-
cally or inelastically scattered. In the first case, the absorbed photon has
the same wavelength with the emitted one (Rayleigh scattering), but in the
second case, the photon has lost or gained an amount of energy related to the
vibrational energy spacing in the molecule. This amount corresponds to the
wavelength of the Stokes and anti-Stokes lines which are equally displaced
from the Rayleigh line in the Raman spectrum. Infra-red spectroscopy also
measures the vibrational energies of molecules. The absorption of light in
the infrared region of the electromagnetic spectrum, gives a spectrum that
corresponds to specific vibrational modes and is unique to each molecular
structure examined.

The main difference between the two techniques lies in the nature of the
molecular transitions taking place. For a transition to be Raman active there
must be a change in the polarizability of the molecule during the vibration.
This means that the electron cloud of the molecule must undergo positional
change. On the other hand, for an IR detectable transition, the molecule
must undergo dipole moment change during vibration. So, when a molecule
is symmetrical, e.g. Oy, we cannot observe any IR absorption lines, since
the molecule cannot change its dipole moment. It has been observed that
molecules with a strong dipole moment are typically hard to polarize.
Regarding the excitation wavelength, the Raman technique uses a monochro-
matic beam or laser, in the visible, near-infrared, or near ultraviolet range of
the electromagnetic spectrum. In IR spectroscopy, a monochromatic beam is
used in the infrared region of the electromagnetic spectrum. The wavelength
here increases or decreases over time, in order to observe all the absorption
lines within a specific range of the infrared region.

Another difference can be observed in the resulting spectra. The IR tech-
nique shows irregular absorbance (or transmittance) lines, depending on the
material investigated. The Raman spectrum mainly comprises the elastic
scattered light line (Rayleigh) and two equally distanced lines Stokes and
anti-Stokes, with the second being rather weak and difficult to detect.

Bay;CuGey O crystals used for IR and Raman measurements show the
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largest surface with the a (or b) and the ¢- axes. This surface is finely polished
with polycrystalline diamond suspension down to 0.3 gm in grain size. The
dimensions of the crystals employed in this work are approximately 3x2x1
mm?.

Measurements of Infra-red and Raman spectra are acquired by Calvani’s
group at Roma University.

To acquire Infra-red spectra, the reflectivity R(w) of the surface is measured
with a rapid-scanning Michelson interferometer from 7 K to 300 K. Two
different polarizations of the radiation field are used, one along the ¢ axis and
the other one perpendicular to the ¢ axis (the latter belongs to the ab plane).
The Raman spectra are measured with a Horiba LabRAM HR Evolution
micro spectrometer in backscattering geometry. Polarization rotators, properly
located along the internal optical path, allow us to align the electric field E
of the incident beam either along the crystalline axis a or along c.

The Raman spectra are detected at temperatures varying from 300 K to 80 K.
Raman spectra in the 10 — 1000 cm™! range are thus collected by a Peltier-
cooled charge-coupled device (CCD) detector with a spectral resolution better

than 1 ecm™!.

4.1.3 Electronic bands and optical conductivity

BayCuGeyO7 electronic bands are investigated. Optical spectra are taken at
different temperatures from the mid-infrared (MIR) to the visible.
Measurements are acquired by Calvani’s group at at Roma University by a
Michelson interferometer with a Mercury-Cadmium-Tellerium detector.

The reflectivity is measured in the ab plane and along the ¢ axis of a sin-
gle crystal of the BayCuGeyO7, from 20 to 300 K and from 700 to 24000 cm ™.

4.2 Magnetic measurements

4.2.1 Bay,CuGe,Or

BayCuGe,O7 crystal samples grown by floating zone technique are listed in
Table (2.3).

Magnetization measurements carried out from room temperature down to
1.5K on single crystals (batch No.6) in zero field cooled and field cooled
conditions, in a magnetic field of 0.1 T are shown in Fig. 4.1.

These show paramagnetic behaviour of Ba;CuGe,O7 samples at room tem-
perature as reported in literature [111]. Moreover, two separate features are
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visible in the inset of Fig. 4.1 a broad peak below T=10K, centred at T=8.5
K, and a cusp like minimum at Ty = 3.3 K.

