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Introduction

Chapter 1

Introduction

Der Mensch versteht nichts - aber das auf einem sehr hohen
Niveau.

Dieter Nuhr

Abstract

Die Perovskite sind auflerordentlich vielseitige Keramiken, zu denen beispielsweise auch
magento-elektrisch gekoppelte Multiferroika gehoren. Aktuelle Studien zeigten, dass wenn
die Manganate der Seltenen Erden (wie z.B. EuMnQO3) mit kleineren Kationen (wie z.B.
Yttrium) dotiert werden, eine neue Stofffamilie entsteht, vergleichbar mit den Manganaten
der Seltenen Erden mit kleinerem Toleranzfaktor[1]. Allerdings konnen einige sehr inter-
essante Seltenerdmanganate nicht mit Neutronenstreuung untersucht werden, da sie sehr
hohe Absorptionsquerschnitte besitzen (z.B. Eu oder Sm). Ein Ziel dieser Arbeit ist nun,
das Nd in NdMnOs mit Y zu ersetzen um den Toleranzfaktor zu verringern und somit
die magneto-elektrischen Eigenschaften der RMnOs zu simulieren, so dass die Entwick-
lung der multiferroischen Eigenschaften, wie sie z.B. in TbMnOs und DyMnQOs auftreten,
untersucht werden kann.

Polykristalline Pulver und Einkristalle mit der Zusammensetzung Ndy_, Y ;MnOs wurden
mittels Festphasenreaktion und des Schmelzzonenverfahrens synthetisiert. Von den Pulver-
proben wurden die magnetischen Eigenschaften bestimmt sowie Rontgen- und Neutronen-
diffraktometrie zur Strukturaufklirung verwendet. Dieses ergab eine Phasentrennung, so
dass in einer Ubergangszone von x = 0.40 bis 0.45 die A-Typ antiferromagnetische Phase
mit einer modulierten Spinordnung koexistiert.

Neutronenstreuung an Einkristallen bestitigen diesen Ubergang bei steigendem x, wobei
die Temperaturabhingigkeit der modulierten Spinordnung zeigt, dass die paramagnetische
Ordnung sich mit sinkender Temperatur zu einer kollinearen Spindichtewelle in Richtung
der b-Achse entwickelt, welche im Grundzustand eine zykloidische Struktur besitzt, die sich
in der be-Ebene befindet und entlang der b-Achse propagiert. Diese zykloidische Struk-
tur ist fiir die ferroelektrische Polarisation in TbMnOs verantwortlich. Das Messen der
physikalischen Eigenschaften bestitigte, dass mit der Entstehung der zykloidischen Struktur
in Ndy—_, Y .MnOg die entsprechenden Kristalle ebenfalls eine spontane Polarisation entlang
der c-Achse zeigten. Diese Polarisation kann von der c-Achse in die b-Achse gekippt werden,
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bei Anlegen eines magnetischen Feldes entlang der b- oder c-Achse, was vergleichbar ist mit
TbMnOs und DyMnOs.

Temperaturabhingige Neutronenstreuung an Einkristallen bestitigte die Koexistenz beider
magnetischer Komponenten. Die antiferromagnetische A-Typ Ordnung verliert mit steigen-
dem x an Intensitit und die Ubergangstemperatur sinkt bis x < 0.45, wihrend die mod-
ulierte Spinkomponente ab x > 0.35 nachweisbar ist. Hochauflosende Neutronenstreu-
ung zeigte, dass die modulierte Spinkomponente aus zwei unterschiedlichen Komponenten
besteht: eine mit einer lingeren und eine mit einer kiirzeren Wellenzahl. Die erste be-
sitzt eine konstante Wellenzahl und zeigt eine Ordnung mit langer Reichweite, wihrend die
zweite eine variable Wellenzahl zeigt, nur in Verbindungen mit dem antiferromagnetischen
A-Typ auftritt und auch von der temperaturabhiingigen Anderung des A-Typs abhiingig ist.
Dies fiihrt zu dem Schluss, dass die Komponente mit der kiirzeren Wellenzahl als Puffer
zwischen den zwei kontriren magnetischen Komponenten fungiert.



Abstract

The perovskite structure is one of the most versatile ceramic host, for example for magneto-
electrically coupled multiferroics. Recent studies showed that doping rare earth manganites
(as EuMnO3) with smaller cations (as yttrium) results in a new family of manganites with
properties comparable to rare earth manganites with similar tolerance factor[1], but unfortu-
nately some interesting rare earth manganites cannot be examined by neutron diffraction, as
they are highly neutron absorbing, like Eu or Sm. One of the goals of this thesis is to replace
Nd in NAMnOs with Y to reduce the tolerance factor and therefore to simulate the magneto-
electric properties of RMnOs to investigate the evolution of the multiferroic properties as in
TbMnOs3 and DyMnOs.

Polycrystalline and single crystal Nd .Y ,MnQOg compositions were synthesized with solid
state reaction technique and floating zone method. Magnetic properties of the polycrystalline
samples were measured as well as the x-ray and neutron diffraction patterns to initially map
out a phase separation where the A-type antiferromagnetic order co-exists with a modulated
spin order and is visible at approximately x ~ 0.40 to 0.45.

Neutron diffraction of single crystals proved this transition with increasing x and the tem-
perature dependence of the modulated spin order from paramagnetic to a collinear spin den-
sity wave along the b-direction and at 2 K to form a cycloidal structure with the cycloid in
the be plane propagating along the b-direction. This cycloidal order is responsible for the
ferroelectric polarization of TboMnQOs. Physical property measurements confirmed that with
the appearence of the spin cycloid in Ndy_,Y,MnOs the material exhibits a spontaneous
polarization along the c-direction. This polarization can be flopped from c to a by applying
a magnetic field along b or ¢, what is comparable to TboMnOs and DyMnOs.

Temperature dependent neutron scattering experiments confirmed the co-existence of both
magnetic components. The A-type antiferromagnetic order decreases in intensity and tran-
sition temperature with increasing x until x < 0.45 while the modulated spin component
is measurable at x > 0.35. High resolution measurements revealed that the modulated spin
component has two appearances: one with a shorter wavenumber and one with a lower
wavenumber. The first one has a stable wavenumber and shows long range order while the
latter one is only detectable when a A-type antiferromagnetic component is present. The
wavenumber, intensity and width of the reflection of the latter one is strongly dependent
on the A-type antiferromagnetic component leading to the conclusion that this is a buffer
between the two magnetic components existing at low x (A-type antiferromagnetic order)
and low x (modulated spin order).
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1.1 Ferroic Materials

1.1.1 Primary Ferroics

here are three primary ferroics, ferromagnets, ferroelectrics and ferroelastics, that

show a phase transition, at a temperature T, where they undergo changes in the
microscopic and macroscopic scale. In the microscopic scale the symmetry of the crys-
tal is reduced, with the loss of one point group symmetry operator as for example by a
microscopic displacement of atoms in a ferroelectric. To reduce the free energy, the fer-
roic crystal form domains, so that the ferroic properties averages over the entire crystal
macroscopically to sum to zero[2].

An appropriate external field (magnetic field for ferromagnets, electric field for fer-
roelectrics and mechanical stress for ferroelastics) allows the domains to reorient in the
same direction along the field leading to a persistent ferroic property when the field
is withdrawn. When the external field is reversed the direction of a ferroic property
also reverses forming a characteristic hysteresis curve that can be measured as shown
in Figure 1.1.

If the order parameter of a ferroic phase transition is the ferroic property itself the fer-
roic is called a proper ferroic in contrast to improper ferroics where the ferroic property
is consequence of an other process[3]. When two different primary ferroic properties
are to be found in the same material it is called a secondary ferroic, like for example
materials that show a magnetic and a ferroelectric order. If those two components are
coupled to each other they are called a multiferroic, meaning in this particular case
magnetoelectric.

To introduce the magnetoelectric multiferroics the following sections will briefly
describe the properties of ferromagnetism, ferroelectricity and the magnetoelectricity,
while discussion on the third class of ferroics, ferroelastics is omitted.

1.1.2 Ferromagentism

In ferromagnets the microscopic change at the phase transition is a loss of time reversal
symmetry leading to atomic magnetic moments that orient in one distinct direction.
Macroscopically domains appear and each exhibit a spontaneous magnetization, while
to minimize the free energy of the crystal (or grain), the sum of the magnetic fields
of these domains adds to a zero, unless an external field forces or poles the magnetic
domains to align in one direction, resulting in a magnetic susceptibility over the crystals
thatis y >> 0 and

oM,
Xij = ﬁ’

J

(1.1)
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P.‘ Mi €j
+P +M ; te
E H S
-P -M -e
Ferroelectric Ferromagnetic Ferroelastic

Figure 1.1: A defining feature of ferroic materials is that they exhibit hysteresis. Here three
typical hysteresis curves for a ferroelectric are shown (spontaneous polarization P under the
application of an electric field E), a ferromagnet (spontaneous magnetization M under the ap-
plication of a magnetic field H), and a ferroelastic (spontaneous elastic strain e;; under the ap-
plication of stress field S) material, respectively. The reversal of the sign of the applied field in
the three cases causes a reversal in the direction of the ferroic property.

where H is the magnetizing force and M is the magnetization. Ferromagnetism only
exists below the transition temperature T¢. Above T¢ spins are disordered forming a
paramagnet that does not show spontaneous magnetization. The temperature depen-
dence of a paramagnetic spins follows the Curie law

C
Xm = 0_T (1.2)
with © is the Curie temperature and C the Curie constant
Ng? 1
o Ny upS(S + )7 (13)

3kp

where S is the magnetic moment, N is the number of magnetic moments, g is the
Landé g-factor, ;15 is the Bohr magneton and kg is Boltzmann’s constant. In a perfect
paramagnet ¢ is zero while a paramagnet with a ferromagnetic transition 6 is greater
than 0 K and equates to T¢.

Louis Neéel in the 1950s predicted another class of magnets, called antiferromagnets
where the lattice magnetization is zero due to the antiparallel alignment of the spin. Al-
though many including Landau thought that this will not be possible as quantum fluc-
tuation will annihilate the antiferromagnetic order, neutron diffraction soon afterwards
showed that an enormous amount of materials exhibited antiferromagnetic order.

Between those two states (ferromagnetic and antiferromagnetic) a broad variety of
other possible magnetic orders exist. Ferrimagnetic materials show spontaneous mag-
netization like a ferromagnet, but a part of the spins point in the opposite direction as
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in antiferromagnetic materials. The spins may also be canted and an antiferromagnet,
may exhibit a ferromagnetic component orthogonal to the easy axis as shown in Fig-
ure 1.2. Another possible way to order is a proceeding rotation of the spins along all
possible directions resulting in complex structures such as spin density waves, cycloids
or helices.

ITTHTE T PP AV

Ferromagnet Antiferromagnet Ferrimagnet Canted
Antiferromagnet

Figure 1.2: An illustration of spin order in ferromagnets, antiferromagnets, ferrimagnets and

canted antiferromagnets

1.1.3 Ferroelectricity

Only 11 out of 32 crystal classes that exist are polar, although 21 do not have an inver-
sion center[4]. In these polar crystals a spontaneous electric polarization P;' can exist
without an external electric field. Those crystals are called pyroelectrics as P, changes
with temperature and vanishes at a transition temperature T¢. Another group of mate-
rials that show spontaneous polarization are ferroelectrics[5].

In ferroelectrics the microscopic origin at T is the loss of inversion symmetry where
atomic displacement in one distinct direction produce an electric dipole. This may result
in domains exhibiting a spontaneous polarization P, in a macroscopic scale, also here
reducing the free energy by compensating the polarization in all domains to zero in the
bulk. Above T¢ the ferroelectric material shows a paraelectric state that is comparable
to the paramagnetic state.

If P; can only appear in one axis (with two possible orientations) it is called a uniaxial
ferroelectric, in contrast to a multiple axis ferroelectric. The dielectric permittivity e of
the paraelectric phase follows the Curie-Weiss-law for the dielectric constant

K
T -1y
with T for the Curie temperature, K for the Curie constant and ¢, for the optical
dielectric constant. T and Ty are close to each other or at second order phase transitions
are equal leading to an increased e, around T, often with higher values even in the
ferroelectric phase. In the temperature regime between T and T, the paraelectric phase
coexists with the ferroelectric phase with the paraelectric phase being metastable.

(1.4)

€ = €5 +

IThe naming of the polarization in the following text will refer explicitly to the electric polarization
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If the orientation of P, can be reversed with electrical fields a hysteresis can be ob-
served as shown in Figure 1.1. This separates ferroelectrics from pyroelectrics.

Usually ferroelectric crystals can be divided in two groups: order-disorder and dis-
placive. The first one has a dipole in moment in each unit cell that are disordered
at high temperatures, pointing in random directions. At the transition temperature
the dipoles order, all pointing in the same direction within a domain. An example is
NaNOs,. Displacive ferroelectrics show at the transition temperature a displacement of
an ion against an other in the unit cell. This leads to an asymmetrical shift in the equi-
librium ion positions and therefore to a permanent dipole moment. An example of such
transition is BaTiO3, where the Ti ion is displaced from the center of the TiOg octahedron
at Tc.

Another type of ferroelectrics are known as relaxor ferroelectrics[6]. Relaxor fer-
roelectrics show characteristic properties, such as strong frequency dependence in the
dielectric permittivity ¢ as well as in the dielectric loss €” for temperatures at the peak
maximum resulting in higher transition temperatures at higher frequencies. The phase
transition is therefore uncertain and the crystal maintains a ferroelectric polarization
into the paraelectric phase on warming.

1.2 Magnetoelectric Multiferroics

Magnetoelectric multiferroics are improper secondary ferroics where the ferroelectric
and the ferromagnetic properties are coupled. While such behavior is predicted from
symmetry considerations [7, 4, 8], how to actually create strong coupling between differ-
ent types of ferroic order is a long standing issue in modern condensed matter physics
[9, 10, 11, 12]. Early scientific work on this subject tried to combine ferroelectricity and
magnetism in one material[13]. These two contrasting order parameters turned out to
be mutually exclusive[14, 15, 16, 17, 18]. Further the coupling between the two is not
strong in every case as the respective microscopic mechanisms are quite different and
avoid strong interference[19, 20].

There are certainly numerous technological applications for magnets and ferroelectrics,
so to strongly couple them in a single material has been the aim of technological as well
as scientific pursuit. While linear magneto-electric effect was realized in the 1960’s[21],
the work that followed failed to deliver materials that exhibited a strong magneto-
electric coupling[9, 16]. For example ferroelectric magnets such as BaMnF,, where
the ferroelectric and magnetic transitions are separated by hundreds of degree Kelvin,
showed little or no evidence of magneto-electric coupling[22]. More recent examples
are LuFe,O, or hexagonal HoMnOj3[23]. In LuFe;O, at high temperatures, the Fe-ion is
in a charge disproportionated state with a valence of +2.5[24]. Below Trr = 330 K, ¢,4-
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charge order takes place that forms a layered arrangement of Fe** and Fe®" ions with the
consequence of inducing a ferroelectric distortion in the crystal. As the order parameter
here is that of the charge ordering in Fe-ions and the associated lattice displacements,
ferroelectricity is of an improper type. The antiferromagnetic order of Fe-ions occurs
below Ty = 240 K and therefore is not coupled to the ferroelectric order. Also in the
hexagonal HoMnOj a structural transition at Trr = 875 K leads to the Mn** ions to be
shifted in the position relative to the oxygen anions in two opposite directions, breaking
inversion symmetry and inducing a dipole[25]. The antiferromagnetic transition occurs
at a significantly lower temperature Ty = 75 K is clearly is not coupled to Ty, however
there is a magneto-electric effect reported to arise from the Ho ions[26].

The challenge has been how to devise materials where magnetism and ferroelec-
tricity is strongly coupled. While much effort has been devoted to this area[27], very
recently it was realized that frustration in the magnetic degrees of freedom in certain
oxides can naturally couple magnetism and the lattice and result in strong magneto-
electric effects[28]. Systems with competing magnetic interactions show many types
of novel magnetic ordering. The result is a set of materials with spectacular proper-
ties such as giant magneto-capacitance[29], magnetically induced electric polarization
flops[30, 19], and a rotation of electric polarization in a periodically varying magnetic
field[31, 32]. The most important spin frustrated oxides that show strong magneto
electric effects are the manganite perovskites with general formula RMnQO; (2 is a lan-
thanide or Y), the perovskite related RMn,Ojs, the delafaucites //CoO, and MnWO,[28].
In this work the focus shall be on the perovskite manganites which are described in the
following sections.

1.2.1 The Perovskite Structure

The Perovskite structure has three distinct atomic positions that can be described by
the general chemical formula ABX3, where A and B describing cations and X an anion.
The X anion has approximately the same ionic diameter as the A cation forming a cubic
dense sphere packing. The coordination of the B to the X ions is octahedral and the A
cation occupies the space between these octahedra as shown in Figure 1.3. The size of
the ions plays a central role for the stability of the crystal system.

The variation of the ionic radii causes structural changes in perovskites[33]. Here
the crystal structure can be predicted by the ratio of the ionic sizes. To say whether the
ilmenite (hexagonal) or the perovskite (cubic/ rhombohedral/ orthorhombic) structure
is more stable Goldschmidt proposed the formula

<Ta> A+ <ryx >>>
t = (1.5)
V2(<ra >+ <rx>)
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© A-cation
() B-cation
X-anion

Figure 1.3: An illustration of the crystal structure of cubic perovskite. The green atoms represent
the A-site cations, they yellow atoms represent the B-site cations and the green atoms are the
anions. The BXg octahedron is visible.

where < r4 > is the mean radii of the A ion, < rp > is the mean radii of the B
ion and < rx > is the radii of the anion while ¢ is the tolerance factor. Decreasing
the size of the A-site atom leads to a decreasing tolerance factor, so for RMnO; at R
= La-Dy the orthorhombic system is preferred while for R = Ho the hexagonal system
is stable. A lower tolerance factor yields further to tilts between B-site octahedra and,
therefore to modulations of the Mn-O-Mn bond angles. This is an important feature of
these perovskite manganites as it shall be seen below the magnetic exchange between
Mn ions can be tuned via the Mn-O-Mn bond angles.

1.2.2 Cooperative Jahn-Teller Distortion

With the electron configuration of [Ar] 3d® 4s* manganese has seven electrons in the
outer shell. Trivalent Manganese has the configuration [Ar] 3d*, tetravalent [Ar] 3d®. In
the latter case and considering Mn in an octahedral coordination, all three electrons are
placed in ty, orbitals. Following Hunds law the first degenerated orbitals are filled with
one electron in each d,,, d,. and d,. orbital.

If there is an additional electron (as in trivalent manganese) this electron can be
placed in a ty, orbital to pair with another one (low spin configuration), but this needs
a lot of pairing energy. Alternatively it can be placed in an e, orbital (high spin con-
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tiguration) which is energetically more favorable, i.e. d,:_,2 or d,2_,2. Since a single
electron is placed in a degenerated state, the system acts as to break this degeneracy via
a structural distortion and thus Mn?* ions are Jahn-Teller active.

In terms of perovskites containing Mn®' the Jahn-Teller structural distortion can take
two forms. One form is that e, electrons occupies a filled d ..-orbital, then the octahedron
is elongated in the z-direction that gives two long bonds in z-direction and four short
bonds in x,y-direction. In the case where the d,2_,2-orbital is occupied, the octahedron is
shortened in the z-direction with two short bonds and four long bonds in x,y-direction.

In RMnQOs3, Mn has a trivalent Jahn-Teller active state and the d,=_,- orbitals order in
a cooperative manner. This leads to a periodical ordering in the z-y plane, with long and
short Mn-O bonding and an unoccupied e, orbital perpendicular to that plane pointing
along the z-direction[34] as shown in Figure 1.4.

IO PO = 3O
40 e IO = O

T w0 3O

Figure 1.4: Periodical change of the direction of the d,»_,» orbitals, causing a prolonged octahe-
dra in this direction, resulting in the cooperative Jahn-Teller distortion as it happens in LaMnQOs.

1.2.3 Magnetic Exchange in RMnO;

Magnetic order in the RMnOj; perovskite is determined essentially by super- and double
exchange interactions. Both of these exchange interaction are mediated through the
ligand O-anion and are in contrast to direct exchange that arises from the overlap of the
electronic states of two adjacent magnetic atoms.