The broad peak is related to short range antiferromagnetic 2D correlations in
the basal (a,b) plane [9], while the increase in the magnetization at low tem-
perature is due to the long-range helimagnetic ordering occurring at Ty. The
observed magnetization in our crystal is consistent with the phase diagram of
BayCuGe,O7 outlined recently by neutron diffraction study [18, 107, 111]. Tt
is worth mentioning that the same magnetic behaviour is observed for the
dark yellow crystals (batches No. 7 and 8). The same magnetic behaviour is
observed in the transparent crystals obtained from batches No 9 to 13 and
the dark yellow crystals obtained from batches No.7 and 8, confirming that
the different colour of the crystals does not affect their magnetic behaviour.

To explore the magnetic phase diagram of Bay;CuGe,O7, different magnetic
fields in the range 0 to 5 T are applied along thea or ¢ crystallographic axes.
The temperature range is from 0.5 K to 5 K.

A selection of representative magnetometry data is reported in Fig. 4.2.
The data sets referring to fields applied along the two different directions
show a qualitatively similar behaviour. However, the transition related to
helimagnetic transition at Ty = 3.3 K is more evident for H parallel to b [Fig.
4.2(a)], where a cusp like feature signals the para- to quasi-AF magnetic phase
transition. When magnetic field is applied along c-axis, the same transition is
observed mostly as a change in the curvature of magnetometry data (flection
point). The magnetism of BayCuGe,Oy is clearly sensitive even to low applied
fields. Indeed, as shown in Fig. 4.2(a), below Ty = 3.3 K there is a drastic
change in the system’s magnetic response at ca. H=0.01T: for fields below
this threshold (including zero fields) the system behaviour is dominated by
internal magnetic interactions.

For intermediate applied fields, and independent of their orientation [see Fig.
4.2(a), (b)], the magnetic susceptibility displays a field dependent minimum,
whose value shifts monotonously to higher temperatures as the field value
increases. In this regime, the magnetic Cu?* ions become progressively less
coupled among themselves and respond increasingly to the externally applied
field. Finally, besides the known magnetic phase boundary at Ty = 3.3 K,
the low-temperature data hint at a new transition at 0.6 K [left arrow and
inset in Fig. 4.2(a)]. This second transition, characterized by a bump (or by
susceptibility oscillations) in the proximity of the critical zone, is clearly seen
in the magnetometry data. In the low-applied-field regime, the features at 0.6
K are made more prominent by plotting the derivative of the susceptibility,
49X "as shown in the inset of Fig. 4.2(a) for two typical cases.

a7’
By systematically plotting the field-dependent minima (maxima) for the
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transition at 3.2 K (0.6 K), the low-temperature magnetic phase diagram of

BayCuGey Oy is reconstructed. The results, shown in Fig. 4.3, clearly indicate
the presence of three different magnetic phases.
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Figure 4.1: Magnetization versus temperature of BagCuGeaO7 single crystal (batch

No.6) for a field H=0.1T applied parallel to the [100] axis. Inset: en
largement of low temperature magnetic behaviour.
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Figure 4.2: Magnetic susceptibility vs. temperature for BagCuGeoO7 for different
applied fields along the b axis (left) or along the ¢ axis (right). Both
data sets show a qualitatively similar behavior and hint at a complex
magnetic phase diagram, with a (field-dependent) transition at 3.2
K. Measurements with HJ| b, extending down to 0.5 K, indicate an
additional phase transition at 0.6 K (see inset). The positions of both
transitions are marked by arrows in panel (a).
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Figure 4.3: Magnetic (H, T) phase diagram of BagCuGe2O7, as deduced from
magnetometry measurements for H|| b. The two phase boundaries
at ca. 0.6 and 3.2 K divide the (H, T) plane into three areas: a
magnetically ordered phase (left), a yet unknown phase (center), and
a paramagnetic phase (right).
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4.2.2 BaQCu(l_x)NixGe207

The magnetization is measured using the SQuID magnetometer between
temperatures of 2K and 120K for polycrystalline and single crystals samples
of BayCuyy_,)Ni,Ge;O7 with changing .

The resulting curves are shown in Figure 4.4. These curves show the behaviour
of magnetization versus temperature for polycrystalline samples with compo-
sition BayCug g5Nig g5GesO7, BasCug 7Nig3GesO7 and BayCug 5Nig 5Ges Or.
The curve of compound with lower Ni doping (BagCug.g5Nig.05Ge2O7) is very
similar to that one of parent compound BayCuGesO7. At about T=7K, M(T)
shows a rather broad peak.

Magnetization of BayCug7Nig3GesO7 shows a very different trend. First, the
magnetization is stronger. Second, at the lower temperature the trend of
compound decreases monotonically with a local minimum at T=3K. The trend
doesn’t show the broad peak of BayCug.95Nig05GesO7 at T=7TK. Qualitatively,
magnetization of BayCug 7Nip3GesO7 indicates a paramagnetic behaviour.
Similar considerations are valid for magnetization of BayCug 5Nig5GesO5.

A brief explanation of the similar trend of magnetization of BayCug 5Nig 5Ges O
and BayCug7Nig3GesOr is discussed below.

As discussed in Section 3.2.2, compositional study of solid solution of BayCu;_,)Ni, Ge; O
shows that £=0.3 is the solubility limit, thus BasCug 7Nig3Ge;O7 and BasCug 5Nig5Ges O
are different stoichiometric compositions of solid solution apparently. Indeed,
polycrystalline powder of BasCugs5Nig5GesO7 and of BasCug 7Nig3GesOr
contain the same composition of BayCu_,)NizGe,O7 (with limit solubility
r=0.3), but BayCug;Nip5Ge;O7 contains higher additional spurious phases.
Such spurious phases are BagGe3Og and NiO, which do not affect magnetic
behaviour. Thus, BasCug 5Nig 5GesO7 and BaysCug 7Nig 3GeyO7 show the same
magnetic behaviour of BayCu(i_4)Ni, GeoO7 with 2=0.3.

Since these investigations show that Ba;Cu(;_;)Ni,Ge;O7 changes its
magnetic properties for lower doping, additional magnetic study is performed
on single crystals of BayCu(j_z)Ni,Ge,O7 with low z.

BayCug.95Nig g5 GeaO7 and BaysCug.goNig 0sGeoO7 samples are oriented using
the X-ray Laue technique, then they are cut parallel to (0,0,1) or (0,1,0)
planes and their surfaces are mirror polished.

Figure 4.5 shows the magnetization versus temperature measurements for
a magnetic field H=0.1 T applied parallel to the a-axis acquired on single
crystals of BayCuGeyO7, BasCugg5Nig05GesO7 and BayCuyg goNig gsGes Or.
They show paramagnetic behaviour of all samples at room temperature. For
BayCuyg g5Nig 05GeaO7 two features are visible, a broad peak below T=10K
and a minimum at Ty = 3.3 K. The inset of Figure 4.5 shows that this
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minimum is not similar to a cusp point, unlike the minimum of BayCuGe;O7
magnetization.

Also BayCug.2Nig 0sGesO7 shows a magnetization vs temperature with a
minimum at Ty = 3.3 K, but with greater intensity.

Such magnetic investigations indicate that substitution of Nickel on Copper
site induces considerable effects on magnetic and structural properties. They
are a crucial step to further studies as for example neutron diffraction on
single crystal samples to study the magnetism of this system.

o x=0.05

M(102p/(Cu,Ni)*)

Temperature(K)

Figure 4.4: Magnetization versus temperature of BasCu(_,)NizGe207 poly-
cristalline powder applying a magnetic field H=0.1 T.
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Figure 4.5: Magnetization versus temperature of BazCu(;_;)Ni; Ge2O7 single crys-
tal applying a magnetic field H=0.1T applied parallel to the a-axis.
Inset: enlargement of low temperature region.
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4.2.3 CU3Nb208

At present, the only magnetization data for CugNbyOyg in the literature consist
of measurements on polycrystalline samples [90], and on single crystal data
[10].

The following magnetization data are measured along the a-, b- and c-axes
of CuzNb,Og.

The resulting curves are shown in Figure 4.6. The magnetic properties in
Cu3NbyOg are anisotropic, with the magnitude and temperature dependence
of the magnetization being significantly different along each axis.

At high temperature, the magnetizations M,, M, and M. show a broad peak
centered at about 40K, confirming results reported in literature [10]. Such
feature is explained by short-range magnetic correlations and is observed in
others similar complex magnetic materials as BaoCuGe;O7.

M, is significantly lower than M, and M., this result is consistent with the
crystal structure of compound. Indeed, along b axis, Cu-O chains are sepa-
rated by the non-magnetic Nb atoms so the value of magnetization is lower.
At Ty = 26.5 K (inset of Fig. 4.6) an anomaly is showed in the curves
in all crystalline directions. It indicates an antiferromagnetic transition as
confirmed by measurement of specific heat [10], which shows an anomaly at
the same temperature.