Super-exchange is an indirect, coupling of magnetic moments between next-nearest
neighboring metals via an intermediate ligand-anion. The electron spin of an occupied
metal d-orbital induces a parallel spin polarization in the neighboring anions fully oc-
cupied p-orbital. As this orbital contains two electrons the next-nearest metal ion will
also induce a parallel coupling between the electron spin of its occupied d—orbital with
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Ligand 2p

3d

Figure 1.5: The paired electrons of the 2p orbital interacts with the unpaired electrons in 3d of
the Mn ions to the left and to the right resulting in a antiparallel alignment of Mn spins

Ligand 2p %
3d + 3d vacant

Figure 1.6: The paired electrons of the 2p orbital interacts with the unpaired electron of the Mn
ion to he left causing an antiparallel alignment of the spins of adjacent orbitals. However the
interaction with the Mn on the right differs due to the perpendicular orientation of the d,=. This
interactions between a filled O 2p state and an empty Mn 3d state resulting in a ferromagnetic
alignment with the adjacent orbital and thus with the adjacent Mn ion.

the electron of the anions p-orbital. However due to Hund'’s rule, the electrons spins on
the anion must be antiparallel and there the magnetic coupling between the two metal
ions is antiferromagnetic.

In the case where one of the metal orbitals in this linkage has an unoccupied d-
orbital, then the coupling between this unoccupied orbital and the p-orbital of the anion
is ferromagnetic. This provides for a ferromagnetic coupling therefore between the two
metal cations.

These models of magnetic exchange were first formulated by Goodenough[35, 36]
and subsequently provided more rigorous mathematical underpinning by Kanamori[37].
They can be applied on interatomic spin-spin interactions between two metal atoms,
each carrying a net spin, that interact by virtual electron transfers between the atoms
and/or between a shared anion (like oxygen) acting as a ligand between the two metal
atoms (super exchange).

A virtual electron transfer occurs between overlapping orbitals of electronic states
that are separated by an energy AE. Orthogonal orbitals do not overlap, so there is no
electron transfer and the exchange interaction between spins in orthogonal orbitals is a
potential ferromagnetic exchange.

In the simplest form the rules set up by Goodenough and Kanamori state that super-
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exchange interactions are antiferromagnetic when the virtual electron transfer is be-
tween overlapping orbitals of the metal-ions that are each half-filled, but they are ferro-
magnetic when the virtual electron transfer is from a half-filled to an empty orbital or
from a filled to a half-filled orbital.

In a case such as the manganite perovskites where the two cation orbitals overlap
the same p orbital of a shared anion forming a cation-anion-cation arrangement with an
angle close to 180°, it is helpful to introduce the virtual electron transfer from the shared
anion to the cation first as the covalent component of the cation orbital. The net spin
of the cation orbital is not changed by addition of a covalent component. However the
covalent component extends the cation wavefunction over the anions to give an orbital
overlap for the super exchange electron transfer, but a pure semicovalent antiferromag-
netic exchange can occur between two empty orbitals provided each cation carries a net
spin and the empty orbitals share the same anion p orbital. Figures 1.5 and 1.6 demon-
strates ways of super exchange interaction between two anions over an cation resulting
in antiferromagentic and ferromagnetic alignment.

In LaMnO; the Mn** has degenerated e,-orbitals. This degeneracy is lifted at an
rhombohedral to orthorhombic structural phase transition at high temperature[38]. This
phase transition can be regarded as an orbital ordering transition where 3d,> and 3d,:
orbital are occupied on alternate Mn sites within the orthorhombic ab-plane as shown
in Figure 1.4. Structurally this leads to linkage in the lattice of alternating short and
long Mn-O bonds. This orbital ordering causes half-filled d-bond orbitals to overlap
empty d-bond orbitals in the ab-plane and as argued above such arrangements give
rise to ferromagnetic interactions. Indeed below Ty = 145 K[39] LaMnOs; develops
an antiferromagnetic order consisting of ferromagnetic layers in the ab-plane that are
antiferomagnetically coupled along the c-axis. The antiferromagnetic stacking along
the c-axis is understood also in terms of super-exchange as in this case the Mn exchange
is via two unoccupied e, orbitals. This magnetic order of ferromagnetic layers stacked
antiferromagnetically is known as A-type[40].

Magnetic Frustration in RMnOj; perovskites

By lowering the tolerance factor and decreasing the <Mn-O-Mn> bond-angles it was
found that the Néel-temperature Ty decreases from 140 K for R=La to 45 K for R=Tb
and increases again to 49 K R=Ho, as shown in Figure 1.7. This may indicate that the
lower tolerance factor destabilizes and frustrates the A-type magnetic ordering. For R
= Eu to Dy at Ty an incommensurate collinear spin density wave forms with Mn spin
oriented along the b-axis. The magnetic wavevector for this order is © = ¢b*, and ¢ varies
between 0.2 to 0.39.

In contrast compositions that exhibit only A-type antiferromagnetic order, the ones
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Figure 1.7: The dependence of the Néel temperature as a function of <Mn-O-Mn> bond angle.
The <Mn-O-Mn> bond angle is varied by choosing progressively smaller rare earth ions from
La to Ho. Here it is evident that the A-type antiferromagnetic phase is suppressed with decreas-
ing the size of the rare earth ions. For Eu, Gd, Tb and Dy, an incommensurate magnetic structure
is evident at lower temperatures. For Ho a commensurate E-type structure is found. This Figure
was published by Kimura et al.[41]

forming a incommensurate spin order below Ty (R = Eu to Ho) show an additional tran-
sition below Tx. For R = Eu and Gd the system stabilizes in an A-type antiferromagnetic
structure again, while at R = Ho, Tm, Yb, Lu the system stabilizes in a commensurate
antiferromagnetic structure known as E-type[42, 43, 44, 45]. Here in the E-type order
one of the four Mn ions in the orthorhombic unit cell points antiparallel to the other
three while the antiferromagnetic stacking along the c-axis is maintained. For R = Tb
and Dy a second component of the magnetic develops in addition to the b—axis compo-
nent, a phase shift difference of approximately 7 leading to a cycloidal (also referred to
as spiral) order of the spins below T causing a spontaneous polarization[46, 47, 48].

To understand the origin of the cycloidal multiferroic manganites RMnQOj3 leading
to a spontaneous polarization a model based on two e -orbitals double-exchange model
can be used. Three factors play a role of determining the magnetic order: The nearest-
neighbor (NN) super-exchange, the next-nearest-neighbor (NNN) super-exchange and
the Jahn-Teller lattice distortion. The arrangement of the couplings in displayed in Fig-
ure 1.8

The NN coupling is the strongest coupling of those in this system and can be written
as follows:
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Figure 1.8: Sketch of the crystal structure in ab-plane of RMnQOs with the NN super exchange
coupling (Jyn) and NNN super-exchange coupling (Jxnn). Blue spheres with numbers repre-
sent the Mn ions while the red spheres represent the oxygen ions. This Figure was published by
Dong et al.[49].

aB
Hppise = — Z t9QiCinCip + Jar Z Si - S (1.6)
<ij> <ij>

where the first term is the double exchange kinetic energy of the e, electrons, the
second term is the NN super exchange?. The double exchange hopping amplitude t*” is
orbital- and direction-dependent. Calculations indicate that the total energy of the spiral
phase is always higher than the energies of the A-type magnetic structure, regardless of
the value of ] 4p. So the spiral phase can not be the ground state.

The NNN coupling is much weaker as the NN coupling as it runs over two anions
(approximately 10% of the NN superexchange). Further the coupling is anisotropic as
b > a and the coupling between Mn(1)-O-O-Mn(4) (Jynn1) is 2.2 times higher as in
Mn(2)-O-O-Mn(3) (Jynn2). Additionally this NNN coupling is antiferromagnetic lead-
ing to an E-type system as in HoMnO3; when the coupling is strong enough. The Hamil-
tonian reads

2Although the magnetic interaction is mainly based on super exchange the double exchange must be
included in the Hamiltonian for a better result[49].
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HJNNN = Z JZ'YSZ' : Sj (17)
[i]

where ~ runs over a and b.

So if the <Mn-O-Mn> angles are changed by varying the tolerance factor, the NNN
coupling frustrates the system leading to the observed incommensurate spin spiral, but
with lower ¢ values as observed experimentally. Taking the Jahn-Teller lattice distortion
into account that prolongs or shortens the Mn-O bonds in the Mn-O-Mn path realistic
values can now be calculated.

The development of the second component of the magnetic order in the composi-
tions TbMnO3 and DyMnOs though do not only indicate the onset of the spin cycloid
but also the onset of a spontaneous ferroelectric polarization P; along the c—axis[28, 20].

It was shown phenomenologically [50] that the onset of ferroelectricity can induced a
ferroelectric polarization if the the magnetization M is inhomogenious over the crystal.
This arises from Maxwell’s equations which allow for a third order term of PMOM.
The symmetry of a cubic crystal constrains the possible forms of a magnetically induced
polarization and can be written as[51, 50, 52, 53]

Poc[(M-9)M— M- M) . (1.8)

The magnetic spin cycloidal structure works well with this formulation as it breaks
not only time reversal but also with space inversion symmetry[54]. This is because the
cycloidal structure is chiral and does not have an inversion center. To calculate the
polarization induced by magnetization it is necessary to describe the magnetic order
precisely. A magnetic cycloidal structure can be described generally as a sine wave with
two orthogonal components, M, and M,, propagating in the same direction with the
propagation vector k that have a phase shift of 7 and a constant component M, parallel
to the unit vector. This can be described by the expression[28]

M = M,sin(2rk - ) + Mycos(2nk - x) + M., . (1.9)

By setting the direction of the propagation vector k along « or y a cycloidal structure
is described, while if £ points along z, the formula describes a helical structure. When
M., is not zero a conical component is added. Due to the fact that adjacent spins pre-
fer to align in a collinear manner the non-collinear cycloid must be stabilized by the
antisymmetric Dzyaloshinskii-Moriya interaction[55, 56]

3The Dzyaloshinskii-Moriya interaction is a relativistic correction to super-exchange and its strength
is proportional to the spin-orbit coupling
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where D;; is the Dzyaloshinskii-Moriya vector relating the spins S; and S;. As the
spins are connected via cross product the amplitude of this interaction favors non-
collinear spin arrangements. To calculate the amplitude and direction of the polariza-
tion arising from the cycloidal order Equation (1.9) can be substituted in Equation (1.8)
leading to

_ 1
P= V/d%P = XM M, [(S; x S;) x K] (1.11)

where 7 in a coupling constant, x. is the electric susceptibility and S; and S; are
two adjacent spins. This equation sets up conditions to the polarization induced by the
magnetic structure. First, of course, the parameters outside the squared bracket must be
non-zero, what is the case in a spiral but not for a collinear spin density wave. Secondly
the adjacent spins must not be collinear, what is the case in a spiral. Third the unit vector
of the spiral and the direction of its propagation also must not be parallel, what is the
case in a cycloid but not in a helix.

These conditions can be realized in the transition of TboMnO; and DyMnOj to cy-
cloidal order. Due to magnetic anisotropies in the crystal the first component of the
magnetic order is at Ty along the easy axis forming a spin density wave. The second
component orders at T, what then forms the cycloidal structure and only than a ferro-
electric polarization is induced[57, 58, 59, 50].

The mechanism of how a magnetic spin cycloid breaks inversion symmetry and in-
duces a ferroelectric polarization in a crystal is still uncertain although two opposing
theories are known. The first is based on the Dzyaloshinskii-Moriya interaction. This
interaction favors orthogonal spin order and is proportional to the spin-orbit coupling
constant A. This constant is dependent on the position of the oxygen ion between two
magnetic transition metal ions. In a spin cycloid the system maximizes the energy of
the Dzyaloshinskii-Moriya interaction by pushing negative oxygen ions in one direc-
tion perpendicular to the spin chain formed by magnetic ions and though inducing an
electric polarization perpendicular to the chain[46, 60, 61]. Another theory uses the idea
of a spin current, j; ; o< S;x.S; describing the precession of the spin S, in th exchange field
created by the spin S;. The induced electric dipole in then given by P, ; oc 7 ; x j; ;[51].

1.3 Motivation and Scope of This Work

Although the properties of the multiferroics TboMnO3; and DyMnQOj; are known to a great
extend, the transition from collinear A-type antiferromagnetic order to the cycloidal
structure is still unclear and the topic of recent studies[62, 63, 64, 65]. The R elements at
the threshold, that is Eu, Sm and Gd, are highly neutron absorbing and structural and
magnetic analysis with neutron diffraction is not possible or only under very special
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conditions, for example taking using expensive isotopic samples. The goal is now to
imitate the structural and magnetic properties of the compositions at the transition zone
by replacing the rare earth R with elements that can be investigated with neutrons. With
this method the stages of the transition from collinear to cycloid can be analyzed, like is
it of first or second order or what is the dependence of the ferroelectric polarization. In
this work Nd in NdMnO; is replaced by Y to reduce the tolerance factor and therefore
to simulate the magneto-electric properties of RMnOs;.

In literature no information is published about a series where Nd in NdMnOQO; is
replaced by Y. Nevertheless other comparable compounds were synthesized, showing
that those properties can indeed be simulated and giving some information about the
possible synthesis conditions, Eu;_,Y,MnO;[66, 67, 68] and Gd;_,Tb,MnO; [69] are
examples for this. Nd;_,Y,MnO; covers the range of rare earth manganites from or-
thorhombic NdMnQO; (z = 0) to YMnO; (z = 1)*.

This thesis shall show that it is possible to grow high quality single crystals of the
Nd;_,Y,MnO; solid solution between the composition range of 0 < = < 0.55, while for
x > 0.55 the orthorhombic perovskite structure is no longer stable. In chapter 3 describes
the synthesis of powder and single crystals samples of this solid solution, while chapter
4 describes a characterization of the general Nd;_,Y,MnO;3; magnetic and structural
phase digram using powder samples. In chapter 5 the results of the physical properties
measurements of the single crystals are displayed while in in chapter 6 the temperature
dependent neutron diffraction measurements of the single crystals are shown. Chapter
7 describes the detailed structure of the magnetic order at 2 K and 30 K of the samples
x = 0.45 and 0.55 are while in chapter 8 the results of this work are summarized and
discussed.

4Y is not a rare earth element, but as Ho has the same ionic diameter as Y, YMnO5 and HoMnO; both
are structurally alike[70] and can be used in a equivalent manner in synthesis. Of course the magnetic
contribution of Ho and Y in this crystal is completely different
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Chapter 2

Experimental Methods

In this chapter different methods will be presented that were used to examine the
polycrystalline and the single crystal samples and to investigate the crystallographic,
nuclear and magnetic structure and phase transitions of Nd;_,Y,MnOs;.

2.1 X-ray Diffraction

X-rays are electromagnetic radiation of wavelength about 1 A, which is about the same
size as an atom. The discovery of X-rays in 1895 by Wilhelm Conrad Réntgen enabled
scientists to probe crystalline structure at the atomic level. X-ray diffraction has been in
use in two main areas, for the fingerprint characterization of crystalline materials and
the determination of their structure. Each crystalline solid has its unique characteristic
X-ray powder pattern which may be used as a ’fingerprint’ for its identification. Once
the material has been identified, X-ray crystallography may be used to determine its
structure, i.e. how the atoms pack together in the crystalline state and what the inter-
atomic distance and angle are. X-ray diffraction is one of the most important character-
ization tools used in solid state chemistry and materials science.

The wavelength of the x-ray beam and the distance between the scattering planes in
the crystal leads to a distinct scattering angle ¢ and is described by Bragg’s law

nA = 2dsinf (2.1)

with the layer distance d, wave angle ¢ and wavelength \. The optical retardation
of the reflections on the scattering planed induces destructive or constructive interfer-
ence. If the optical retardation is a multiple of the wavelength, the reflected rays will be
amplified at most.

Peak intensity I of diffracted x-rays on a crystal is described by

I=|G*|F(Q,T)’| PLE (2.2)

where G is a lattice vector, F for the form factor, P for the polarization factor and L
for the Lorentz factor. E describes the possible errors due to the measurement. The most
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important variable for structural refinement is the structure factor that is proportional
to the intensity

[hkl X ‘Fi?kl‘ . (23)

The structure factor F,; is obtained by a summation of all atoms in the unit cell. For
x-rays the term f; is the form factor and varies with sinf over A, while for neutrons this
is replaced with a scalar value of b which is the neutron scattering length.

N
Fhkl _ Z fz eQwi(hxj+kyj+lz]~) eij(t) (24)
J

The relative positions of the atoms in the unit cell are xyz and hkl are Millers indexes.
The form factor f is equal to the Fourier transformation of the electronic density (at x-ray
diffraction) of an atom that is mostly regarded as spherical. W;(T) is the Debye-Waller
factor considering the thermal movement of the diffracting atoms.

Full width at half maximum (FWHM) and shape of the peaks in diffraction patterns
are influenced by the measurement parameters and sample properties. Measurement
parameters are the spectrum of the beam, beam divergence, beam focus, grid width and
resolution. To get comparable diffraction pattern and reliable results it is very impor-
tant to keep these parameters constant. Affecting sample properties are sample volume
for transmission spectrometer or sample area for refection spectrometer as well as size,
structure and dispersion of the powder grains.

X-rays are electromagnetic radiation that interacts with the electron shell of the atoms,
i.e. the more electrons an atom or ion has, the stronger the reflections. Other properties
of the sample than electron density, e.g. atomic charge or magnetic orientation, play no
role for laboratory, non polarized x-rays'

X-rays with energies from 10 to 50 keV can be used for atomic structure determi-
nation as it is described above. In this work the diffraction patterns were made with a
Bragg-Brentano diffractometer as it is described in Section A.10.

The disadvantage of x-ray measurements is the fact that the intensities of the mea-
sured reflections are dependent of the electron density. That leads to the fact that when
a crystal has heavy atoms like rare earth elements their reflections are so strong that rel-
atively light elements like hydrogen or oxygen are hardly be seen in the pattern. Only
the form factor can give a hint for very sharp long range measurements.

'As a electromagnetic wave the magnetic part of the x-ray beam also interacts with the magnetic
part of a structure, but the intensity of the scattered magnetic pattern is very low (approximately to the
factor 1076 less) and therefore can only be detected with high resolution instruments like in synchrotron
experiments using polarized x-rays.
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Regarding Nd;_,Y,MnQO; oxygen may not be considered in the Rietveld refine-
ments, but the ratio of Nd, Y and Mn to each other (with one fixed) is accessible. So
setting Mn to 1, the right stoichiometry of Nd and Y can be calculated from the diffrac-
tion pattern. This is especially useful as the coherent neutron scattering cross section for
Nd and Y are close to equal: o.,,(Nd) = 7.43, 0.0,(Y) = 7.55. This makes it very hard to
distinguish the ratio of Nd and Y via neutron scattering.

2.1.1 Laue diffraction

To determine the quality of a single crystal and to orient the crystal for single crystal
scattering experiments, Laue diffraction was used. Here a white x-ray (or neutron) beam
is directed onto a crystal. Following Bragg’s law (see Equation (2.1)) for a interatomic
spacing distance d there is a A that scatters at a certain ©. As this is only valid on a
certain angle in space set by the orientation of the crystal the scattering will show spots
where these conditions are fulfilled. With this Laue image the orientation of the crystal
in space can be calculated and the quality of the crystal can be assessed. This is done by
examining the spherical nature of the diffraction spots and checking to see if they can
be indexed using a single crystal orientation. Twinned or multiple grain crystals will
produce multiple diffraction spots centered at the expected position of a bragg peak
from a single crystal. Powder samples will produce rings.

2.2 The Rietveld method

To analyze powder diffraction patterns, H.M. Rietveld published ideas for mathematical
refinement[71, 72] of diffraction patterns that could be used efficiently after powerful
computers made their way in scientific analysis. His method refines a crystallographic
model by minimizing the difference of the the points of the measured diffraction pattern
and the calculated diffraction pattern with the method of the least squares.

obs? — calc:
v =3 25)

The data measured in step scan mode has distinct values for distinct measurement
angles ;. It is necessary to have a model for the measured structure in advance. Start-
ing from that structural model theoretical values for the angles ¢; can be calculated.
Then the measured and calculated intensities on every angle ¢; will be compared and
a quality of fit y? can be calculated. On basis of that value the model can be optimized
by varying the structural parameters as the size and symmetry of the unit cell as well
as the reflection multiplicities and the peak shape functions. By successfully solving
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Figure 2.1: Laue image of two crystals of x = 0.4 from different crystal growths taken on Ori-
entExpress at the ILL. Top image shows no other visible grains and sharp spots, bottom image
shows clearly several grains with orientations differing up to 5 degrees.

the structure factor (with a minimized x?) the atomic positions are known. To charac-
terize the quality of the fit of one calculated phase to the observed diffraction, Bragg’s
R-Parameter can be computed.