Moreover, dM/dT show a peak at Ty ~ 25K (Fig.4.7). These divergences
match to cusps in specific heat plot and with a ferroelectric transition reported
in literature [10, 90].

For all orientations, above 50 K the susceptibilities y = % follow Curie-Weiss
law x = ﬁ. Results of fit are listed in Table 4.1. Value of estimated Weiss
temperatures are slightly lower than previous reports, very probably this
difference may be explained by the fact that our measurements are performed
on an aligned crystal, along well-defined crystallographic axes, while the
previous results are obtained from randomly oriented polycrystals.
Synthesis of large single crystals allows us to investigate the fundamental
physics of this material in order to identify the mechanisms responsible for
its peculiar helimagnetic properties.



CHAPTER 4. MAGNETOMETRY AND LATTICE DYNAMICS 104

M(102p/(Cu)™)

Figure 4.6:

Figure 4.7:

0,24 - P
| y 0,20 /R |

% 1T, =26.5K]

0,22 - 3

0,20

0,18

0,16
0,14 §
0,12
0,10

0,08

0 50 100 150 200 250 300
Temperature (K)

a)Temperature dependence of magnetization of CuzNbsOg single crys-
tal with field applied parallel to different crystallographic axes.

T F T T T T T T T T LI I B B B
| H/a | H/b o H
| .I. B ° =
al® : =
|, o ol ® o.: 1
B e | o L L ;
2 C e . : e ¢y,
ClS e, & 1 e 1
3 | 0.... ..O : 000.. 3 | O.
| Coo | o = : pCTPs
| : i
11=24,79 K 'T=25,2K | T=25,07
N B P N R P [N R

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Temperature (K)

Divergences in the derivative dM/dT along different crystallographic
axes of CugNbyOsg.



CHAPTER 4. MAGNETOMETRY AND LATTICE DYNAMICS 105

O (K) C (emu K/mole 'Oe™1)

Hlja -153,07 + 0,02 2,42 + 0,03
H|[b -121,66 & 0,02 1,60 + 0,03
H|jc -147,37 £ 0,02 2.3 + 0,03

Table 4.1: Weiss temperature and Weiss constant values obtained for the fit of

x~! versus T data collected on CuzNbyOg single crystals with H=0.1

T.
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4.3 Infrared and Raman spectra of helimag-
net Ba,CuGe,O-

The lattice dynamics of helimagnet BayCuGe,O7 is studied by measuring the
infrared reflectivity of a single crystal with the radiation polarized both in the
ab plane and along the ¢ axis of its tetragonal cell, from 7 K to 300 K [112].
The raw reflectivity data of Ba;CuGe,O7 are shown in Fig. 4.8. No interesting
effects are shown by the spectra at intermediate temperatures. Both spectra
look very similar to the corresponding reflectivity spectra of BasCoGesO7, as
reported in the same frequency range [103].
The optical conductivity extracted from the data of Fig. 4.8 is shown in
Fig. 4.9 in the far infrared region, both at the lowest and highest measured
temperatures. Fourteen transverse optical (TO) phonon modes are detected
with the radiation polarized in the ab plane, out of the eighteen E modes
predicted by a factor-group analysis of the P-42;m unit cell, and all the ten
B, modes predicted along the ¢ axis. The absence of line frequencies common
to both polarizations confirms that the polarizer is correctly oriented and
that the sample is a single crystal.
In order to understand the complex phonon spectrum of BayCuGe,O7, a
shell model (SM) is used which enabled us to perform lattice dynamical
calculations and to compare the results with the measured o(w). The
theoretical frequencies €2;(th) of the transverse optical (TO) infrared phonons
obtained with the model are calculated for the ab plane and for the ¢ axis.
There is a good agreement, within the experimental linewidths, between the
observations and the theoretical predictions, as far as the phonon frequencies
are concerned [112].
Only few modes are systematically higher than the theoretical values. The
discrepancy may be due either to anharmonic effects, not taken into account
in the model, or to an overestimation of the shell-shell repulsive interactions.
The number of the observed phonon lines is lower (for the ab plane) or equal
(for the ¢ axis) to that predicted for Ba;CuGe,O when cooling the sample to 7
K. Therefore, spectra confirm that the tetragonal symmetry is conserved down
to the lowest temperatures, with no appreciable orthorhombic distortion.
The work [113] is aimed at completing the description of the lattice
dynamics in BayCuGe,O7 by presenting its Raman phonon spectrum.
The Raman spectrum is detected at temperatures varying from 300 to 80 K
in a single crystal, with the radiation polarized either in the ab plane or along
the ¢ axis of its tetragonal cell.
The results of Raman scattering in BayCuGe,O; are shown in Fig. 4.10
a)-b) for the radiation polarized along the a axis and in Fig. 4.10 c¢)-d)
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Figure 4.8: Reflectivity of BagCuGesOyr, in the far-infrared range of frequencies at
7 K (solid line) and 300 K (dashed line), with the radiation polarized