; Iio - Iic
Ry = % 2.6)

2.3 Neutron Scattering

Neutron scattering is used in many scientific fields. A neuron beam can be produced
by nuclear fission in a nuclear reactor or in a spallation source facility. A nuclear reactor
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produces a constant neutron flux whereas a spallation source produces a pulsed beam.

Neutron diffraction compared to x-ray or electron diffraction is not proportional to
the number of electrons but a function of the energy levels in the nuclei. As the volume
the nuclei is less than 107! of the whole volume the matter is highly penetrated by
neutrons and surface phenomena are negligible. Since neutrons are not charged, they
are not scattered by the charge of the particles, unlike x-ray and electron diffraction.
Nevertheless the neutrons have a nuclear spin that is able not only to interact with other
nuclear spins but also with electron spins. Ordered electron spins, like in ferromagnets
and antiferromagnets, are the origin of magnetic neutron scattering (see next Section).
Neutron diffraction reveals structural details of the target material, which are measured
by recording the way in which neutrons are deflected (elastic scattering). Neutrons can
also change their energy during the scattering experiment; this is used to study the types
of vibrations that can occur in the solid (inelastic scattering). An important difference
between neutron and X-ray diffraction is that neutrons are sensitive to aligned magnetic
moments in the material.

Due to the wave-particle character of neutrons, expressed in the formula of de Broglie

A=—=— (2.7)
p  mu

the wavelength of the neutrons varies with the speed of the neutrons. Neutrons
with a resulting wavelength of 5 to 0.6 nm or with the energy of 0.025 until 0.2 eV, this
is equivalent to speeds from 2103 to 6103 ** are called thermal neutrons. They will be
used in this work.

The positions of the reflections can be calculated with Braggs law analog to the x-ray
patterns but the intensities of the peaks are completely different, of course. Inelastic
neutron scattering can be used for measurement of correlated motions of atoms (coher-
ent scattering) or measurement of self-correlations e.g. diffusion (incoherent scattering).

The neutron can interact with matter in two ways. First the strong interaction causes
the neutron to scatter on the nucleus. Second the magnetic dipole of the neutron of
pun = -1.9130428, where py is the nuclear magneton, interacts with the magnetic mo-
ments in the crystal so that the magnetic structure can be investigated.

The magnetic neutron scattering shows an similar angular dependence as the struc-
tural scattering. The total scattering pattern F,,; (hkl) has therefore structural F,,. (hkl)
and magnetic F,,,, (hkl) components:

| Eyor (WD) > = |Frope(RED)|? + ¢% | Fyor (kD) (2.8)

The factor g* is equal to sin?(«) with « being the angle between reflecting plane and
magnetization vector. The unit cell constants of structural and magnetic parts may differ
resulting in different scattering reflections.
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The general ansatz for the waves is

i (2.9)
with
S 2w
k=lkl === 2.1
\ 210)
Though the scattered wave is
b
Py = ——e"" (2.11)
r

with r being the distance to the scattering core, k and K’ being the wave vector and b
as the scattering length.

2.3.1 Magnetic Neutron Scattering

The magnetic diffraction potential based on the magnetic interaction of the neutron
dipole moment with the magnetic field H, of the electron is not radial symmetric and
works over a long range.

Vj(xj) = —ypé - He (212)

The magnetic scattering cross section is a result of the magnetic form factor as fol-
lows

d? K
(de(jE')PX = (y70) _Z( s — Qa@p) - Y > 1dF;(Q)Fu(Q):

of vd
. Zp,\ <A|e:np(—2'@ : ﬁl/d/)Sﬁd,|X> <X|ea:p(zQ Rld)Sd|)\>
NA

5(Ex— Ey + E—E'). (2.13)

Here Q) = 1s the normalized scattering vector |yrg| = 5.39-107'° m is the coupling
constant, « and ﬁ are the indexes for the cartesian components and p, the probability
to find the scattering system in the initial state A\. As a crystal is periodically ordered
it is now possible to introduce an elementary cell that is shifted by the vector [ to the
origin. The magnetic ions in the cell can be numbered consecutively with d. The spin
of the electrons is described with S that can be extended to a time dependent Fourier
transformed spin operator
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Sp(t) = eMt/hgp =i/, (2.14)

The lattice vibrations will be neglected, so the atomic positions are time independent.

Only the Debye-Waller-factor I, for the magnetic diffraction cross section is considered,
including the shift from the equilibrium v, in the factor W, = % <(Q . ﬁd)2>.

When the dynamic of the spin system with the diffraction law S55(Q,w) and the
other factors in Ay (k, k') are summarized the result is

d’c - 0B R
(deE/)A—»\/ & Z o8 = QaQs) - D Adw (k. K') - Sip(Q,w) (2.15)

dd’
with
LN, Gk
Add’(kak):E(TOV) —Fy(Q)Fy(Q) e e e (2.16)
Si#(@) = 5 37 [ ar L) (s, 01570 .17)

Any disturbance of a magnetic system can be described with a changing magnetic
field H(7,t) in time and space. The magnetization has a direct connection to the tensor
of the susceptibility y. The relaxation function stands in opposition to that operator
reading as follows

RY(K,t) == {sa(—z%,()), sﬁ(ﬁ,t)} (2.18)
with the curly brace defined as a connection to
1/ksT 1
{A B} = / (e A BY dX — IR (A)(B). (2.19)
0 b

If the elastic coherent Bragg part of the scattering law S5, ’ g(@ w) is subtracted only
the diffuse and inelastic scattering part is left considering N magnetic elementary cells.

hw(

S =S5 =N 711_6—_,%51{&5 (Q,w) (2.20)
ky T - hw
= Q) LG @21)
9" Hp 1 -

It is already the statistical approximation for x that does not have a time dependent
term any more. A frequency spectrum for the fluctuations F**(Q,w) has been intro-
duced.
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2.4 Magnetization Measurements

The measurement of the magnetic properties is an essential step when magnetic mate-
rials are studied. The macroscopic magnetization ), as a sample property, depends in
general on the magnetic field // and the temperature T as

M = nH, (2.22)

with x,, as the volume magnetic susceptibility that is a material constant at a con-
stant temperature that was shown in formula 1.2 resulting in

C

0-T

Depending on the crystal structure it can also show more dependencies, e.g. from
pressure p or electric field £ in materials showing the Villari-effect or a magneto electric
effect, respectively. The measurements in this work are limited in to a measurement of
M(T,H).

To determine the magnetic properties of the samples a PPMS magnetometer was
used with a VSM setup. The vibrational frequency of the sample in the VSM was about
40 Hz with an amplitude between 0.5 mm and 1 mm.

M = . (2.23)

2.5 Dielectric Measurements

The investigation of polarization P and ¢ is necessary to understand the properties of
ferroelectrics. P depends on the applied electric field £ and the temperature T. In mag-
netoelectric materials an additional dependence on magnetic field H exists?.

The polarization P; (-5) that is induced in an insulating polarizable material (a di-
electric) by an applied electric field vector E; (%) is given by

P = xij Ej (2.24)

where ;; (%) is the second-rank tensor known as the dielectric susceptibility of the
material. Equation (2.24) is valid only for linear materials on in a linear limit for nonlin-
ear materials and, in general, P, depends on higher-order terms of the field. The total
surface charge density is induced in the material by the applied field is given by the
dielectric displacement vector D, (%)

D; = eF; + P, (2.25)

ZMaterials with further dependencies, e.g. on pressure, exist. As no such dependencies have been
investigated for this work, this will not be discussed here.
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with €y as the dielectric permittivity of a vacuum. It follows from Equation (2.24)
and Equation (2.25) that

Di = EOEZ' -+ XijEj = 605ijEj + XijEj = EijEj = kijEOEj (226)

where ¢;; is the dielectric permittivity of the material and ;; is Kronecker’s delta. For
most ferroelectric materials €y6;; << x;; and €;; = x;;. In practice, the relative dielectric
permittivity, k;; = 7 also known as the dielectric constant of the material, is more often
used than the dielectric permittivity.

More details of this measurement is displayed in Section A 4.

2.6 Pyroelectric Measurements

To obtain the ferroelectric polarization P the pyroelectric current can be measured. The
pyroelectric effect is defined as the change of the spontaneous polarization P, as a func-
tion of temperature T[73]. The origin of this effect is that, when all ferroelectric do-
mains are aligned in the same direction the polarization induces a charge separation
that remains even when both sides are short cut. When the temperature of the sample is
increased above phase transition temperature the polarization is quenched and the sep-
arated charges try to compensate. When both sides are connected, a charge flow can be
measured that is directly connected to the strength of the polarization at ground state.
The pyroelectric current can be measured after cooling the sample, ideally in the
shape of a plate, in an electric field and heating up without an external electric field in a
typical heating rate of 4 =1 -2 £ The resulting pyroelectric current can be measured
directly with an ampere meter connected to the surfaces of the sample. It is given as

dT
I(T) = Asampie (E) p (2.27)
where A, is the surface area of the sample and p is the pyroelectric coefficient
dP
= —. 2.2
o7 (2.28)

From the measurement of I(T) it is possible to calculate p and thus to obtain P by
integration over T.

It is a common approach to measure both the dielectric constant ¢ and the polariza-
tion P(T,E,H). Generally it is not possible to calculate P directly from €, but occurring
anomalies in € can be evidence for changes in P, and thus conclusions about P can be
made. As pointed out in Section 2.5, an often very large anomaly in € exists especially
at the paraelectric to ferroelectric transition.
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Chapter 3

Synthesis

d;_,Y,MnOs is easily accessible with solid state reaction technique, although the

temperature and oxygen partial pressure must be controlled to receive the right
manganese valence[74, 75]. Changing the rare earth elements from Nd to Ho in RMnO;
with & = Nd to Ho showed that except Dy and Ho all compositions were accessible
with solid state reaction technique and could be grown as single crystal samples in a
floating zone furnace. In Dy and Ho the thermodynamically stable crystal structure is
hexagonal. However metastable orthorhombic RMnO3; powder samples with R = Dy,
Ho or Y were made with a solution based procedure via complexation by citrates[70].

A similar series that has been in the focus for some years now is Eu;_, Y, MnO;. Also
these compounds were made with solid state reaction techniques. The single crystal
samples of these were prepared in a floating zone furnace as it will be described in
Section 3.2.1under comparable conditions. Here was observed that with samples of
x > 0.75 hexagonal impurities formed.

In this work first the polycrystalline samples of Nd;_,Y,MnO; were synthesized.
This step served information about the changing preparation conditions with x and the
maximum amount of Y for receiving single orthorhombic phase samples. At Eu;_,Y,MnO;
the threshold was 0.75[68], for Nd;_,Y,MnO; the maximum doping was = > 0.6. Fur-
ther with polycrystalline samples the crystal structure and general magnetic properties
can be checked quickly and a first phase diagram may be mapped out.

For looking at the details of the magnetic structure and the transitions that takes
place it is necessary to grow single crystals. Only with single crystals anisotropic phys-
ical measurements can be done and every single crystallographic reflection may be ob-
served separately in the Ewald’s sphere with neutron scattering experiments.

All samples made for this thesis were synthesized at the Helmholtz-Zentrum Berlin
fiir Materialien und Energie using the chemical labs, box furnaces, tube furnaces and
image furnaces of this facility. The following section describes the method of preparing
the polycrystalline sample and of the growth of single crystals of Nd;_,Y,MnOs;.
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3.1 Synthesis of Polycrystalline Nd;_,Y,MnO;

Polycrystalline samples of Nd;_,Y,MnQOj3; are important as they are used in Section 4
to initially map out the structural and magnetic transition with changing x. With pow-
der diffraction data it is possible to measure the crystallographic reflections over a wide
range of 20 with only one measurement and to receive information about impurities,
other phases (like hexagonal phases), and, depending on x-rays or neutron diffraction,
the stoichiometry of the atoms. Measuring temperature dependent magnetic suscep-
tibility and neutron diffraction, also the transition temperatures can be determinated.
Further polycrystalline samples are used as precursors for single crystal growth.

Temperature and atmosphere play a central role in forming the right crystallographic
phase. Temperature influences the formation of either orthorhombic or hexagonal crys-
tal structure[70] and also the stoichiometry of the manganese sites[76, 77] in the crystal'
and of course the speed of the solid state reaction. Higher oxygen pressure stabilizes
the orthorhombic phase[70] and also stabilizes the Mn?* oxidation state[76, 77].

Samples of the solid solution Nd;_,Y,MnOs3; were prepared by solid state reaction
chemistry. Stoichiometric precursors of Nd;Os, Y203 and Mn,Os with purity >99.99%
were balanced, mixed, thoroughly grinded and fired for various times at high tempera-
tures. After balancing, mixing and grinding, the precursors were fired at 1200°C, 1280°C
and 1350°C for 12 hours each with intermediate grinding.

Samples with z = 0.0, 0.1, 0.2 were prepared under nitrogen atmosphere to prevent
oxidation of Mn?* to Mn** [75]. Samples with z = 0.3 and 0.35 were prepared in air to
stabilize the orthorhombic phase and suppress the occurrence of the hexagonal phase
preferred for Y rich compositions [70]. Samples with = 0.4, 0.45, 0.5 and 0.6 prepared
by solid state reaction techniques always showed either a fraction of hexagonal phase
or a high amount of Mn**. To avoid these phases the samples with = > 0.4 were treated
in a final step in a floating zone image furnace by re-crystallizing stoichiometric ce-
ramic rods with diameter of approximately 8 mm under a pressure of 8 bar of argon as
described in Section 3.2. Crystalline boules from these experiments were crushed and
ground to fine powder. A short overview of the samples and their preparation method
is shown in Table 3.1.

3.2 Single Crystal Growth of Nd;_,Y,MnO3

Single crystals of Nd;_,Y,MnOs were grown using the floating zone method in a two
mirror image furnace, according to methods known from different rare earth manganites[78,

Higher temperature stabilizes the trivalent state of Mn3T, Mn** appears more often at lower temper-
g p pp p
ature inducing Mn vacancies in the crystal
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x  preparation
method
0.0 SSRin N,
0.1 SSRin N,
0.2 SSRin N,
0.3 SSRin air
0.35 SSRin air

0.4 FZ in Ar
0.45 FZ in Ar
0.5 FZ in Ar
0.6 FZ in Ar

Table 3.1: List of the samples with the respective preparation conditions. Samples were pre-
pared by solid-state reactions (SSR) in either Ny or in air and by the optical floating zone (FZ)
method in Ar atmosphere.

79, 80, 81, 82] (instrument description in Section A.14). Polycrystalline rods for crystal
growth were prepared as described in Section 3.1. The rods (approximately 10 g with a
diameter of 8 mm) were pressed at 300 bar in an isostatic press after the second firing
followed by a firing at 1450°C, always using air as atmosphere.

3.2.1 The Floating Zone Method

The basic idea in floating zone crystal growth is to move a liquid zone through a poly-
crystalline material with the chance that the liquid solidifies in a single crystal phase.
The first floating zone crystal growths were done for the production of high-quality Si
single crystals. If properly seeded and under optimized conditions, a single crystal may
result on the seed rod, as it is illustrated in Figure 3.1 and displayed in Figure 3.2.

The process of crystal growth works as shown schematically in Figure 3.3. The solid
but polycrystalline feed rod is moved slowly in the hot zone of the focus of the infrared
lamps. The power of the lamps is chosen so that the temperature at this spot is right
above the melting point of the feed rod. As a consequence the volume of the liquid
is increased. To keep the balance the seed rod is moved slowly out of the hot zone,
ideally with the same speed as the feed rod. This moves also the bottom part of the
liquid slowly out of the hot zone. The liquid begins to solidify at the surface of the seed
rod and, if the movement is slow enough, the atoms in the liquid organize in a regular
manner according to the crystalline surface of the seed rod leading at the end to a single
crystal.

The method was first used for purification (zone melting), taking advantage of the
small segregation coefficients k., of many impurities. The k., in the thermodynamic
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Feed Rod Holder

Feed Rod

IR Mirror

Molten Zone

Single Crystal

Seed Rod

Seed Rod Holder

Figure 3.2: Picture taken from an actual growth. The molten zone is located where the infrared
beams converge on one hot spot. The filament of the lamps can be seen in the reflection, visible
as two white horizontal lines behind the melt. Ideally the the ratio of dj; to dfccq should be
about 0.8 and Ij;4 to dy.q about 1.

equilibrium? is defined by the ratio of the concentration of impurity atoms in the grow-

2’Equilibrium’” refers to a growth speed of 0 2 or, more practically, very low growth rates. For
finite growth rates, k., becomes a function of the growth rate (called k. ¢¢) and approximates 1 for high
growth rates (whatever comes to the rapidly moving interface gets incorporated).
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Polycrystalline
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Seed Rod

Figure 3.3: This image displays schematically the polychrystalline feed rod with only local order,
the liquid zone in the focus of the infrared lamps and the crystal grown on the feed rod.

ing crystal and that of the melt. It is usually much lower than 1 because impurity atoms
‘prefer’ to stay in the melt. For the well known process of silicon crystals example val-
ues are kg, = 107° for Metals like Ag, Au, Mn or Fe but only k., = 1.25 for oxygen,
demonstrating the importance of the growth atmosphere.

So the impurities contained in the feed material would then prefer to remain in the
melt and thus could be swept to the end of the feed stock. On one hand the crystal
will be cleaner than the liquid, therefore crystal growth is simultaneously a purification
method®. The concentration of impurities in the melt changes with the proceeding of
the growth resulting in a change of the impurity content along the length of a crystal. It
is obvious that a clean and well prepared feed rod is very important for homogeneous
single crystals using this method.

If properly done, the newly crystallizing material can be obtained as a single crystal.
The melt has contact only to vacuum or purified atmospheres, so there is no incorpora-
tion of impurities that the melt can pick up, in contrast to the solid state reaction tech-
nique used in Section 3.1 where the reacting components may interact with the crucible
material and the flux methods where the flux is incorporated into the sample.

The problem of floating zone crystal growth is to keep the liquid between the feed
rod and the seed rod. The main force to keep the liquid at place is surface tension.
Usual solid state materials as transition metal oxides and rare earth oxides are limited
to a maximum diameter of about 20 mm. Industrial facilities that grow silicium single

3The last part of the crystal must be discarted as here all the impurities are now concentrated.
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crystals for microchips use further stabilizing mechanisms like drawing the liquid zone
through a 'hole’. However, for very large diameter crystals the difficulties grow rapidly
and floating zone crystal growth is rarely used for diameters larger than 150 mm.

The crystal diameter is determined by the the temperature profile and the pressure
applied. The hotter the melting zone, the larger the molten area and the less viscous is
the liquid, resulting in the need for a larger area of the seed rod as shown in Figure 3.4.
On the other hand high pressure increases the melting point to some degree with the
need to increase the energy input to keep the state of the molten zone stable.

Figure 3.4: Picture taken from a growth of NdMnQOs with a molten zone too hot. The increasing
diameter of the crystal with proceeding growth is visible.

The condition of the preparation of the rod and the quality if the used atmosphere
determines the quality and homogeneity of the crystal. It is very important to keep the
conditions as stable as possible while growing because every disturbance can influence
the quality of the crystal. The reason is that with starting the growth the liquid crystal-
lizes at many points causing many grains to grow. The orientation of those is statistically
distributed and the first part of a grown crystal is always a polycrystalline. Proceeding
the growth usually one of the grains dominates and displaces the others with time and
length resulting in the latter part of the growth to consist of only one grain.

An example of a successful growth is shown in Figure 3.5. Here the very sensitive
steps of the seeding and the start of the growth is illustrated on the sample of z = 0.5.
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Figure 3.5: Series of pictures taken from a growth of Ndy 5 Yo.5s MnOs. Left the feed rod (top) and
seed rod (bottom) are visible, rotating in opposite direction to each other, in the process of being
heated up. In the middle feed and seed rod are connected with a molten zone in between. On
the right the progress of the growth is visible with the crystal growing feed rod and seed rod

moving downward with 2 mm per hour.

3.2.2 Optimizing Conditions for Crystal Growth of Nd;_,Y,MnO;

The conditions of a crystal growth in a mirror furnace determine the quality of the re-
sulting crystal. The slower a crystal is grown, the more time the crystal has to crys-
tallize in the right composition and crystal structure. This results in a crystal with less
impurities and grains. As shown in Figure 3.1 the speed of the crystallizing process is
determined by the time it takes to pull the feed and seed rod through the molten zone.
A rod with the length of 10 cm and a growing speed of 2 %™ will take approximately 50
hours to grow. So it is obvious that time is a crucial factor and one objective is to grow
the crystal as fast as possible and as slow as necessary.

A growth speed of 2 "5* was optimal as increasing the growth speed to higher rates
resulted in highly polycrystalline samples, although it did not affect the hexagonal im-
purity ratio. As it can be seen in Figures 3.6 the change of the growth speed from 4 =™
to 2 5 had a strong effect on the crystal outcome.

Using oxidizing or reducing atmospheres influences the valence state of the metals
and therefore also the oxygen content. The pressure of the atmosphere though influ-
ences the partial pressure of oxidizing or reducing gases and has an impact on the re-
action equilibrium. On the other hand the atmosphere pressure changes the melting
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Figure 3.6: Result of a v = 0.3 growth at 1 bar of argon. The rod in the top image was grown
with 4 3%, resulting in a highly polycrystalline outcome while the rod in the bottom image was
grown with 2 3, resulting in a crystal, though still with more than one grain.

temperature to some degree and can change the outcome by a higher or lower crystal-
lizing temperature.

The polycrystalline precursor rods were made in air and had therefore always a po-
tion of oxidized Mn*". Argon has a weak reducing property and was able to reduce the
Mn** to Mn** when used as growing atmosphere. Growing at pressures of at least 8 bar
supported the formation of the orthorhombic crystal structure, while crystals grown at
1 bar tended to have hexagonal impurities, whose amount increased with z.

Samples grown in floating zone that were used for measurement of physical prop-
erties and neutron diffraction are listed in Table 3.2, including the information of the
neutron scattering instrument they were examined with.

3.2.3 Characterization of the Quality of Single Crystals

A perfect single crystal has a very high regularity with the right crystal structure, right
stoichiometry, all atoms in the right valence state and with only one grain. The quality
of the grown crystals was determined by eye, with x-ray powder diffraction and with
Laue diffraction.
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D10 V2 E4 E4 E5 D10
236 A 50A 247A 244 A 24 A Integrated
x 40" col. 20’ col. Intensity

0.30 X

0.35 X

0.40 X X X

0.45 X X X X X

0.50 X

0.55 X X X X

Table 3.2: List of the single crystal samples grown in a floating zone furnace and measured
with different instruments at Helmholtz-Zentrum Berlin fiir Materialien und Energie and Insti-
tut Laue-Langevin. Details of the measurements are described in Section 2 and A.

The appearance by eye of a grown crystal already gives some information of the
quality. Usually a shiny regular surface without visible grains counts for a good crystal
while, on the other extreme, a matt locking rod counts for a polycrystalline crystal as
seen in Figure 3.6 (top).

Performing x-ray powder diffraction at room temperature gives an insight in the
different crystal structures in the material, at best only one compound can explain the
whole diffraction pattern while impurities may serve further information, for example
when hexagonal phases are detected. The diffraction pattern can be analyzed and crys-
tallographic parameters like the cell size and the position and ratio of the heavy metals
can be calculated. Although if the diffraction pattern shows only one compound that
confirms the one for orthorhombic Nd;_,Y,MnQOs;, the material must not be single crys-
talline and Laue diffraction patterns (for details see Section 2.1.1) must be done.

A single crystal Laue diffraction pattern shows sharp spots that can be explained
with the reflections of one space group. Multiple grains show additional spots that
are shifted by some degree. In high grainy material the spots get very diffuse until no
pattern can be detected at all. Neutron Laue diffraction shows the pattern of a crystal
volume as neutrons penetrate the crystal while x-ray Laue diffraction probes only the
surface. In the latter case is is necessary though to make Laue patterns of many different
positions of the crystal. If all the collected patterns can be explained with the same spa-
cial orientation of the crystal it may be assumed that also the crystal volume is oriented
in this direction and consists therefore of a single grain.

If the grown crystal is so confirmed with the right stoichiometry and as a single
grain crystal this piece can be used for further treatment like for cutting, polishing and
gold sputtering to prepare thin plates (as shown in Figure 3.7) for physical properties
measurements.

The quality of the samples varied from very good (i.e. single grain crystal) to fair
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Figure 3.7: Gold sputtered plate of Ndy 55Y0.45MnOs cut in the ab plane with a thickness of
0.9 mm.

(i.e. crystal with multiple grains that are oriented in the same direction with a deviation
of maximum 4 degree) as it is visible in Figure 3.8 from the neutron Laue images taken
at OrientExpress in ILL.

3.2.4 Thesis objective

Although the suppression of the collinear A-type antiferromagnetic ordering in favor
of cycloidal order for R = Tb and Dy is evident, the exact details of how one magnetic
structure develops into the other are not entirely clear. For example is the transition
from A-type to cycloidal ordering with decreasing R-size first or second order? Ideally
one would perform neutron diffraction experiments to probe the magnetic ordering
directly, however the high neutron absorption cross section of Sm, Eu and Gd, that make
up compositions in the the cross-over region from A-type to incommensurate magnetic
order, prohibit such experiments. While the solid solution of Eu;_,Y,MnOs has been
examined, detailed neutron scattering experiments are prohibitive for low Y doping.

To examine the onset of the magnetic frustration in the RMnOj; system Nd;_,Y,MnO;
samples were synthesized as described in Section 3. Many properties count for this
system to be chosen for examining the development of the magnetic properties with
changing tolerance factor with neutrons.

First the fact that, as well as in the Eu;_,Y,MnO; system, the tolerance factor and
therefore the <Mn-O-Mn> angle can be tuned to values different than the one elemen-
tal compounds. Second the neutron scattering cross section and the absorption cross
section of Nd and Y (00it(Nd) = 16.6 barn, o,,,(Nd) = 50.5 barn, o..(Y) = 7.7 barn,
oaws(Y) = 1.28 barn) allow good neutron scattering results compared to Eu and Gd
compounds with very high absorption cross sections (04s(Eu) = 4530 barn, 0,4,(Gd)
= 49700 barn). Third the magnetic moment of Nd*** is not very high and Y** has none

“The Nd** ion consists of 3f electrons. Their orbital and spin movements are highly correlated and
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Figure 3.8: Neutron Laue images of samples grown in floating zone procedure. From top left
(t]) to bottom (b) the samples are x = 0.3 (tl), 0.35 (tr), 0.4 (ml), 0.45 (mr) and 0.5 (b).

and though does not influence the magnetic order of the Mn?* as much as other rare
earth ions like in Eu®* or Tb*". For example in TbMnOj; Tb orders below TX* = 6.5 K
resulting in a decreased ferroelectric polarization in the ferroelectric regime, although
this is a very small effect.

To examine the magnetic transitions of Nd;_,Y,MnO; with changing = polycrys-
talline samples and single crystalline samples were synthesized and analyzed as de-
scribed in Section 3 and 2. The polycrystalline samples were easier to make as it only
needed solid state chemistry but there are a few drawbacks. Powder samples are by na-
ture macroscopically isotropic and a measured property like magnetism or polarization

for the Nd3T ion the lowest multiplet given by Hund’s rules is 4/ 9 with]=9/2,5=3/2,L =6 and the
Landé factor g = 8/11.
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is always the mean value of the anisotropic properties in the three spatial directions.
Powder diffraction allows to get a good insight in the crystal structure but the expected
magnetic peaks may overlap with the nuclear peaks, making it difficult to distinguish
the peaks and to analyze the position and the peak shape.

Single crystals on the other hand can be aligned and cut, the anisotropic physical
properties are measurable in any direction and all reflection selective neutron scattering
experiments are applicable. On the other hand every reflection has to be measured
separately. To measure a broad set of different reflection takes many measurements and
therefore much longer compared to a powder diffraction where a one diffraction pattern
covers a range of 20 from 0 to 120 degree in a fast single measurement.

To map out the general development of the crystal structure, the general magnetic
properties and the magnetic structure in the Nd;_,Y,MnO; system first polycrystalline
samples were synthesized and analyzed and will be the topic in Section 4 as it was
published by Landsgesell et al.[83]. Single crystal were grown, oriented and partly cut
for analyzing the magnetic, dielectric and pyroelectric properties in the PPMS as well as
determining the detailed magnetic structure using multi axial neutron diffraction and
will be discussed in the Sections 7, 5 and 6.
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Chapter 4

Characterization of Crystal and Magnetic
Structure of Nd;_,Y,MnO;

y changing the rare earth element in RMnQOj; the magnetic structure changes from
B collinear A-type antiferromagnet to E-type antiferromagnet crossing an area of frus-
trated magnetism. This is responsible for a phase transition from a collinear spin density
wave to a non collinear spin cycloid causing a ferroelectric polarization. The develop-
ment of the spin cycloid from collinear A-type antiferromagnet and the induced ferro-
electric polarization is studied by varying = in Nd;_,Y,MnOs.

Using polycrystalline samples of Nd;_,Y,MnOj it is possible to get an overview of
the the structural and magnetic transition with changing x. Powder diffraction data
can provide crystallographic reflections over a wide range of 20 with only one mea-
surement as well as information about impurities and, depending on x-rays or neutron
diffraction, the stoichiometry of the atoms. With temperature dependent magnetic sus-
ceptibility and neutron diffraction measurements also the transition temperatures can
be determinated. With the information gained with polycrystalline samples single crys-
tal growth can be optimized. Further, after the general crystal and magnetic structure
is known, the single crystal neutron diffraction measurements can be focused on the
important reflections.

4.1 Isotropic Magnetic Properites

Data were measured on warming from 2 K to 200 K for z = 0.0 to 0.6 polycrystalline
samples using the SQUID magnetometer (see Section A.1) and the D20 neutron diffrac-
tometer (see Section A.13)

The magnetization data shown in Figure 4.1 for the x = 0 sample show a sharp
up-turn at 87 K, a behavior that is not expected for antiferromagnetic ordering, nei-
ther reminiscent of a second order phase transition, although the onset of this feature
is consistent with value of Ty from previous reports[84, 85]. The magnetization data is
reminiscent of an induced ferromagnetic transition likely arising from the ordering of
Nd?** spins[84, 85]. As discussed elsewhere[84, 86], the A-Type order of the Mn** spins
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r  remanence moment Ty (x(7)) Ty (NPD)

(ol (F2) (K) (K)
0.0 7.7 1.38 88 -
0.1 5.7 1.02 83 -
0.2 4.8 0.86 75 -
0.3 3.7 0.66 63 -
0.35 2.8 0.50 56 57
0.4 2.1 0.38 54 55
0.45 1.8 0.32 53 52
0.5 0.6 0.10 52 51
0.6 - - 50 49

Table 4.1: List of the magnetic remanence and effective moment of the polycrystalline samples.
Ferromagnetic remanence and moments were determined by isothermal magnetic hysteresis
measurements at 5 K, while the effective moment was determined using temperature dependent
magnetization. Néel temperatures (Ty ) determined from magnetization (x(T")) and temperature
dependent neutron powder data (NPD) measurements are also given.

exhibits a non negligible antisymmetric component leading to a small ferromagnetic
component perpendicular to the sheets (i.e. H||c). Therefore the A-type ordering of Mn-
spins can likely induce the ferromagnetic ordering of Nd** spins. As a result Ty and
T¢ are at the same temperature and the rise of the magnetization curve should be in-
dicative of T . This assumption is confirmed by our neutron diffraction measurements
described below, where Rietveld refinements of the data indicate that the Mn spins or-
der with A-type structure and Nd-spins order ferromagnetically along the c-axis.

The ferromagnetic ordering of Nd-spins is also reflected in hysteresis curves mea-
sured at 5 K as displayed in Figure 4.2. The » = 0 sample show a magnetic behavior
typical for a weak ferromagnet with a coercivity of lower than 1000 Oe and a small but
measurable remanence, while hysteresis loops measured at 85 K were consistent with a
paramagnetic behavior. With increasing z, the strength of the coercive field is approxi-
mately the same for all samples but the remanence field and saturation (ferromagnetic)
moment decreases with z as indicated in Table 4.1.

The sample z = 0.6 does not show a ferromagnetic hysteresis loop, indicating that
for this composition there is no significant ferromagnetic contribution to the magnetic
ordering. The susceptibility measurements from all samples followed a Curie-Wiess
behavior above Ty giving Curie constants that decrease with increasing x and vary
from from pi.ry = 5.8 to 5.4 115, somewhat lower than the expected values of 1.5y = 6.1
to 5.7 MUB.

The magnetization data show that with decreasing z the onset temperature of the
magnetic ordering also decreases, from Ty = 88 K to 49 K as z is varied from 0 to 0.6.
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Figure 4.1: Temperature dependent dc magnetization measurements from samples x = 0.0, 0.2,
remaining samples are not shown for clarity, but follow the same trends as indicated by the data

0.4, 0.5 and 0.6, performed using a field of 5000 Oe. The dc magnetization measurements for the

Here the values of Ty or T were determined by taking the derivative of M (T") and are
given in Table 4.1. The overall behavior of the Nd;_,Y,MnOs solid solution therefore



46 4. Characterization of Crystal and Magnetic Structure of Nd,_,Y ,MnOs

10

magnetization (emu/mol)

-10

-50000 0 50000
magnetic field (Oe)

Figure 4.2: Hysteresis curves measured with dc SQUID magnetometer at 5 K on samples x = 0.0,
0.3 and 0.5.

tracks that of the RMnO; perovskite manganites where Ty is reduced as the size of the
rare-earth ion is decreased[41].

4.2 Room Temperature Crystal Structure

To show that by varying x the crystallographic and macroscopic magnetic properties
change comparable to RMnOj the results of the magnetic measurement and the Rietveld
refinements of the polycrystalline samples at room temperature are presented here. The
measurements were done on E9 and D20, for instrumental details see Section A.6 and
A.13. The analysis of the x-ray and neutron powder diffraction patterns was done with
the Rietveld method using the program WinPLOTR Fullprof suite

Both x-ray- and neutron powder diffraction data measured at 300 K of the samples
described in Section 3.1 were consistent with an orthorhombically distorted perovskite
structure with space group Pbnm (No. 62)[87]. The extinction rules for the space group
Pbnm are listed in Table 4.2.

Fig. 4.3 shows a representative Rietveld fit to the neutron powder diffraction data
measured at 300 K from the z = 0.45 sample, while Table 4.3 reports relevant crystallo-
graphic parameters at 300 K for all samples.

As it is evident from Tables 4.3 and 4.4, changes of lattice constants and atomic po-
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Multiplicity and Reflection conditions

Wyckoff letter

8d Okl: k+1=2n
hOl: h =2n
h00: h =2n
0kO: k=2n
00l:1=2n

4c no extra conditions

4b hkl: h+k,1=2n

4a hkl:h +k,1=2n

Table 4.2: Extinction rules for the Pbnm system at different crystallographic positions.
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Figure 4.3: A typical Rietveld analysis of the neutron powder diffraction data. The neutron pow-
der diffraction data (circles) were measured from the x = 0.45 sample at 300 K using the D20
diffractometer (see Chapter A.13). The upper solid line represents the calculated neutron pow-
der diffraction pattern and the lower solid line the difference between measured and calculated
patterns. The vertical tick marks represents allowed reflections for the Pbnm space group.

sitions are consistent with Vegard’s law! indicating that the substitution of Y for Nd re-

Vegard’s law is an approximate empirical rule which holds that a linear relation exists, at constant
temperature, between the crystal lattice constant of a composition, with atomic positions being partially
replaced in a solid solution, and the concentrations of the constituent elements. Applications demonstrate
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x a (A) b (A) cd) ¥

polycrystalline (Ny)

0 54146 (3) 5.8472(3) 7.5445(4) 1.90
0.1 5.4006(3) 5.8544 (3) 7.5280 (4) 2.02
0.2 5.3955(2) 5.8533(2) 7.5120(2) 2.30

polycrystalline (air)

0.3 53587 (4) 5.8226(4) 7.4841(4) 2.86
0.35 5.3540 (3) 5.8319(3) 7.4771(4) 2.24
crystalline samples
04 5.3549(3) 5.8624 (3) 7.4666 (4) 3.39
0.45 5.3428 (3) 5.8617(3) 7.4530 (4) 2.24
0.5 5.3436(3) 5.8639 (3) 7.4542(4) 6.8
0.6 53275(2) 5.8607 (2) 7.4370(3) 8.7

Table 4.3: Room temperature structural parameters of the unit cell in Pbnm symmetry and R-

factors determined from Rietveld analysis of the neutron powder diffraction data.

sults in a solid solution. Careful examination of peak profiles of the the neutron powder
diffraction data gave no indication of the presence of two orthorhombic phases indica-
tive of chemical phase separation or a miscibility gap. The values of the full width half
maximum from the neutron powder diffraction data were close to those expected from
the instrumental resolution function and making it possible to detect possible chemical
phase separation at Az > 0.05.

While diffraction data from all samples could be modeled using a single phase or-
thorhombic perovskite phase, measurements of the z = 0.5 and 0.6 samples showed
small traces of the hexagonal manganite phase (0.9 and 1.4 weight %, respectively). This
observation indicates that the orthorhombic to hexagonal phase boundary is located ap-
proximately around z ~ 0.55 and varies with preparation conditions. Indeed it was not
possible to synthesize phase pure samples with z > 0.6, and the best results in this high
x region were for samples prepared by the floating zone method. This behavior is simi-
lar to that found in the Eu;_,Y,MnOj solid solution where this phase boundary occurs
at x ~ 0.7[68]. In general all three lattice constants decrease with increasing z reflecting
the smaller size of the Y*' ion substituted for the larger Nd**.

The difference of the ionic size between Nd** and Y*" is significant (98 pm and
90 pm, respectively) with the ionic variance reaching a maximum at = 0.5 and the
unit cell volume and lattice constants decreasing with tolerance factor and mean ionic
radii, (r4) of the R-site. If composition x is scaled to (r4), then the x = 0.4 sample has

the importance of relative atomic sizes in determining lattice constants and suggests that for sufficiently
small disparities in atomic size Vegard’s law may also hold along the fluid-solid coexistence curve.
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z  x(Nd/Y) y(INd/Y) x(O1) y (0O1) x (02) y (02) z (02)
polycrystalline (/Ns)

0 -0.0141(7) 0.0708 (6) 0.0901 (7) 0.4735(7) 0.7147 (6) 0.3167 (6) 0.0478 (6)
0.1 -0.0142(9) 0.0714(8) 0.0917(9) 0.4721(8) 0.7144 (8) 0.3189 (8) 0.0476 (8)
0.2 -0.0143 (7) 0.0736 (7) 0.0938 (7) 0.4720 (7) 0.7127 (6) 0.3204 (6) 0.0477 (6)

polycrystalline (air)

03 -0.0137 (7) 0.0757 (7) 0.0911 (7) 0.4735(8) 0.7065(7) 0.3228 (6) 0.0481 (6)
0.35 -0.0139(8) 0.0768 (8) 0.0924 (8) 0.4744 (7) 0.7056 (7) 0.3230(7) 0.0483 (7)
crystalline samples
04 -0.0152(7) 0.0768 (7) 0.0958 (7) 0.4711(6) 0.7087 (6) 0.3233 (6) 0.0488 (6)
0.45 -0.0154 (6) 0.0778 (6) 0.0976 (6) 0.4703 (6) 0.7074 (5) 0.3244 (5) 0.0490 (5)
0.5 -0.0157 (9) 0.0788(9) 0.0991 (9) 0.4708 (8) 0.7065 (8) 0.3246 (8) 0.0491 (8)
0.6 -0.0166 (9) 0.0806 (9) 0.1015(9) 0.4688 (8) 0.7046 (8) 0.3258 (8) 0.0498 (8)

Table 4.4: Room temperature structural parameters of the atomic sites. The general positions,
according to Table 4.2, are: Mn3" at 4b(300), Nd** /Y3* at 4c(xy2) and the O*~ atoms (O1 and
02) at4c(zy3) and 8d(zyz).

the same (r4) as EuMnQOj;. However, the volume and the lattice constants match those
of x = 0.5. Also the same behavior is found for SmMnOj; where the 2 = 0.25 sample
has the same (r4), but its volume matches that for x = 0.35. This is indicative for a
systematic departure from the trends made up for the RMnOs series, as was noted also
for Eu;_, Y, MnOs;[68].