in the ab plane (a) and along the ¢ axis (b).
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for the electric field along the ¢ axis. Only spectra taken at 80 and 300
K are reported, as no major effects are found to affect the phonon lines
at intermediate temperatures. 29 Raman lines are observed which, once
combined with our previous infrared observations, provide the frequencies,
widths, and relative intensities at different temperatures of 40 phonon modes
out of the 45 predicted by group theory for this crystal. In Fig. 4.10, at 80
K, 24 lines are detected with E along a (two of which are extracted from a
couple of asymmetric lines by fitting to the data a sum of Lorentzians), while
17 lines are observed with E along the ¢ axis in Fig. 4.10.

Among the latter ones, however, only five are not replicas of those of the ab
plane.

These results provide an exhaustive description of the lattice dynamics in
BagCuGegO7.



CHAPTER 4. MAGNETOMETRY AND LATTICE DYNAMICS

10°
{ 80K ab-plane a)
- 5 |
s
¥ i
.-§= | ”
£ | I
2
E 1
i | l ||I|| |_'I|I|I Jl B |I||II || ||||
LA VWA [
L‘—\___JII |l./l ||I
]D i T T T | T T T I T T T I T T T | T
200 400 600 00
Raman shift (cm_'}
2
107+
300K b)
5] |
o |
5 | i
£ |
g Fr | I
'z | : f | ||
= if | |
2 | - , [ V1
E 10 LWy ' | ]}
T iR W .I | I I|
1 ploLoAa 0 | B |
| LU bk, e T ¥
51U W * "'."'lﬁV L"'“\.._____,,_r’; "-__\__
L Ly B B B B B
200 400 600 00

Raman shift li:m_llI

Intensity (a. u.)

Intensity (a. u. )

110
2
S0 K c-axis C)
10
]
2] | | |I ||
- |
il W\
h T T T I T T T I T T T I T T T I T
200 400 600 800
Raman shift [l:l’ll-l}
)
,| 300K \ d)
5 |
4] |
f
!I' | |
2 'I. |
L] ] | 1
107 i i I
] | :| Il { | W
st W\ Lotk o /|
T W WV L TR
L e B |\"n~
200 400 600 800

Raman shift (cm_'}

Figure 4.10: Raman spectrum of BagCuGe207 at (a) 80 K and (b) 300 K, with
the incident radiation polarized along the a axis. The spectra are not
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(c) 80 K and (d) 300 K, with the incoming radiation polarized along
the ¢ axis. Nine of these lines also appear in the spectra of Fig. 4.10.
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4.4 Electronic bands and optical conductivity
of B&QCUGGQO7

In previous Section the infrared and Raman spectra of BaoCuGeyO7 are shown
and successfully compared with shell-model calculations of its vibrational
dynamics.

In this Section, BagCuGe,O7 electronic bands are investigated [114]. Optical
spectra are taken at different temperatures from the mid-infrared (MIR) to
the visible with the radiation polarized in the ab plane and along the c axis.
The reflectivity is measured in the ab plane and along the ¢ axis of a single
crystal of the BayCuGe,O7, from 20 to 300 K and from 700 to 24000 cm ™.
The reflectivity of BasCuGe,O5 is shown at different temperatures, for both
polarizations, in Fig. 4.11 a)- b).

There in one may remark the low absolute values of R(w), which overcomes
0.2 in the visible range only. This is due to a sharp increase of the reflectivity,
better shown in the insets, which at room temperature is observed around
13000 cm™! in the ab plane (a), around 14000 cm™! along the ¢ axis (b). Both
insets also show the temperature dependence of the edge of that absorption
band, which unusually softens for decreasing temperature. In the main figure,
both spectra also exhibit a MIR band between about 2000 and 4000 cm ™.
It also exhibits a strong temperature dependence, but in the opposite way.
The features around 1500 cm ™! in both panels, enhanced by the overall low
reflectivity of the sample, may be tentatively ascribed to overtones of the
highest-frequency strong phonons of BayCuGe,O7.