Fig. 4.4 displays the variation of the <Mn-O-Mn> bond angles and <Mn-O> bond
lengths as a function of x determined from the neutron powder diffraction data. The
<Mn-O> bond lengths show an almost negligible dependence on z, a result that is
not surprising considering that they are sensitive to the Mn*" oxidation state which
remains unchanged for this series of compounds. Indeed the 300 K neutron powder
diffraction data is consistent with the orbital ordering of Mn®* 3d;,>_,» and 3d3,>_,2 or-
bital as found in LaMnOg3[88]. On the other hand the <Mn-O-Mn> bond angle depends
on z, it decreases linearly from 149.0(1)° to 146.1(1)° as z is varied from 0 to 0.6 and
reflects the decrease of (r4). Indeed in the RMnO3 manganites a similar trend is found
with decreasing 74. As R is varied from Nd through to Tb, the <Mn-O-Mn> bond an-
gle varies from 149°to 143°, and r4 varies over a similar range as it is an Nd;_,Y,MnOs
solid solution (i.e. from 98 pm for Nd*" to 92 pm for 70**)[41]. This suggests that the
effects of spin frustration due to the structural tuning of the J; and J; interactions in
the Nd;_,Y,MnQO; solid solution should be manifested in a similar way to the RMnOs
series of compounds.



50 4. Characterization of Crystal and Magnetic Structure of Nd,_,Y ,MnOs

<r >i
r,>in pm

9% 97 9% 95 94 93
IS0 ——m——————————————

148 +

146

1.005

1.000

1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Normalized Mn-O bond 1(x=0) / 1(x=0.6) Mn-O-Mn bond angle (0)

x in Nd 1_XYanO s

Figure 4.4: Variation of the <Mn-O-Mn> angles (upper frame) and the three <Mn-O> dis-
tances (lower frame) with x (lower x-axis) and mean ionic radii (r4) in the solid solution
Nd;_Y;MnOs;. The <Mn-O> bond lengths are normalized to those determined for x = 0.6.
In this orthorhombic perovskite there are three <Mn-O> bond lengths and two <Mn-O-Mn>
angles. The subscript ‘e’ and ‘a’ denotes equatorial and apical bond lengths and angles. Error
bars are smaller or equal in magnitude to the size of the symbols.

4.3 Magnetic Structure

Temperature dependent neutron powder diffraction measurements were performed to
characterize the general magnetic ordering of the Nd;_,Y,MnOj solid solution samples.
Data were measured on warming from 2 K to ~120 K for z = 0.35 to 0.6 samples using
the D20 diffractometer (see Section A.13), while further data were measured at 2 K for
xz = 0.0 to 0.3 samples on the E9 diffractometer (see Section A.6). The values for Ty of
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Figure 4.5: Temperature dependence of the integrated intensity of the (001) magnetic reflection
indicative of A-type antiferromagnetic ordering. These neutron powder diffraction data were
measured from the x = 0.4 sample using the D20 diffractometer. Ty as indicated by these data
is shown and agrees well with the value of 54 K determined from the magnetization data. For
the neutron powder diffraction data Ty was taken as the temperature at which magnetic Bragg
peaks disappeared on warming.

the magnetization measurements can be confirmed using the temperature dependence
of magnetic intensities. Both onset values agree well as illustrated by the example scan
for the z = 0.4 sample shown in Figure 4.5 and Table 3.1.

More importantly for the z < 0.3 samples, the quality of the Rietveld analysis could
be improved significantly by the addition of a ferromagnetic ordering for the Nd** ions
for samples with # = 0 to 0.3 as shown in Fig. 4.6, confirming the conclusions of the
magnetization measurements. The largest ferromagnetic contribution is observed for
the © = 0 sample where Nd** spins order along the c-axis with a moment of 1.5 yi5/Nd.
As z increases the magnitude of the Nd*" moment steadily decreases as displayed in
Figure 4.9, while for z > 0.3 no evidence of ferromagnetic Nd** ordering in the neutron
powder diffraction data can be found. The Rietveld analysis of the neutron powder
diffraction data for < 0.2 compositions, indicate that Mn-spins are collinear and ori-
ented along the b—axis (R,,= 6.0% for moment parallel to b—axis (m||b) compared to R,,
= 8.2% for m||a or R,, = 11.9% for m||c).

Higher x compositions show a series of incommensurate magnetic reflections be-
low Ty in addition to the A-type magnetic Bragg peaks. These incommensurate re-
flections can be indexed with a magnetic propagation vector of £k = ¢b* with ¢ =
{0.23...0.27}, what is in the region of the known TbMnOj; that exhibits at ground state
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Figure 4.6: Rietveld analysis of the neutron powder diffraction data measured from NdMnQOs at
2 K using the D20 diffractometer displayed over the region of 20 = 6°to 46°. In the upper panel
the data is modeled assuming an A-type ordering for Mn spins only. This model of nuclear
and magnetic structure leads to a deficiency in the intensity of reflections between 26°and 29°.
In the lower panel results of an analysis using the same model as above with the addition of a
ferromagnetic Nd-spin component along the c—axis. This model yields a magnetic moments of
4.1 and 1.5 up per formula unit for the Mn and Nd ions respectively.

a g = 0.27[89, 54]. This change in magnetic order with z is illustrated in Fig. 4.7 showing
neutron powder diffraction data measured over the angular region 20 = 12...18 at 2K
for compositions z = 0.35 to 0.6. This angular range covers the region where the com-
mensurate (001) reflection indicative of A-type order and the incommensurate (0+q¢1)
reflections are observed. For the z = 0.35 sample a single (001) reflection is found,
however for increasing « there is an additional reflection that appears at slightly higher
angles and for x = 0.6 only this incommensurate reflection is observed. For the inter-
mediate compositions, 0.4 < z < 0.5 the intensity ratio of these two reflections varies,
favoring the incommensurate peak as x increases. A notable feature of these data is
that for z = 0.4 the incommensurate reflection appears broader than the commensurate
(001) peak, while in the = 0.5 sample the reverse behavior may be occurring, and for
the z = 0.6 sample the incommensurate reflection is as sharp as the (001) peak in the
x = 0.35 sample. This may indicate that the coherence length of these two different
magnetic orderings may be varying through this region of coexistence. Due to the high
degree of peak overlap it is difficult to reliably quantify this observation with pow-
der data and will be further examined in Section 7. Temperature dependent neutron
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Figure 4.7: Portion of the neutron powder diffraction data measured on D20, showing the an-
tiferromagnetic (001) A-type reflection and the incommensurate spin density wave reflection
(001)%(0,q,0) for various samples measured at 2 K.

powder diffraction data indicates that T for both commensurate and incommensurate
reflections is the same.

For the x = 0.6 sample, the neutron powder diffraction data were successfully mod-
eled using a simple amplitude modulation of Mn-spins directed along the b—axis. The
magnetic incommensurate reflections obeyed the extinction condition h + k=even, and
I=odd, which correspond to an A-mode using the notation of Bertaut and Brinks et
al.[90, 91]. The spin density wave model used to successfully analyze these data was
of the irreducible representation® I'3(0, A,, 0) (see Fig. 4.8) and lead to a satisfactory re-
finements of the magnetic ordering below Ty, giving a saturated magnetic moment
of = 4.2 up (R,(m|b) = 22.8%), a value slightly higher than ~ 4.0 up expected for
Mn**. Significantly lower quality fits to the data were obtained for models where Mn-
spins are collinear and point along the a— or c—direction yielding R, (m|a) = 24.4%
or R,(mllc) = 28.9%)° respectively. Attempts to fit a cycloidal model to these data
(I'y x I'3(0, Ay, A.)) were not statistically meaningful as powder data are incapable of
uniquely differentiating between orthogonal spin components with the same extinction
conditions [91]. This makes it necessary to use single crystal neutron diffraction to solve

2For details on the irreducible representations see Section 7.1.
3The higher R-factors in the = = 0.6 sample are due to the mentioned impurities in this sample
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Figure 4.8: Modulation of an A-type antiferromagent with a commensurate spin density modu-
lation of ¢ = 0.125 along the b-direction

the magnetic structure as it is shown in Section 7.

The neutron powder diffraction data was analyzed using these two models for the
A-type and spin density wave phases in the region of co-existence with 0.4 < z < 0.5.
These two models described the neutron powder diffraction data very well and tests
also confirmed the conclusion that in both phases the Mn-moments are aligned along
the b—axis. Considerably worse fits to the data * resulted if the the z = 0.45 sample was
tested with models where the incommensurate component was placed perpendicular to
k. Measurements on single crystals will show that this assumption is correct as the mag-
netic peaks can be measured separately for they occupy different places on the Ewald
sphere. As the commensurate and incommensurate magnetic phase can not occupy the
same physical volume, because their spin components are parallel, this suggests that
this intermediate region of composition between the purely A-type and spin density
wave phases, is characterized by a magnetic phase separation.

The weight % variation of the two magnetic phases can be estimated across the re-
gion of co-existence by assuming that the ordered Mn moment in the region of 0.3 <
x < 0.45 is the same as for the x = 0.2 and 0.6 samples for the A-type and spin density
wave phases respectively at 2 K. This makes it possible to fix the value of the ordered
moment in the phase separated region and refine the magnetic phase fraction that can
be represented as wt% ( Fig. 4.9). For the samples x = 0.0, 0.1 and 0.2 there is no phase
separation, although the ordered Mn moment that can be computed from the Rietveld
analysis is decreasing slightly with increasing z, as does the Nd*" ordered moment.
These samples would represent (as deduced from the current neutron powder diffrac-
tion data) 100% of A-type phase. In the region of 0.3 < z < 0.45 the relative amount of
the A-type phase decreases while the spin density wave phase replaces it and for the
x = 0.6 sample only the spin density wave phase is observed.

4R.,=45 and 22% for A, and A, incommensurate components, compared to R,,=16% for the refine-
ment of the A, component
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Figure 4.9: Relative amounts (in weight%) for the two magnetic phases found in the
Nd;_,Y;MnOs solid solution at 2 K. The relative amounts of these magnetic phases is deter-
mined by assuming that in the mixed phase region the magnetic ordering is the same as in the
x = 0.2 and 0.6 samples for the A-type and spin density wave phases respectively. While the
amplitude of the Mn spin remains fixed in the analysis of the x = 0.45, 0.5 and 0.55 samples,
the magnetic phase fraction is allowed to vary. For the remaining compositions where a single
magnetic phase was observed, the magnetic scale factor was set to equal that of the structural
nuclear scale factor. In the inset the results of the size of the Nd and Mn magnetic moments is
shown determined from the Rietveld analysis of the neutron powder ditfraction of composition
with x < 0.2.

4.4 Phase Diagram of the Polycrystalline Samples

The magnetization and neutron powder diffraction data of the polycrystalline samples
are presented in the magnetic phase diagram shown in Fig. 4.10. In general in the
Nd;_,Y,MnOs solid solution, increasing x leads to a decrease of T for A-type ordering
as well as T¢ for Nd** ferromagnetic ordering. The reason for this decrease is different
for the two magnetic ions. The strongest influence on the Nd** ordering is the dilution
of this site with non-magnetic Y** ions. Although a ferromagnetic Nd component can
not be detected in the neutron powder diffraction data for > 0.3, the magnetization
measurements suggest the presence of weak ferromagnetism for z as high as x = 0.5,
while no ferromagnetism is detected for z = 0.6, within the sensitivity of our polycrys-
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Figure 4.10: Magnetic phase diagram for the Nd;_, Y, MnOs; solid solution determined from
this work. The Néel temperature for the RMnQOj series of manganites is also shown and is taken
from reference [20].

talline measurements.

The decrease of Ty for the A-type ordering is strongly coupled to the changes in the
<Mn-O-Mn> angles that accompany the reduction of (r4). Indeed this behavior tracks
well the magnetic phase diagrams of RMnOj (see Figure 4.10) [41] and Eu;_,Y,MnOs3
[68] systems and suggests that the decrease of Ty in Nd;_,Y,MnOs is due to the (av-
erage) structural tuning of the relative strength and sign of nearest and next nearest
magnetic interactions. The similarities between the phase diagrams of the RMnOs;
and Nd;_,Y,MnOs systems is not limited to the decrease in Ty. The observation of
a spin density wave magnetic ground state for higher 2 compositions, coincides with
(ra) values similar to those for TboMnOs; which exhibits spin density wave order below
Tx ~41 K and cycloidal order below 28 K. Indeed the direction and magnitude of the in-
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commensurate propagation vector is very similar in the Nd;_,Y,MnOj series as found
for TbMnOs; [28]. All these observation suggest that variation of (r4) tunes magnetic
interactions in this solid solution in a similar way as found for the RMnOs3; compounds.
Therefore this system an adequate analogue of the RMnO; perovskites and facilitates
the investigation of how A-type order is destabilized due to structural tuning.

One feature of the Nd;_, Y,MnOs phase diagram that differs from that of the RMnOs
manganites is the observation of a magnetic phase separation between the A-type and
spin density wave phases. Such behavior suggest that the transition between these
two ground states is not continuous but rather it is separated by 1st order like phase
boundaries. The observation of this phase separated region is not predicted for the
RMnOs; manganites based on Monte Carlo simulations[49, 92] and will be a topic in the
following Chapters.






Results of Physical Property Measurements

Chapter 5
Results of Physical Property Measurements

his chapter will show an overview of the magnetoelectric phase diagrams of the
Nd;_.Y,.MnO; series which was determined from measurements of the dielectric
constant, electric polarization and magnetization.

Single crystals of x = 0.40, 0.45, 0.50 and 0.55 oriented with Laue x-ray diffraction
and cut into plates with the plates whose faces were perpendicular to the principal
crystallographic axes a, b and ¢ and the typcal dimensions of 6 x 6 x 1.5 mm?. For the
measurements of the dielectric constant € and the polarization P, the plates were pol-
ished and sputtered with a thin layer of gold on each side. The samples were mounted
in a measurement device as shown in Figure A.3 that can connect both sides to dif-
ferent measurement devices like a voltmeter or an electrometer and can be used in a
PPMS. The PPMS supplied the measurement conditions of low temperatures and high
magnetic fields.

e was measured at 1 kHz using a Andeen-Hagerling capacitance bridge AH2700.
The polarization was obtained via measuring the pyroelectric current as described in
Section 2.6. The voltage of 150 V was applied on the sample when cooled down to 2.5 K
without an external magnetic field and a magnetic field from 0 T to 14 T was applied
afterward. Then the voltage was removed, the plate surfaces were connnected once and
a Keithley 6517 system electrometer was connected measuring the electrical current that
is flowing between the surfaces of the plates while increasing the temperature at a rate
of 2 £ or the magnetic field was swept at a rate of 100 -2<. P was then calculated by
integrating the pyroelectric or magentoelectric current as a function of temperature or
field.

Measurements on polycrystalline samples proved the transition from a collinear A-
type antiferromagnetic order to an incommensurate spin order with increasing z. Al-
though the powder diffraction results could not answer the exact order of the spins in
the incommensurate state, the structural distortion leading to a spin spiral mimics the
one of RMnQO; and indicate a ferroelectric ground state for high doped samples.

Polarization measurements on multiferroic TbMnO; and DyMnOj; show properties
that are characteristic for these structures that shall be shortly introduced here, exem-
plary for DyMnOs[30] whose magnetoelectric phase diagram is shown in Figure 5.1.



60 5. Results of Physical Property Measurements

DyMnO4
T T T T T T T T T
50F{a) —
| [ AT gnEnc Hita 4
=T R
@ .
% 30k IHCORRENS e AF -1
gl’ 20 [ Tk :.
b} 2 ng-wavekngi = B
e 10.:“[Dﬂ rieaarbeback-ee AR "
L fe rroe le ciric (F//e) (Fita) 2
0 1 1 L 1 1
T T T T T T T T T
501 (b} ) Hib
_— L J’J\u'ﬂ'-'f!l.l-'lgl.'f!l'lf.' -
L 4ol .
@ - -
% 30 incomrEarate AR 1
3 sl T
oo
§°F
k- 104 Ferme ke circ
(Pfea)
0 1 1 1 L 1
T T T T T T T T T
S0} {c) -
1 paramaguetic Hite 4
z 4 TriMn) =
E b -
=1
-é 0 frecrinisr ey ke AR .
Soopls ]
& B bng-unw_kngﬁ t—a
b (a7 = neary-kck-in AF =
- ferraeleetric (Piie)
" 1 i 1 i 1 i 1 i
0 2 4 8 g

Magnetic Field (T)

Figure 5.1: Magnetoelectric phase diagram of DyMnQOs with magnetic field along the a, b and c
axes. Gray regions indicate ferroelectric phases. Figure published by Kimura et al.[30]

In DyMnOs the crystal first show an A-type antiferromagnetic order below Ty. Below
the ordering temperature of the cycloidal structure T, the crystal exhibits a polarization
parallel to the ¢ axis (P||c ~ 600 gl—(;’ at zero field) at 2 K as shown in Figure 5.1. This
polarization is not significantly affected by magnetic fields along the c axisup to 9 T
(Figure 5.1 (c)). When applying a magnetic field along the a or b axis P||c is suppressed
and the sharp peak of ¢. gets diffuse. On the other hand a sharp peak in ¢, appears
with increasing fields and a P||a is measurable. This behavior can be connected to a
tlop of the spin spiral from the bc plane to the ab plane at high fields as it is known from
TbMnO;[93, 94] and the multiferroic state may also be excited[95, 96]. The direction of
the polarization flops from P||c to Plla at H||a =~ 6 T (2 K) (5.1 (a)). A magnetic field
along the b axis needs even lower values, like 1 T at 2 K (5.1 (b)). TbMnOs is to some
degree similar but more complex as a high magnetic field along the c axis (like 10 T at
10 K) is able to quench the ferroelectric order into the paraelectric state.



5.1. Systematic Changes of Ferroelectric Properties with x 61

5.1 Systematic Changes of Ferroelectric Properties with x

First the systematic changes of dielectric and ferroelectric properties with x for the sam-
ples = = 0.40 to 0.55 will be presented. The ¢, at H = 0 T increases with z as shown in
Figure 5.2. The sample = 0.45 is the first one to show a small peak at T, that is also
broader than the ones from higher x samples. The intensity of the peak increases with
x and sharpens. T, is between 24.5 K for z = 0.45 and 0.50 and 23.2 K for x = 0.55,
indicative of a ferroelectric transition.

The temperature dependence of ¢ is in agreement and closely tracks the P||c data.
P||c at 2 K increases with z starting with x = 0.45. The stability of P||c on applied mag-
netic field H||c is also higher with x as shown in Figure 5.3. The field necessary to sup-
press the polarization increases with x from 4.5 T to approximately 8 T in each direction
of the field. For z = 0.45 a field of H = 14 T is applied it quenches the ferroelectric order
and the information is lost when retracting the field to 0 T, no P||c appears. On the other
hand at x = 0.55 the polarization is completely regained after applying H||c = 14 T and
to 20% with H ||b. This indicates that the stability of the ferroelectric order and therefore
also of the magnetic order increases smoothly with z instead passing a transition area
that exhibits a lower degree of stability.

When the P||c of the sample z = 0.55 is suppressed under a field of H||b, P||a reaches
only a value of 15% of P||c at zero field and the flop happens at approximately 7 T.On re-
leasing the field down to zero P||c reaches only 19% of its original value, so this process
of spin flop is not reversible with H ||b.

The field sweep of H||c shows a more interesting behavior in the polarization profiles
with z as it is displayed in Figure 5.4. Sample x = 0.55 shows a flop of the polarization
from P||c to P|la with £12 = 47% at 7 T with a full recovery of P|/c when the field is

Plle
withdrawn and no remanent polarization in P||a. When x is decreased first the recovery
of P|c is affected as it only regains % = 39% at x = 0.50 and with = = 0.45 no P||c is

recovered and no P||a appears. This indicates that with lower doping the stability of the
ferroelectric under field and is comprimized and quenched at high fields. As sample
x = 0.40 does not show a polarization with H ||c this measurement is excluded here.

The temperature profiles of P||a and P||c under H ||c shows at the transition region of
x = 0.50 and 0.45 another transition at approximately 8 T that causes an amplification of
the polarization. This is quite unusual as transitions below T, in DyMnO; and TbMnO;
decreases the polarization if not suppress it completely. On the other hand it can be seen
as a decreasing of the polarization and the magnetic order with increasing temperature
indicating an unstable component in the magnetic order.
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5.2 Results of Measurements on x = 0.55 sample

The complete results of the measurements for x = 0.55 are shown in Figures B.2 and
B.6. Like DyMnO3; z = 0.55 does not show significant changes along the b direction of
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100 9% at 2 K. Red lines indicate increasing field, blue lines decreasing field sweep.

man

the dielectric constant with temperature or field, except a small increasing of the value
with H||bat T, and does not have a significant polarization that can be measured in this
direction. Applying a magnetic field along the a direction does not change the shape of
the temperature profiles of the dielectric constant or the electric polarization.

Remarkable changes in the temperature profiles are observed when a magnetic field
is applied along the b and c direction. First the results of the measurements of ¢, and
e. with H||b and H||c will be discussed and are shown in Figure 5.6. When H||b or
H]|c is applied, a sharp peak in €. at T, broadens and decreases in temperature and is
completely suppressed at fields over 8 T (H||b) or 5 T (H ||c). It should be marked that in
contrast to DyMnOs no second peak below T; in ¢, develops. This peak can be assigned
to the ordering of the Dy spins comparable to the ordering of the Tb spins in TbMnOj as
the amount of spins at this crystallographic position is decreased by using Nd instead
of Dy and occupied by 45 per cent with nonmagnetic Y this missing peak is explainable.
The temperature of this peak will will be labeled T),.

The measurement of ¢, without an applied magnetic field only shows a kink at T,
= 23 K. When applying H||b the kink sharpens and transforms into a peak. The peak
temperature decreases to the lowest value of 15 K at i =7 T while getting stronger and
developing to a intense but not too sharp peak at 21.5 K at H = 14 T. When applying
H]|c the kink of €, changes to a hump with its maximum changing in temperature with
H but stays more or less stable at fields of H||c > 5 T with a maximum at 18.5 K. The
baseline value of ¢, is much smaller than €., what is approximately also the case for the
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Figure 5.4: Magnetic field profiles of the samples = = 0.45 to 0.55 of polarization measured along
the c axis with field sweep H||c from 0 T to 14 T and back to 0 T with 100 2% at 2 K. Red lines

min

are P||c, blue lines are P||a, straight lines are increasing field, dashed lines are decreasing field.

The inset at x = 0.45 shows the graph with magnified y scale. The error of the polarization is
+£1.545.
m

x = 0.50 sample. This is different to the values for DyMnOjs as the baseline of €. in both
compounds are approximately in the same region (20 for z = 0.55 and 17 for DyMnQO3)
but the baseline for ¢, are completely different as ¢, (z = 0.55) = 2.1 and ¢, (DyMnOs)
~ 30 with a very large peak at T, (H||b) that is nearly 10 times higher.
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Figure 5.5: Temperature profiles of samples x = 0.40 to 0.55 of polarization along the a and c
axis at magnetic fields up to H = 14 T along the c axis.

The measurements of P||a and P|/c with applying H||b and H||c are shown in Fig-
ure 5.7. Due to the assumed missing ordering of the A-site ions the zero field polariza-
tion with changing temperatures at the x = 0.55 sample shows only one second order
transition over the complete temperature range. According to the changes in ¢, when
applying H ||b the onset temperature of P||c decreases from 23.5Kto15.5Kat H||b=7T
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Figure 5.6: Sample x = 0.55 temperature profiles of dielectric constant along the a axis (a)-(b)
and the c axis (c)-(d) at magnetic fields up to H = 14 T along the b and c axis.

while the value of P||c also decreases from 120“m—6;, a remarkable lower value compared to
the 60045 of DyMnOs, and is completely suppressed at fields of H||b > 8 T. At DyMnOs
also the polarization with higher fields show that the area between 7, and T, shows
higher polarization before it is completely suppressed also at H|la > 8 Tor H||b >4 T.

When applying H ||c T, of P||c first decreases to 14 K at H =5 T and increases again
at higher fields. Further P||c is not quenched with increasing field like when H||b is
applied but is inverted. At H||c = 6 T a part of the temperature dependence curve is
negative!. At H||c = 8 T the whole curve is negative and at H|lc = 14 T P||c is about
-23 ;—%‘ that is 19% of the value at zero field.

On the other hand when H|[b > 6 T or H|c > 2 T is applied a remarkable increas-

!Negative values of the polarization are always meant to be negative relative to the measured po-
larization at H = 0 T in the context of this work. Negative values therefore mean that the direction of
polarization is reversed from +c to —c.
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Figure 5.7: Sample x = 0.55 temperature profiles of polarization along the a axis (a)-(b) and the
c axis (c)-(d) at magnetic fields up to H = 14 T along the b and ¢ axis.

ing of P|la is measurable. The onset temperature of P||a follows the maximum of ¢,.
Extraordinary is the fact that P||a shows a maximum at H||b that changes with increas-
ing field. At H|b =14 T P|a(2.5K) = 51 “m—cg but has its maximum at 14.5 K with
Plla(14.5K) = 128 ’;L—CQ At fields of H|ja > 5 T a significant P|/a is measurable the in-
creases in intensity but changes only little at H|ja <8 T to a maximum of P|ja = 65.5 %
with the transition temperature of 18.5 K. It should be mentioned that these curves are
comparable to the results for DyMnO; whose H ||b curve matches to some degree the
Hl|c curve measured here and the H ||a of DyMnOs matches this H ||b curve.

Regarding those results it can be stated that by applying a sufficiently large magnetic
tield along the transition of the peaks in ¢, and ¢, from the c axis to the a axis at T can be
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ascribed to the switching of the polarization from P||c to P||a as it is visible in Figure 5.7.
This is comparable to DyMnOj that exhibits a polarization flop at approximately H ||a ~
7K or H||b =~ 3 K. When doing a field sweep at 2 K this assumption is confirmed as
shown in Figure 5.8. At H||c of approximately 6 T P||c shifts to P||a, but with only half of
the value for P||c. When the magnetic field is withdrawn this flop is nearly completely
reversible. At H||b of approximately 6 T P||c starts to quench, and P||a increases only
little. When the magnetic field is withdrawn P||a goes zero again but P||c only gains 20
per cent of the starting value at zero field, leading to the conclusion that only an applied
field along the c-direction is able to induce a reversible flop of the polarization.
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Figure 5.8: Sample v = 0.55 magnetic field profiles of polarization along the a axis (a)-(b) and
the c axis (c)-(d) at magnetic field sweep from H = 0 T up to 14 T and back to 0 T with H ||a and
H|la.
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5.3 Similatities and Differences to other RMnO;

The results in the measurements of the physical properties show a lot of similarities be-
tween the Nd;_,Y,MnO; system and the RMnO; compounds. The compositions with
x < 0.40 are not ferroelectric and, exemplary for = 0.40, do not show a polarization in
any principle crystallographic direction under fields up to 14 T applied in any direction
indicating a ground state that is not ferroelectric. This behavior is known from EuMnOs
that does not show a magneto electric effect. The results for x = 0.45 and 0.50 show
an evolving polarization, getting more stable with higher x under high magnetic fields.
The composition with z = 0.55 show a stable and reversible polarization. The magne-
toelectric phase diagrams for an applied field along all three principle crystallographic
axis a, b, and c are displayed Figure 5.9.

The sample with z = 0.55 is the single crystal sample with the highest crystallo-
graphic distortion and the systematic changes of the ferroelectric properties with z in-
dicate that this sample is the one that is most similar to the multiferroic RMnOj, espe-
cially to DyMnOs. Both show a P||c below a T, as a result of a cycloidal spin order with
the spiral in the bc plane and the propagation direction along the b-direction. In both
crystals P||c can be flopped to P|la by an external magnetic field. A characteristic dif-
ference is that this flop is strongest with H||b in DyMnO; and H ||c has no effect while in
x = 0.55 the polarization flop with H]||c is strongest and even reversible when the field
is withdrawn while H ||a shows no effect.

Another significant difference is the absence of a second transition in the polarization
order below T, under zero fields. This second transition is caused by the onset of the
magnetic order of the rare earth ion. A magnetic order of Nd influencing the Mn order,
like Dy or Tb in RMnQ3, could not be observed while Y is completely non-magnetic, so
the results of the polarization measurements are only the result of the Mn spin order.

So it can be shown that changes in x systematically changes the magnetic and fer-
roelectric properties of the system. With increasing « first a P||c appears that can be
quenched with magnetic fields strong enough of H||b and H|c. When P||c is stable
enough the polarization can be flopped to some degree to P|la under H|band H ||c. At
x = 0.55 P||c is not quenched under high fields but is reversed to some degree. The flop
of the polarization can be explained by the flop of the cycloidal plane as it is known for
TbMnO3[94].
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Figure 5.9: Magnetoelectric phase diagram of the x = 0.45 to 0.55 samples with magnetic fields
along the a, b, and c axes. Ty was obtained with magnetization measurements as described in
Section 4.1 that were confirmed at H = 0 T with single crystal neutron diffraction. The data
obtained by measurements of dielectric constant, pyroelectric and magnetoelectric current is
displayed red circles and green triangles.
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Chapter 6

Magnetic Order in Nd;_,Y,MnO;

olycrystalline sample measurements revealed a transition from A-type antiferro-

magnetic order to an incommensurate spin density wave with a transition zone
where both magnetic components co-exist. The measurements of the physical prop-
erties proved that the compounds with > 0.45, having a dominant incommensurate
spin component, show a polarization along the c-direction below T,. To examine in de-
tail the development of the magnetic structure with varying x and temperature, neutron
diffraction measurements on single crystals are necessary.

Single crystals were grown of the compositions x = 0.3 to 0.55 as described in Sec-
tion 3.2. Although it was possible to grow single phase = = 0.6 polycrystalline samples
it was not possible to grow single crystals as either the growth resulted in a polycrys-
talline sample or split up into a Nd-rich orthorhombic phase and a Y-rich hexagonal
phase. Neutron diffraction measurements were conducted at the Helmholtz-Zentrum
Berlin fiir Materialien und Energie at E4, E5 and V2 and at Institut Laue-Langevin at
D10, for more details to this instruments see Section A. All temperature dependent
measurements were done on measuring at heating up with distinct temperature steps
in contrast to the measurements with polycrystalline samples at D20 that were done
with a temperature sweep. The crystals grown including the instruments they were
measured with is listed in Table 3.2 on page 39.

6.1 Magnetization Measurements on Single Crystals

Temperature dependent magnetic susceptibility measurements were conducted in a, b
and c direction at H = 500 Oe! as shown in Figure 6.1. Those measurements confirm
the results of the magnetization measurements with the polycrystalline samples and of
the physical properties measurements in Chapter 5. The direction dependent measure-
ments can clearly distinguish between the different transitions. The antiferromagnetic
transition is in the b-direction that is the easy axis confirms the results in Section 7.2

! Also measurements at H = 5 T and 14 T were conducted and the whole results are displayed in
Figure B.1
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that the collinear spin density wave align along the b-direction. Ty here is about 2 K
higher than measured with polycrystalline samples. The ferromagnetic transition that
was also measured at the polycrystalline samples decrease with x and is not affecting
the measurement anymore at < 0.50 and is strongest along H ||c but also to some de-
gree along the other directions. Ty of the A-type antiferromagnetic order also decreases
with = while the Ty of the incommensurate component remains at approximately 50 K
as it will be shown further in this chapter. This confirms the assumption that this order
is assigned to the ordering of the Nd** spins along the ¢ direction when the Mn*" order
in an A-type antiferromagnetic orientation as described in Section 4.1.
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Figure 6.1: Magnetization as a function of temperature for the samples x = 0.4 to 0.55 along the
a, b, and c axis at a magnetic tield of H = 500 Oe. Black arrows show the Ty, blue arrows show
the ferromagentic transition Tr); and the red arrows show the ferroelectric transition tempera-
tures Trg.

The evolution of the ferroelectric phase is visible at H||b and H ||c at samples x = 0.50
and 0.55 that confirms the results from Section 7.2 that a magnetic transition takes place
in the b and c axis by transforming the collinear spin density wave along the b axis to
the cycloidal spin structure in the bc plane propagating along the b axis.
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6.2 Variation of Magnetic Order with x

One result of the measurements on the polycrystalline samples was the observation
of the co-existence of the A-type antiferromagnetic order and a modulated spin order.
But as the value of 20 of the magnetic components are quite alike, the g-resolution of
the experiment did not allow for a closer investigation. In this Section temperature
dependent neutron diffraction scans along the (0k1) direction will be shown that cover
both magnetic reflections and will also provide the wavenumber of the incommensurate
reflection.

The results of g-scans along the (0k1) direction of the samples x = 0.35 to 0.50 are dis-
played in Figure 6.2 and confirm the co-existence of the A-type and the incommensurate
order in the compounds z = 0.40 and 0.45. The instrumental and sample resolution al-
lows to resolve the two different magnetic reflections and measure their development
with z. The low  compounds show only a pure A-type antiferromagnetic order while
on the other hand the samples z > 0.50 showed only a modulated spin component at
2 K. The wavenumber of the incommensurate component is increasing with x. The com-
pounds with z = 0.35 to 0.45 clearly show both magnetic components and will be called
in the text below the transition zone. The full width half maximum of the magnetic
reflections in the transition zone is higher than the instrumental resolution indicating a
smaller coherence length.

A closer look at the temperature dependence of the reflections in the transition zone
(Figure 6.2 (b)-(d)) reveals that the onset temperature of the A-type antiferromagnetic
order is lower than T of the magnetic susceptibility measurements. The magnetic mea-
surements confirm those transition temperatures as shown in Section 6.1. Further not
only the shape of the satellite reflection of the = = 0.45 compound is changing with tem-
perature (in contrast to the component without an A-type antiferromagnetic component
like z = 0.50) but also more than one peak is visible.

The development of the magnetic reflection with doping can also be visualized by
the color plots as shown in Figure 6.3. The intensity in the plots is scaled logarithmi-
cally to make also the weaker magnetic reflections evident. Here it is very clear to see
how in addition to the A-type antiferromagnetic component, a second incommensurate
magnetic component, appears and with increasing x it co-exists with the A-type order
and eventually replaces it for x > 0.50. and for sufficiently larger values of z, it replaces
the A-type component.

When comparing the results of the susceptibility measurements with the results
of the temperature dependent neutron diffraction measurements (Figure 6.4) it is vis-
ible that the onset of the A-type antiferromagneticorder induce the ferromagnetic order
along the c-direction of Nd3+ spins. In the transition zone (z = 0.40 and 0.45), T and the
intensity of the A-type antiferromagnetic component at 2 K decreases quickly (bottom
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panel). Further the onset of the A-type antiferromagnetic component in the transition
zone also decreases fast with x and is not measurable anymore in > 0.50. This is pe-
culiar as the measured Ty in the susceptibility measurements is not lower than 50 K.
By comparing the onset of the A-type antiferromagnetic order with the magnetization
measurements it is visible that the onset T (A-type) is the same as the onset of the fer-
romagnetic component T¢ (Nd) determined in the anisotropic susceptibility measure-
ments. This observation confirms the assumptions made in Section 2.4 that the A-type
antiferromagnetic order exposes a small ferromagnetic component along the c-axis due
to the Dzyaloshinskii-Moriya interaction of the Mn spins. This induces the Nd spins to
align according to this ferromagnetic component resulting in a stronger ferromagnetic
moment as described elsewhere for NdMnQO5[84, 86].
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Figure 6.2: Neutron diffraction g-scans measured from samples x = 0.35 to 0.50 from (0-0.5 1) to
(0 0.5 1) (a) with the intensities normalized to the value of the (002) reflection at 2K. The panels
(b) to (d) show temperature dependent waterfall plots of g-scans from (0-0.1 1) to (0 0.3 1) for the
samples x = 0.4, 0.45 and 0.5 with a separation of the plots of about 2000 units per temperature.
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Figure 6.3: Temperature dependence of neutron diffraction g-scans along the b-axis from (0 -0.5
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Ty of the magnetic susceptibility measurements of the compositions of z > 0.40 is
therefore referred to the onset of the modulated spin component and not to the A-type
antiferromagnetic component that is a strong indicator to phase separation into two
magnetic components.
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Figure 6.4: Temperature dependence of the magnetization for H||b = 500 Oe (top) and of the
intensities of the A-type antiferromagnetic peak at (001) with the intensity relative to the nuclear
(002) reflection (bottom).

6.3 Magnetic Order in low Doped Region (x = 0.30, 0.35)

The sample = = 0.3 showed purely the A-type antiferromagnetic reflections. The man-
ganese spins in the z = 0.35 sample order nearly exclusively in an A-type antiferromag-
netic order, even this sample showed the presence of a small diffuse incommensurate
reflection, q" with a wavenumber of approximately 0.21 (Figure 6.5). This confirms the
results from polycrystalline measurements where the samples of + > 0.35 displayed
only one A-type peak (as displayed in Figure 4.7) and an additional incommensurate
component did not improve the Rietveld refinements due to the lower sensitivity of the
polycrystalline measurement compared to single crystal measurements.

This incommensurate peak can be fitted with a single gaussian peak as it is displayed
in Figure 6.6 giving a coherence length at 8.3 A along the b-direction that is not even two
unit cells and therefore this magnetic component arises from local spin order. When
the sample is cooled down the A-type and the incommensurate reflection appear at
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Figure 6.5: Q scan of sample x = 0.35 from (0-0.09 1) to (0 0.29 1) measured at D10 at different
temperatures with a logarithmic y-axis scale.

approximately the same temperature as shown in Figure 6.7. While the intensity of the
A-type reflection increases, the incommensurate peak first increases then decreases in
intensity. The wavenumber increases until the A-type reaches its saturation value. The
incommensurate peak remains constant in intensity and wavenumber. This suggests
that the two magnetic orders are coupled as they both show the same Ty.

6.4 Magnetic Order in Phase Co-Existence Region (x = 0.40,
0.45)

6.4.1 The x =0.40 region

In the transition zone the A-type antiferromagnetic component co-exists with the mod-
ulated spin order at 2 K?. The g-scans along (0k1) at different temperatures are shown
in Figure 6.3 (b) and (c), reveal that Ty of the A-type antiferromagnetic component is
not only lower than Ty of the modulated spin component but the position and shape
of the satellites change significantly with temperature. The reflection of the modulated
spin component q" in x = 0.40 at 2 K can be fitted with only one gaussian, as displayed
in Figure 6.8(a) giving a coherence length of 15.4 A along the b-direction that is approx-
imately three unit cells and therefore this magnetic component arises from local order.
However on heating a second peak, q”, appears at 26 K and can be fitted separately
from q’ (Fig. 6.8(b)). Above 47 K q” disappears and q” is the only incommensurate peak

2The analysis and the results of the spin structure is discussed in Section 7
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Figure 6.6: Modeling of the incommensurate magnetic reflection of the sample x = 0.35 per-
formed on g-scan from (0 0.05 1) to (0 0.35 1) with one peak. The green peak is the fit of the (0q1)
reflection, the red peak is the tail of the fit for the strong (001) reflection and the blue curve is the
sum of those two. The cure fits have an offset of -150 units while the difference plot has an offset
of -300 units for better visualization.

to be measured. Both q’ and q” are broader than the instrumental FWHM resolution
and are comparable to the incommensurate peak of the x = 0.35 sample?®, in terms of
the peakshape and position change with temperature, but they have a longer coherence
along the b-direction.

To have a closer look, the behavior of the magnetic reflections with temperature are
displayed in Figure 6.9 for the x =0.4 sample. The different transition temperatures are
evident from the temperature dependence. On cooling the q” reflection appears at Ty
with increasing intensity and decreasing wavenumber. At the onset of the A-type peak
the intensity of q” decreases while a new q" appears with a constant wavenumber over
the whole temperature range. When the A-type peak reaches its saturation value q”
disappears and the FWHM of the q’ peak remains constant. Both the A-type and the
incommensurate reflections have a coherence length of approximately three unit cells
along the b-direction with 17.940.6 A or 15.4+0.5 A, respectively.