The real part o(w) of the optical conductivity is shown in Fig. 4.11 ¢)- d) for
the whole spectral region of the present experiment.

The narrow peaks in the far infrared are due to the highest-frequency phonon
modes. In Fig. 4.11 ¢)-d), the lowest-energy broad feature is a MIR band,
which in the ab plane hardens between 300 and 20 K by more than 1000
cm~!. On the contrary, the corresponding band measured along the ¢ axis
does not shift appreciably, while its intensity grows smoothly for decreasing
temperature. The already mentioned behavior with temperature of the edge
of the near infrared (NIR) band, in both polarizations, is confirmed in Fig.
4.11 ¢)- d). When cooling the sample from 300 to 20 K, it softens by about
1500 cm ™! in the ab plane, by even 2000 cm ™! along the ¢ axis. As already
remarked, this behavior is unusual, if compared for example with that of the
optical gap in most semiconductors.

In conclusion, of this optical study three groups of absorption bands,
rather weak, have been identified, in the mid infrared, near infrared and



CHAPTER 4. MAGNETOMETRY AND LATTICE DYNAMICS 112

030, 500 —
0.25 1400 - | = %ok
0.20- 11 200k
2 B - : g 300 1= gggt 13.0 _114_D>(1-l}3
& 0.15 5 i -"M“"'F ;Js{cnl':?m.-n < 200 i
0.10H \\ ] [
0.05 L Vsl
| 0 T
0 P
0.307 500
0.25 |
_ 400 —
0.20 7
e i el
3 b5 3 00 q
L - o
0.10 - 200 g
0.05 100 —
0
1
®(cm )
Figure 4.11: Reflectivity of BagCuGe2Or from the far infrared to the visible, with

the radiation polarized in the ab plane (a) and along the ¢ axis (b), at
different temperatures. In the insets, the spectral region of the near
infrared is enlarged to highlight the temperature dependence of the
highest-energy band edge. ¢) Optical conductivity of BagCuGeaO7
from the far infrared to the visible spectral region, with the radiation
polarized along the a axis (c) and along the ¢ axis (d), from 300 K to
10 K. In the insets, the spectral region of the near infrared is enlarged
to better show the temperature dependence of the highest-energy
band edge.
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visible range.

The band structure has then been determined for the ab plane by a DFT
approach and the resulting optical conductivity has been calculated by the
Kubo-Greenwood formula. Also the resulting, theoretical o(w) exhibits three
groups of bands, whose frequencies are in substantial agreement with the
observations.

The experiment also shows that, interestingly, both the MIR band of the
ab plane and those for both polarizations in the visible range, are strongly
temperature dependent.

Even if our DFT calculations cannot provide T-dependent results, the observed
effects could be due to a distortion of the Cu-O bond angles in the CuOy,
tetrahedra. Indeed, both the calculated MIR band and the edge of the band
in the visible are extremely sensitive to those parameters. The observed band
shifts can indeed be qualitatively reproduced by variations in the Cu-O bond
angle o by less than 3°. Probably, the main effect of temperature on the
Bay,CuGeyO5 lattice is such distortion.



Conclusions

This thesis is focused on helimagnets BasCuGey,O7; and CuzNbyOg. It is
well known that helimagnets can host a number of interesting anisotropic
properties. These studies require the preparation of high quality samples.
Bay,CuGeyO7 single crystals are successfully grown by the floating zone tech-
nique using both two and four mirror optical floating-zone furnaces. The
synthesis procedure of the polycrystalline rods is found to be a critical factor
for the crystal growth.

Several crystal growth conditions are attempted and the optimized conditions
to produce the best crystals are described in detail.

The excellent crystallinity of the crystals obtained is confirmed by the FWHM
value of X-ray rocking curve.

The magnetic ground state is investigated via dc magnetometry measurements.
The experiments show the existence of different magnetic phases, the transi-
tion at 0.6 K is new and rather unexpected. Given this complexity, further
low-field low-temperature studies are needed to fully understand the role of
antisymmetric exchange interactions in establishing new types of magnetic
order.

While magnetoelectric properties of BaoCuGe,O7 have been extensively dis-
cussed in past research, no investigation is reported on its lattice dynamics.
In this thesis, infrared and Raman phonon spectra of BayCuGe,O7 are also
shown.

The spectra confirm that the tetragonal symmetry is conserved down to the
lowest temperatures, with no appreciable orthorhombic distortion.

Optical study is completed by measuring the optical conductivity in the
region of electronic bands of BayCuGeyO7, both in the ab plane and along
the ¢ axis. Three groups of absorption bands, rather weak, are identified, in
the mid infrared, near infrared and visible range. It would be interesting to
investigate the pressure dependence of the optical properties of BasCuGeyO7,
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which would allow one to verify directly the role of local distortions of CuQOy
in determining the electronic band structure and optical conductivity.
Bay,CuGesO7 shows a complex magneto-electric behaviour and additionally
hosts a number of interesting properties, as well as is predicted to host mag-
netic skyrmions.

This work underlines that melilite-type oxides are potential targets for
exploring interesting magnetic and electronic properties as well as multifer-
roicity and magneto electric effects. The physical properties of melilite oxides
mainly depend on the nature of the transition metal ion, thus interesting
properties could emerge in mixed melilite oxides. This work investigates two
mixed melilite oxides: BayCu(;_,)Mn,Ge;O7 and BayCu(q_;)Ni, GeyO7.
Furthermore, mixed polycrystalline samples BasCu(;—,)Mn,Ge;O7 are suc-
cessfully synthesized by solid state reaction. The series of samples with z
changing in the range (0;1), show an almost constant value for the a-axis,
while a linear trend exists for the c-axis.

Mixed polycrystalline samples BayCu;_;)Ni,GepO7 are successfully synthe-
sized by solid state reaction. XRD analysis shows that £=0.3 is the limit
solubility.

The evolution of cell parameters of BayCu(—;)Ni,Gep,O7 as a function of Ni
content is investigated. For £<0.3, the addition of nickel to structure involves
a linear stretching of c-axis and a parallel shortening of a-axis, while for
£>0.3, the cell parameters keep constant.

Single crystals of BayCu(1_4)Niy GeoO7, with # in the range (0.05;0.3), are
successfully grown by the floating zone technique.

This work reports optimized conditions to produce the single crystals. The
excellent crystallinity of the crystals obtained is confirmed by the very low
FWHM value of X-ray rocking curve. The FWHM of BayCu;_,)Ni, Ge,O7 is
similar to one acquired on BayCuGeyO7 single crystal.

X-ray Laue back reflection and EBSD techniques are used to orient single
crystals specifically for selected experiments.

To study the magnetic phase diagrams of grown crystals, magnetization mea-
surement as a function of temperature (M(T)) is performed.

This work shows that M(T) curves of BayCug g5Nig 05 GesO7 and of BayCug goNig gsGea O
are similar to the BayCuGe,O7 behaviour but with greater intensity.

In conclusion, these investigations indicate that substitution of Nickel on
Copper site induces effects on magnetic and structural properties. They are
a crucial step to further studies as for example neutron diffraction on single
crystal samples to study the magnetism of this system.

CuzNbyOg single crystals are successfully grown by the floating zone tech-
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nique. This work reports optimized conditions to produce the best crystals
using both two and four mirror optical floating-zone furnaces.

The single crystals are found to be of highest quality as characterized by
polarized optical microscopy, EDS, X-ray powder diffraction, and X-ray Laue
diffraction measurements.

CuzNbyOg crystal cleaves without a natural favourite crystallographic direc-
tion, therefore the X-ray Laue back reflection and EBSD techniques are used
to orient single crystals specifically for selected experiments.

To study the magnetic phase diagrams of grown crystals, magnetization mea-
surement vs temperature is performed.

Cu3NbyOyg is one of only two multiferroic known with centrosymmetric tri-
clinic crystal structure with P -1 space group. We report magnetization
data measured along the a-, b- and c-axes. The M(T) curves in CuzNbyOg
are anisotropic, with the magnitude of the magnetization being significantly
different along each axis.

Moreover, dM/dT show a peak at T = 25K for magnetic field applied along
the crystallographic axes. These divergences match to cusps in specific heat
plot and with a ferroelectric transition reported in literature.

The bulk property measurements motivate the need to further investigate
the different phases present in CuzNbyOg using neutron diffraction. Some
preliminary information on the nature of the magnetic order is now available,
however, completion of these study would be very useful for microscopically
characterising the magnetic phases.
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