3In the following text q" and q” is used to distinguish two comparable incommensurate reflections of
the same crystal (either + = 0.40 or 0.45) that have a lower and temperature dependent wavenumber.
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Figure 6.7: The temperature dependence of the intensity of the magnetic reflections in black and
the wavenumber of the incommensurate q’ reflection in red. These paramaters were obtained
by the fitting shown in Figure 6.6
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Figure 6.8: Modeling of the incommensurate magnetic reflection of the sample x = 0.40 per-
formed on g-scan from (0 0.05 1) to (0 0.35 1) with one gaussian peak at 5 K (a), 30 K (b) and 48 K
(c). The green peak is the fit of the (0q1) reflection (light green for q’, dark green for q”), the red
peak is the tail of the fit for the strong (001) reflection and the blue peak is the sum of those two.
The peak fits have an offset of -200 units while the difference plot has an offset of -400 units for

better visualization.
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Figure 6.9: Sample x = 0.40 temperature dependence of the intensities of the (001) (black) (a)
and (0q1) reflections (red and green) (b), of the wavenumber of the incommensurate reflections
(c) and the full width at half maximum for the (0q1) (d) and the (001) (a) reflections measured at
E5. The dashed horizontal line in (a) marks the instrumental resolution. These parameters were
obtained by the fitting model shown in Figure 6.8.

6.4.2 The x =0.45 region

For the z = 0.45 sample incommensurate reflections are observed with complex peak
shape at 2 K. These are not possible to fit with only one peak. Three peaks are necessary
for a good fit but with different FWHM as shown in Figure 6.10, where as in 6.10(b) a fit
of the data with gaussian with the same FWHM. The two peaks with lower wavenum-
ber (q" and q”) show a temperature dependent wavenumber while the peak with the
higher wavenumber (g.,.) behaves like the one of z > 0.50 with a constant wavenumber
with temperature. On the other hand the (001) A-type peak is still measurable. The
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Figure 6.10: Two possible models of the incommensurate magnetic reflection of the sample
x = 0.45 performed on g-scans from (0 0.09 1) to (0 0.32 1) with three gaussian of either different
(a) of the same (b) fwhm. The black curve is the sum of the peak fits, the peaks in other colors
display the different peaks used. The black curve has an offset of -500 units, the other peaks
have an offset of -1000 (green) or -2000 units, while the ditference plot has an oftset of -5000 (a)
or -7000 (b) units for better visualization.

intensity of the A-type (001) peak can be measured but the peak is too broad to obtain a
reliable quantitative fit. Panel 6.11(a) shows only the intensity at the position (0 0.0375
1) that is neither covered by the $ reflection nor by one of the incommensurate reflec-
tions and therefore may only reflect a signal from the A-type diffuse scattering that is
independent of a model. This position shows a clear onset temperature at the same
temperature as a fitted broad A-type reflection (black) in panel 6.11(b), suggesting the
existence of a residue of an A-type component, although the obtained model parameters
are not reliable.

The sample = 0.45 occurs at the composition at the very threshold between the two
magnetic order A-type, that is barely detectable in this composition, and the incommen-
surate spin order. On cooling all three incommensurate components appear at T and
increase in their intensity. At the onset of the A-type order their intensity decreases until
T,, where the intensity increases again. When the A-type component reaches its satu-
ration value, the intensity of the incommensurate components remains constant with
decreasing temperature. When looking at the wavenumber only g.,. is invariant with
temperature while ¢’ and ¢” vary with temperature having a minimum at the onset of
the A-type. The FWHM of those peaks suggests that ¢’ arises from short range order
(1041 A) while ¢” has a longer coherence at Ty (16.4+0.6 A) and ¢, shows the highest
coherence with 40+1 A below T,.

In both samples of the transition zone it can be stated that the A-type antiferromag-
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Figure 6.11: Sample x = 0.45 temperature dependence of the intensities at the (0 0.0375 1) po-
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These parameters were obtained by the fitting model shown in Figure 6.10.



6.5. Magnetic Order in the Higher Doped Region (x = 0.50, 0.55) 83

netic component is less stable than the modulated spin component as Ty of the A-type
component is lower than Ty of the incommensurate component. Further the evolution
of the A-type antiferromagnetic order with decreasing temperature influences the in-
commensurate components in a way that the intensity and partly also the wavenumber
of those varies until the A-type reaches its saturation value.

6.5 Magnetic Order in the Higher Doped Region (x = 0.50,
0.55)

Samples of + = 0.50 and 0.55 do not display an A-type antiferromagnetic component but
only a modulated spin component with a wavenumber of ¢ = 0.250 and 0.275, respec-
tively. These values are constant with temperature as shown for = 0.50 in Figure 6.3
(d). This is in contrast to the results for TbMnO3; where the wavenumber varies as a
function of temperature between Ty and T;[97]. In this behavior Nd;_,Y,MnOj is com-
parable to Eu;_,Y,MnOj3; (with non-magnetic Eu and Y) where the wavenumber is also
stable for the multiferroic phase with temperature and magnetic field[66], so the influ-
ence of the magnetic Nd** on the magnetic order of the manganese is in Nd; _, Y, MnOs
very little compared to Tb**.

Ty of the incommensurate reflections always match Ty from the magnetic measure-
ments and the magnetic reflections in the g-scans can be fitted for 2 = 0.50 and 0.55
perfectly with only one gaussian peak. Those samples exhibit a spontaneous polariza-
tion at approximately 24 K. When the intensity of the magnetic (0¢1) reflection is plotted
versus temperature a kink is visible in the curve of the reflection and is even clearer for
the (02—¢1) reflection as displayed in Figure 6.12. This reflects the magnetic transition at
T, =24 K from collinear spin density wave with only one magnetic m, component to cy-
cloidal spin order with a m, and a m, component, visible in the temperature dependent
intensity of the magnetic reflections.

6.6 Discussion of the Magnetic Order

The transformation of the magnetic ground state from A-type antiferromagnetic order
to a spin cycloid with a transition zone at x = 0.40 and 0.45 is difficult to interpret.
Figure 6.13 displays the variance of the coherence length of the different magnetic com-
ponents from = = 0.30 to 0.55 at 2 K to summarize the results®. It is visible that when

4The sample resolution on the respective instrument is determined by the g-resolution of the nuclear
(002) peak that is the nuclear reflection in the bc-plane that is closest to the (001) reflection and also one of
the strongest peaks.
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Figure 6.12: Results of neutron scattering of sample = = 0.50 showing the temperature depen-
dence of the intensity of the (0¢l) and the (02 — ¢1) reflection.

the (001) reflection indicates local order of the A-type order (x = 0.40 to 0.45) and one
or two co-existing modulated spin component(s) with a longer wavenumber of approx-
imately ¢ =~ 0.20, those components are also short ranged ordered (15 A counting ap-
proximately 3 unit cells along the b-axis). Those components are directly connected to
the A-type antiferromagnetic component as they only exist when the A-type antiferro-
magnetic component is present at low temperatures and their wavenumber is directly
affected by the emergence of the (001) reflection. On the other hand the modulated spin
component with a higher wavenumber exhibits at 2 K a coherence length of about the
resolution of the respective sample on that instrument. This indicates that the A-type
antiferromagnetic order in the transition region is stabilized together with local mag-
netic spin order with lower wavenumbers of about ¢ < 0.23. On the other hand the
spin order with wavenumbers of ¢ > 0.23 suggest to be responsible for the spontaneous
polarization below T, shown in Chapter 5. Further the wavenumber of the most intense

incommensurate reflection in the sample changes linearly with z, as it is also known
from Eu;_, Y, MnQOs[66].

The temperature dependent measurements therefore suggest that the transition from
the non-multiferroic A-type antiferromagnetic order to the multiferroic cycloidal spin
spiral with x is of first order. With increasing = the magnetic frustration increases caus-
ing the A-type antiferromagnetic structure to became instable. But the transition to the
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Figure 6.13: Top panel shows the coherence length depending on composition from sample
x = 0.30 to 0.55 showing the maximum resolution of the respective samples on the instruments
with red squares, A-type component (001) with black circles, the modulated spin component
with low wavenumber of approximately q ~ 0.20 in green triangles (tip up) and the modulated
spin component with higher wavenumber of approximately q ~ 0.25 in blue triangles (tip down)
at 2 K. E4 (x = 0.45) was made in high flux mode while E4 (x = 0.50 and 0.55) measurements
are made in high resolution mode, D10 and E5 were used in high flux mode. The dashed hori-
zontal line marks the unit cell size along the b-direction. The bottom panel shows the data on a
normalized scale relative to the sample resolution.

modulated spin structure takes place piecemeal. In this region Ty of the A-type anti-
ferromagnetic structure decreases and is accompanied by decreasing coherence length
with z, while a second and third modulated long wavelength spin order co-exists. This
second component is different to the cycloidal spin spiral of + = 0.50 and 0.55 for
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the wavenumber is temperature dependent or, more precisely, appears coupled to the
(001) reflection from the A-type antiferromagnetic component. For sufficiently large
z, wavenumbers close to ; are found together with the magnetic cycloidal order that
induces a spontaneous polarization as measured in Chapter 5.



Cycloidal Order in Nd;_,Y,MnOs

Chapter 7

Cycloidal Order in Nd;_,Y,MnO;

he solid solution Nd;_,Y,MnO; can simulate the general structural and magnetic

behavior of the rare earth RMnO;. At low z values the ordering of Mn-spins is
antiferromagnetic A-type, while for > 0.5 only an incommensurate spin spiral phase
is found as the magnetic ground state. For intermediate compositions of 0.4 < z <0.45a
novel region of co-existence between the A-type and spin spiral magnetic ground states
exist. The incommensurate spin spiral state shows a ferroelectric polarization along the
c-direction. The detailed structure of the spin spiral shall be the focus of this chapter.

The crystals were used on the D10 four axis diffractometer at ILL, Details are dis-
played in Section A.12. The samples were measured at high flux mode at 2.36 A at 2 K
and the data was analyzed with Racer and LAMP' runtime environment Version 6.4.

7.1 The Irreducible Representations of the Pbnm Space
Group

The magnetic moment of the atom ’j’, in the cell with origin at the lattice point R,,, in a
magnetic structure characterized by the set of propagation vectors {k}, is given by the
Fourier series: m,; = Y, Sk; - ¢ >"®", where the sum is extended to the whole set
of propagation vectors. For k at the interior of the Brillouin zone the vector -k should
also be present and Sy; = S, ;. The physical meaning of the basis functions of the irep
I', in describing a magnetic structure is that of the Fourier coefficients Sy; are linear
combinations of the constant vectors S, (k, v, A|j), so that

Sij = Y _ CaaSa(k, v, A[). (7.1)
a

For a given propagation vector k and a given irep I'), the index a runs between 1
and n, and A between 1 and d,.. The coefficients C, ) can be real or purely imaginary. By

'LAMP stands for Large Array Manipulation Program and the LAMP package is distributed at the
ILL in the public domain
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I'n 1 m, 2,, b, Mn;, Mny, Mn; Mny mode
r, 11 w w (100) (-100) (-w00) (w00) A,
(010) (0-10) (Ow0) (0-w0) G,
(001) (00-1) (00-w) (00-w) C.
s 1 -1 w -w (100) (100) (-w00) (-w00) C,
(010) (010) (0w0) (0wO) F,
(001) (00-1) (00-w) (0Ow) A,
s 1 -1 -w -w (100) (-100) (w00) (-w00) G,
(010) (0-10) (0-w0) (Ow0) A,
(001) (001) (00-w) (00w) F,
ry 1 -1 -w w (100) (100) (w00) (w00) F,
(010) (010) (0-w0O) (0-w0) C,
(001) (00-1) (00w) (00-w) G,

rhn 1. m, 25, b. Ry Ry Rs Ry mode
rh, 11 w w (001) (00-w) (001) (00-w) a,
r, 1 -1 w -w (100) (-w00) (100) (-w00) a,
(010) (0w0O) (010) (OwO) f,
rs 1 -1 -w -w (001) (00w) (001) (00w) f.
ry, 1 -1 -w w (100) (w00) (100) (w00) f,
(010) (0-w0) (010) (0-w0) a,
Table 7.1: The symmetry analysis for space group Pbnm for the magnetic wavevector k = q,b*,
gy < 0.5. The numbering of atoms in the 4b site is: Mmn (%,0,0), Mng(%,O,%), Mng(O,%,% ,
Mnl(O,%,O). The rare earth atoms of the first 4c orbits are: Ry (x,y,%), R4(1%—x,y+%,i ) and those
of the second orbit: R( l—x,l—y,%), R3 (x—%,%—y,% ), with x and y according to Table 4.4. The sym-
bols (f,a) used to describe the basis functions for the R orbits correspondent to F' and A for a
two-atoms orbit.

varying these coefficients, the whole class of magnetic structures satisfying the symme-
try of the propagation vector can be obtained[90, 91]. The basic functions vector results
of the symmetry analysis for the Pbnm space group are listed in Tables 7.1.

If the antiferromagnetically stacked ferromagnetic layers are ordered in different
modes? other reflections are produced as listed in Table 7.1[98].

2The different modes of the A-type can be understood of the different directions of the ferromagnetic
sheets (stacked antiferromagnetically) in the crystal allowed by symmetry. For example in the A-mode
the sheets are in the [001]-plane while in the F-mode the sheets lay in the [110]-plane
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h+k= 1= first reflections
A-mode 2n 2n+l (001)
G-mode 2n+1 2n+1  (101) / (011)
C-mode 2n+1 2n (100) / (010)
F-mode 2n 2n (110)*

Table 7.2: Extinction rules for the possible magnetic peaks of an antiferromagentic Pbnm system

with table showing the allowed reflections for the different magnetic modes of the A-type anti-
ferromagneticorder. The asterisk at the F-mode marks that this rule is also valid for the nuclear
magnetic peaks.

7.2 Magnetic Structure x = 0.45 and 0.55

Polycrystalline measurements showed for the z = 0.45 sample a coexistence of an A-
type antiferromagnetic component and a modulated spin order. On the other hand the
samples x > 0.5 showed only the modulated spin order and no A-type antiferromag-
netic component. As discussed in Section 7 the inversion symmetry breaking cycloidal
spin order in TbMnOQOs is the origin for exhibiting a polarization orthogonal to the unit
vector of the cycloid and the propagation direction as described in Formula (1.11). Hav-
ing a modulated spin order now poses the question of the detailed magnetic structure
and the possibility of having a spontaneous polarization by magnetic order.

To answer this question, single crystal sample neutron diffraction data from x = 0.45
and 0.55 were measured at D10 in four circle high flux mode. Although the crystals had
more than one grain, the orientation of the grains allowed to collect data at high qual-
ity to determine the magnetic structure of these crystals. The nuclear data at 60 K was
analyzed to resolve the structural data including scale factors and extinction param-
eters. Overall 351 independent nuclear Bragg reflections consisting of 502 individual
reflections were collected at 60 K, 30 K and 2 K for determination of the crystallographic
parameters such as the exact atomic positions and ratios and the absorption and extinc-
tion parameters. At temperatures of 30 K and 2 K additionally magnetic peaks were
measured with a wavenumber of ¢ = 0.275 for z = 0.55 and ¢ = 0.20 for + = 0.45. They
consisted of 196 independent magnetic Bragg reflections consisting of 459 individual
reflections. Analytical absorption corrections for each reflection were made while the
data collection by the measurement program, whereas the raw data was analyzed with
Racer and the analysis of the integrated magnetic and nuclear intensities was performed
with the FullProf suite.

The samples were cooled and a g-scans at 2 K were performed. At this temperature
the most intense magnetic reflections were satellites of the A-type (001) reflection split
along the b-direction. The sample z = 0.55 did not show any A-type (001) reflection
whereas the sample x = 0.45 still showed these magnetic reflections. Further details on
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the magnetic ground state and temperature dependent structure and the development
of those reflections with x and temperature are discussed in Section 6. The wavenum-
bers were determined resulting in the value for x = 0.55 of ¢ = 0.275 while for z = 0.45
the wavenumber was ¢ = 0.20.

At 2 K the most intense magnetic reflections with the determined wavenumbers
showed an A mode order with a considerably weaker G mode component. No F mode
reflections could be detected while a small C mode order component did neither im-
prove nor disturb the analysis for the z = 0.45 sample. As the components must be
orthogonal and a G, component is already existent the C, component though is ex-
cluded. A satisfactory fit for the data could be performed by using two independent
ireps, namely I'y ® I's = (C,, F,, A,) ® (G, Ay, F.), resulting in a agreement index
R =16.6 and weighted R,, = 30.1 for z = 0.45 and in R = 6.5 and weighted R,, = 13.2 for
x = 0.55. Figure 7.1 shows the observed and the calculated magnetic structure factors
(F2.and F?,)at2 K.

The higher R values for + = 0.45 are due to an overlap of the satellites and the
remaining according A-type reflection at this measurement on many reflections. All
values of the magnetic components are displayed in the Table 7.3. This means that at
2 K the spins are located in the bc-plane with an small component along the a-direction,
just above the detection threshold. In both samples the ratio of ﬁ—; is 2. The moments of
the Nd** ions only showed moments in I'; at a, and f, with the same incommensurate
ordering as known from DyMnQOj3[99].. The phase between the two ireps was found to
be best fitting the data at a phase shift at  resulting in a cycloidal spin density wave
in be-plane propagating in the b-direction. The Figure 7.2 visualizes the different spin
order in the two samples at the two temperatures. As P, oc m,m.(e, x k), with k as the
wavevector, this result confirms the observation of the polarization along P||c at 2 K.
The moments of the Nd** ions only showed moments in I'; at a, and f,,.

Measuring the reflections at 30 K only the A mode in the b-direction is left as well as
the neodymium moments. This means that at 30 K only a spin density wave along the
b-direction is left and a phase transition must happen between 2 K and 30 K. The spin
order of Nd** did not change much in th z = 0.45 sample but nearly vanished at the
x = 0.55 sample.

The development of the magnetic structure of this model though can be described
that with cooling the paramagnetic phase of this crystal is by a great extend replaced
by an A, mode of an A-type antiferromagnetic phase forming a collinear spin density
wave in b-direction. At lower temperatures a second A, mode appears with a phase
shift of 7 producing an elliptical cycloid (with the approximately 1.5 times higher value
along the b-direction) contained within the ab plane and the Mn spins rotating around
the c axis. The values of the Mn spins in the commensurate cycloidal structure along the
band c axis for the z = 0 and z = § layers of the 2 = 0.45 and « = 0.55 samples are given
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Figure 7.1: The comparison between the observed and the calculated magnetic structure factors
(F?) at 2 K is shown here for the analysis of the Mn spins reflections of the samples x = 0.45 (a)
and x = 0.55 (b).

in Figure 7.3. This is equivalent to the results for TbMnQOs3, that also exposes an elliptical
cycloid with unit vector and propagation vector pointing in the same direction, and can
explain the electric polarization along the c axis (as P o< a x b) in those crystals at these
temperatures as it will be described in Section 5. The other active GG, mode with values
between 0.38 and 0.47 have no effect on the cycloidal order but is responsible for a small
canting.

These measurements completely confirm the results so far. Pyroelectric measure-
ments proved that these samples are ferroelectric below 24 K with a polarization along
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Figure 7.2: The modulation of the manganese spins of the samples = = 0.45 and 0.55 at temper-
atures of 2 K and 30 K.

2K 30K
r =045 2 =055 r =045 2 =0.55

MnS-i—

A,  28(1) 334(5) 2.7(1) 2.84(5)

A 182 21D 05(2)  0.0(0)

G, 038(7) 047(4) 0.0(0)  0.0(0)
Nd3+

a, 184 12(3) 17(3) 0.6(4)

f, 084 10(Q 09(3) 0.6(2)

R 16.6 6.5 9.1 6.2

R, 30.1 13.2 16.6 9.1

Table 7.3: Moments and orientation of the Mn3+ and Nd>* spins at 2 K and 30 K. All values are
in LB, R is the agreement index, R,, is the weighted agreement index.

the c-direction. Temperature dependent measurements showed different patterns for
the samples = 0.45 and 0.55. The sample z = 0.55 showed a stable wave number
with temperature with a kink in the temperature dependent intensity at T,. The mea-
surements in this chapter prove that below Ty a collinear incommensurate magnetic
component along the easy axis appears that cannot induce a ferroelectric polarization
as P o< m, - m.. But with the onset of the second orthogonal component, that shows
a phase shift of 7, below T, a cycloidal structure is developed what is consistent to the
known multiferroic RMnOs.

The discussion of the analysis of the sample x = 0.45 is more difficult. The analysis
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Figure 7.3: Results of the magnetic structure refinements of the Mn spins in x = 0.45 (left col-
umn) and 0.55 (right column) samples at 2 K showing the variation of the M, (top row) and
M, (bottom row) components for the ions located at z = 0 (empty triangles) and z = % (filled
triangles) along the magnetic propagation vector with the components along a and b being out
of phase.

of the magnetic order in Section 6 showed that the sample has three magnetic compo-
nents: an A-type antiferromagnetic component and two incommensurate components,
one with a longer and one with a shorter wave vector and the longer one with a depen-
dence on the A-type. For the analysis of the cycloidal order the integrated intensities
of both incommensurate components had to be done as both peaks highly overlapped.
Further the diffuse reflections of the A-type structure also had a small overlap with the
incommensurate peaks. This may count as a reason that the analysis of the reflections in
this sample is not as good as in the x = 0.55 sample, resulting for example in reflections
with high integrated intensity values (F72, > 1000 in Figure 7.1 (a)) that could not be
perfectly optimized, increasing the value of the agreement index. However the analysis
of the magnetic structure using the magnetic reflections matches perfectly the results of
the measurements of the last chapters.
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Chapter 8

Summary and Conclusions

his thesis shows that it is possible to synthesize Nd;_,Y,MnOj; orthorhombic sin-

gle phase polycrystalline sample in the region of 0 < = < 0.6 and single crystals
in the region of 0.3 < x < 0.55. These materials mimic to a great extend the complex
electro-magnetic properties of the rare-earth manganite RMnOj series from R = Nd to
Dy as well as the solid solution Eu;_,Y,MnQOs;, despite the fact that the measured po-
larization are smaller here than in the other compounds. Different neutron diffraction
measurements as a function of composition from the collinear A-type to the cycloidal
ferroelectric compositions show a region of co-existence in x for both types of order pa-
rameters. This observation would suggest that this cross over is of first order with some
added degrees of complexity, as other magnetic wavevector are observed in T,z space
in this region.

81 The Nd;_,Y,MnO3; Magnetic Phase Diagram

Neutron diffraction measurements on polycrystalline samples show that in the system
of Nd;_,Y,MnOQO; the structural tuning of the nearest and next nearest magnetic inter-
actions can be held responsible for the changes of Ty and the impact on the magnetic
order below Ty. This is also known for the Eu;_,Y,MnOj series. Neutron powder
diffraction on the polycrystalline samples show the co-existence of two magnetic com-
ponents. Those two magnetic reflections although close in 20 are resolvable. However
the information that can be determined from the powder data is limited when dealing
with complex magnetic order. Despite this limitation there are several conclusions that
can be drawn from these data:

e With increasing = (decreasing (r4)), Ty for the A-type order decreases in a similar
fashion as in the RMnOQOs series.

e With increasing = the A-type order is replaced by an incommensurate spin order,
where in both cases the spins are aligned parallel to the b—axis.
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e There is a co-existence region between 0.4 < z < 0.45 that exhibits both the
collinear A-type phase and the incommensurate phase. This region separates the
A-type and incommensurate phase fields.

e The ratio of intensities of the incommensurate and commensurate A-type mag-
netic reflections varies with z,

e An induced ferromagnetic component of Nd-spins was found whose amplitude
decreases with increasing Y content.

The growth of single crystal samples enabled a more detailed analysis of the mag-
netic structures of this solid solution as well as the measurements of physical properties.
For 2=0.3 to 0.35 the A-type antiferromagnetic order was confirmed as previously found
for NdMnO; and the powder measurements. Here the Mn-spins are aligned along the
b—axis forming ferromagnetic layers that are antiferromagnetically coupled.

Turning the attention to the incommensurate magnetic order found for the higher x
compositions, similar characteristics to the A-type antiferromagnetic order were found.
Here the incommensurate propagation vector is also along the b-axis and the Mn-spins
have a b-axis component and the antiferromagnetic stacking along the c-axis is main-
tained. The single crystals measurements for the z = 0.45 and 0.55 compositions the
present of two magnetic transitions on cooling, the first at Ty to a spin density wave
with spins pointing along the b-axis and a second transition at T, to a cycloidal spin or-
der. The cycloidal phase forms by the development of an additional c-axis component
that is § out of phase with the b—axis component. In the case of a cycloidal structure in
the bc plane and a propagation along the b-direction a spontaneous polarization along
the c-direction is predicted according to Formula (1.11).

The variation of magnetic order in the solid solution Nd;_,Y,MnOs tracks closely
that of the RMnOQOj series. In both TbMnO; and DyMnO; compounds a bc cycloid is
found and indeed the values of (r4) for these compounds are comparable to those of
the x = 0.55 sample. Compounds at the phase boundary between A-type antiferro-
magnetic and incommensurate order such as EuMnO; and GdAMnO3; have shown some
evidence of an incipient A-type antiferromagnetic order with an easy axis along the
b—direction[100]. This A-type antiferromagnetic order is possibly suppressed with the
application of a magnetic field, as ferroelectricity is only found under magnetic field
in this compound[101]. In the Nd;_,Y,MnOQO; solid solution indeed was found that the
magnetic order between the A-type antiferromagnetic and incommensurate order co-
exist over a certain region in composition (0.4 < x < 0.45) for slightly lower values of
(r4) than those of R = Gd. The behavior that was found in those two compounds in
terms of magnetic phase co-existence therefore may be indicative of the behavior of the
R = Gd and Eu compounds.
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r=045 2 =055

my (1) 2.8 3.34
m.(ug) 1.8 2.1
m = |my - m;| (up) 5.0 7.0
P, (& 83 119
R=¢ 16.6 17.0

Table 8.1: Ratio R of the product of the magnetic cycloid at 2 K to the strength of the polarization.
8.2 Multiferroic Properties

Performing temperature dependent measurements of the dielectric constant e along the
principle crystallographic axes reveal a clear transition along ¢. at about 24 K for crys-
tals of > 0.45 what is comparable to the multiferroic RMnO3;. When applying high
magnetic fields along the principle axes the transition in €. can be suppressed while a ¢,
appears, indicating the formation of a P, that can flop to P, under field. This happens
for H||b and H ||c in contrast to TbMnO3; and DyMnOs, where H||a and H ||b are neces-
sary, while for R = Tb H ||c suppresses the magnetic cycloid and therefore ferroelectricity
and in R = Dy there is no effect.

Magnetization measurements are in agreement with the neutron data and the tran-
sitions measured in the dielectric data. For example in the higher x compounds an anti-
ferromagnetic transition is found at Ty with the easy axis along b direction indicative of
the collinear spin density wave, while at 24 K another magnetic transition is indicated
in magnetization measurements along the c-direction, indicative of the additional m,
component of the spin cycloid. Ferroelectric polarization measurements are in agree-
ment with these data. A P||c appears for z = 0.45 whose magnitude at low temperature
increases with z. This spontaneous polarization can be flopped to P|la with either H||a
and H||b as also indicated by the measurements of the dielectric constant. The magni-
tude of the polarization is proportional to the product of the magnetic moments of the
cycloidal spins as P, o« m, - m,. If the ratio R as m;;ﬁ;‘z was refined, it was found that
it is essentially the same for both the x = 0.45 sample that exhibits phase co-existence
and the z = 0.55 sample that does not (Table 8.1). This indicates that the landau cou-
pling constants are unchanged over this composition range and that the magnitude of
the ferroelectricity is simply tuned by the size of the magnetic moments in the cycloid.

When applying a high magnetic field in the multiferroic Nd;_,Y,MnO; compounds,
a flop of the polarization is induced. The driving field for TbMnO3; and DyMnOs is
along H||a and H ||b resulting in P||c — P||a, for Eug¢Yo.4MnO; only H ||a is known[102]
resulting in a P|ja — P||c while the multiferroic Nd;_,Y,MnOj is unique as the flop can
be induced by a H ||c but not H||a, as displayed in Table 8.2.

In this work it was found that for the multiferroic Nd;_,Y,MnO3; compounds the
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Hla,H||b
—

Tan03, DYMHO5 Pc Pa
EUQ'6Y0_4MI’103 Pa H—Ha> Pc
Nd; ,Y,MnO; (z > 045) p, "2Ale p

Table 8.2: Flopping direction of the polarization with applied magnetic field on different multi-
ferroic compounds.

be-cycloid is stable as it is also found for the R = Tb and Dy. This is contract to the
multiferroic compounds of the Eu;_,Y,MnOj solid solution where the ab-cycloid is sta-
ble and give a zero magnetic field polarization along the c—axis. The stability of one
type of cycloid over the other has been discussed by Mostovoy [50] in terms of the
anisotropy provided by the rare earth spins and for Eu;_,Y,MnO; by Mochizuki and
Furukawal62]. It is argued that the natural state of the cycloid with out external per-
turbations is in the ab-plane but the anisotropy of the R-spins rotates it to the bc-plane.
This appears to be consistent with the general behavior found in these manganites as
in the compound mentioned above only an ab-cycloid is found only for the non mag-
netic Eu compounds. Therefore in the Nd;_,Y,MnOjs solid solution the magnetic Nd
ions provide enough anisotropy to also place the cycloid in the bc-plane as in the other
magnetic R manganites. Indeed it is found that in the cycloidal phase of the 2=0.45
and 0.55 compounds there is a induced Nd order in the ab-place even when the A-site
magnetic sublattice is significantly diluted. This would indicate that the Mn-Nd inter-
action is significantly strong and possibly can provide sufficient anisotropy to stabilize
the bc-cycloid.

The impact of a significant Nd-Mn interaction may also be reflected in the differences
in the behavior of the cycloid in magnetic field. In the R = Tb and Dy manganites a H ||a
or H||b field result in the flopping of the cycloid from the bc to the ab place and thus
also flopping the direction of the polarization. For the Nd;_,Y,MnOj series a different
behavior is found where a H||a has little effect and a H||b and H||c fields result in the
flop of the polarization. Again it is suggested that this change in the magnetic field
behavior arises from the changes in the magnetic anisotropy introduced by the Nd ion
compared to those of Dy and Tb.

8.3 Phase co-existance

One of the new results of this work is the observation of a phase co-existence between
the A-type antiferromagnetic and incommensurate phase at the region that separate the
purely A-type antiferromagnetic and cycloidal phase. This type of phase co-existence
has been suggested for the GAMnOs [103] and Eu,.8Y0.2MnOs5[104] however never di-
rectly probed due to the high neutron absorption cross section of Gd. This suggest
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that one possible aspect that control such phase co-existence is the competing nearest
and next nearest neighbor interactions that are tuned with (r4). An other aspect is the
quenched disorder that is introduced into the lattice when the larger size ion Nd is re-
placed with the smaller ion Y.

Summarizing the results of these measurements it is found that for the » = 0.3
compound only the A-type antiferromagnetic order, while for = 0.35 to 0.45 the co-
existence of A-type antiferromagnetic order with incommensurate order and for = 0.5
and 0.55 only incommensurate order exists. The coherence length of these there mag-
netic orders varies with z, becoming smaller for the A-type antiferromagnetic order
with increasing z and larger for the incommensurate order. While there appear com-
plex transitions within the incommensurate phases between one stable wavevector to
the other, the general trend suggest that the tuning of the magnetic interactions in
Nd;_,Y,MnO; by varying (r4) and in the presence of a quenched disorder results in
a first order transition from a collinear A-type antiferromagnetic phase to a incommen-
surate spin cycloid. This observation is in contrast to the Monte Carlo simulations of the
stability of the A-type antiferromagnetic and incommensurate order where no phase co-
existence is predicted [49]

Looking more closely to the crystal chemical aspects, the difference of Nd;_,Y,MnOj3
not only to RMnO; but also to Eu;_,Y,MnOs is the is the significant size mismatch
of the two A-site atoms. This may introduce a random potential into the perovksite
lattice that in turn can modulate magnetic interactions significantly on the local scale.
Such random potential or quenched disorder was discussed in phase separation models
of the CMR or charge doped manganites and it is generally regarded to lead to phase
separation at the boundary between the two competing phases[105] here the A-type and
spin density wave magnetic phases. The effect of small compositional fluctuations that
have a large effective spacial range due to the relaxation of the lattice around them, can
favor one magnetic phase over the other, so the statistical distribution of the different
A-site ions may influence the magneto-electric properties leading to different effects.
Although no structural phase separation is observed it is reasonable to assume that in
areas where only one kind of A-site atom arrange statistically in small clusters they may
influence the magnetic properties to some degree[106].

8.4 Conclusion

In this thesis it was shown that:

e The there is a Nd;_,Y,MnOj solid solution where the orthorhombic perovskite
phase is stable up to x = 0.55.
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e For lower doped compounds = < 0.3 the A-type antiferromagnetic magnetic order

is stable while Nd spins are induced to order ferromagnetically.

For the composition region 0.35 < = < 0.5 there is a phase co-existence between
A-type antiferromagnetic and incommensurate order. This phase co-existence is
partly driven by the size mismatch of the Nd and Y ions in the solid solution and
may amplify the competition between nearest and next nearest Mn magnetic in-
teractions. Within this setting the transition from A-type antiferromagnetic order
to an incommensurate cycloid as a function of x is suggested to be first order.

For the z = 0.45 and 0.55 compound it is confirmed that the incommensurate
order arises from a bc Mn spin cycloid at 2 K with (likely) induced Nd order in the
ab-plane.

For composition 0.45 < x < 0.55it is found that the development of ferroelectricity
that is associated with the onset of a Mn cycloidal magnetic order. The ferroelec-
tricity that is generated by this order is consistent with the antisymmetric DM
interaction model. The incommensurate magnetic wavevector that is ascribed to
the cycloidal phase is of longer wavelength that the incommensurate phase found
in the lower doped region of the co-existence region.

A magnetic field applied along the b- and c-axis in the ferroelectric compositions
of this solid solution results in the flop of the polarization from the c- to the a-axis,
presumably driven by the flop of the cycloidal plane from the bc to the ab-plane.

The variation of magnetic and ferroelectric properties, that are summarized in Fig-
ure 8.1, follow the general trend mapped out for the RMnOj series of perovskite
manganites.
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Figure 8.1: Magnetic phase diagram of the series of Nd;_,Y,MnOs compounds from z = 0.0
to 0.55. Black squares and line as well as the yellow filling indicate Ty for the A-type antiferro-
magnetic component, brown squares and line indicate Ty for the modulated spin components
and blue squares and line indicate the transition temperature Trg of the cycloidal spin spiral
causing a spontaneous polarization along the c-direction at 0 T. The existence of the modulated

spin component is indicated with red filling for longer wavelength (LW) q ~ 0.20 and shorter
wavelength (SW) q =~ 0.25, respectively.
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Appendix A

Appendix A: Instruments Used

A.1 SQUID

The Superconducting Quantum Interference Device (SQUID) is used to measure very
small magnetic fields using superconducting magnets. Attainable sensitivities of flux
densities (107'2 T), of electrical current (1072 A) and of electrical resistance (1072 Q)
reflect the high accuracy of a SQUID.In superconductors the supercurrent is carried by
pairs of electrons, known as Cooper pairs. Each pair can be treated as a single particle
with a mass and charge twice that of a single electron, whose velocity is that of the cen-
ter of mass of the pair. In a normal conductor the coherence length of the conduction
electron wave is quite short due to scattering. Cooper pairs, however, are not scattered
hence their wave functions are coherent over very long distances. This electron-pair
wave retains its phase coherence over long distances and it is this characteristic which
leads to interference and diffraction phenomena. As they are macroscopic manifesta-
tions of quantum interactions the phenomena are collectively termed Quantum Inter-
ference. The phase of the electron-pairs can be affected not only by the current density
but also quite strongly by an applied magnetic field. If two superconducting regions
are kept totally isolated from each other the phases of the electron-pairs in the two re-
gions will be unrelated. If the two regions are brought together then as they come close
electron-pairs will be able to tunnel across the gap and the two electron-pair waves will
become coupled. As the separation decreases the strength of the coupling increases. The
tunneling of the electron-pairs across the gap carries with it a superconducting current
as predicted by B.D. Josephson and is called JOSEPHSON-tunneling with the junction
between the two superconductors called JOSEPHSON-junction.

The SQUID uses the properties of electron-pair wave coherence and Josephson Junc-
tions to detect very small magnetic fields. The central element of a SQUID is a ring of
superconducting material with one or more weak links as shown in Figure A.1. This
produces a very low current density making the momentum of the electron-pairs small.
The wavelength of the electron-pairs is thus very long leading to little difference in
phase between any parts of the ring. If a magnetic field / is applied perpendicular to
the plane of the ring, a phase difference is produced in the Cooper-pair wave. A small
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current is also induced to flow around the ring (J), producing a phase difference across
the weak links (1, 2). The phase difference due to the circulating current can either add
to or subtract from that produced by the applied magnetic field. The circulating current
has a periodic dependence on the magnitude of the applied field, a very small amount
of magnetic flux. Detecting this circulating current enables the use of a SQUID as a
magnetometer.
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Figure A.1: Schematic diagram of the superconducting ring in a SQUID magnetometer

A2 PPMS

As the determination of the magnetic properties is a central part of this work it was
important to use an instrument that could the generate an stable external magnetic field
with very low sample temperatures and allows to measure several physical properties
of the sample under these conditions. This multifunctional instrument was a PPMS
(physical property measurement system), Model 6000 manufactured by Quantum De-
sign as shown in Figure A.2. It allows temperatures from 1.9 K to 400 K and magnetic
tields up to 14 T. This instrument was used for measurements of magnetic (VSM) and
dielectric properties as well as for polarization measurements of the single crystal sam-
ples.

A3 VSM

The VSM is one possible equipment of the PPMS. VSM stands for a vibrating sample
magnetometer and measures the magnetic moment of a sample with the help of induced
voltage. A change of the magnetic flux, according to Faraday’s law,

@z/BM, (A.1)
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Figure A.2: Photo of the Quantum Design PPMS.

results in an induced voltage

dP
dt

that can be measured in an VSM. The voltage U4 is detected with so called pick-up
coils and the change of ® is achieved by vibrating the sample trough those coils. The
sample and the pick-up coils are within an external field which is used to measure the
tield dependence of M. With z being the position of the sample within the pick-up coils
the Equation A.2 can be written

dd dz
= " O'Msin(2 A.
Uind R CMsin(27 ft) (A.3)

In Equation A.3 the assumption is made that the motion of the sample is sinusoidal
with vibrational frequency f and C is a coupling constant. So by detecting the sinusoidal
voltage induced by the pick-up coils the magnetization can be measured. The detectable
moment reads 1072 Am? to 0.04 Am? with an measurement accuracy better than 6 -
1072 Am? or 2%.

A.4 Dielectric Measurement Device

To measure the dielectric constant at different temperatures and external magnetic fields
a tailor-made gadget was built for the PPMS. Here the sample, ideally very thin (1 mm)
with a large area (100 mm?) sputtered on both sides with a thin layer of gold, was
clamped between two dies of sapphire having conducting surfaces connected to an ex-
ternal capacitance bridge (Andeen Hagerling, AH 2700A) as shown on Figure A.3.

The device allows to treat the plate with an alternating voltage to measure the capac-
itance for calculating the dielectric constant. Placing this device in the PPMS instrument
allows to measure this constant with changing field and temperature.
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I T—

Figure A.3: Image of the sample holder for dielectric and polarization measurements in the
PPMS instrument with a sample between the sapphire dies in P||b position.

A.5 Polarization Measurement Device

The setup for measuring the polarization the cut, polished and sputtered crystals were
clamped in the device mentioned Section A.4 and placed in the sample chamber of the
PPMS. The crystal was cooled to a temperature above the ferroelectric transition (in
most cases 25 K), than a voltage of 150 V was applied (with a Stanford PS350 High
Voltage DC Power Supplies) and the crystal was cooled to 2.5 K. When reaching the
temperature the voltage was replaced by an electrometer (Keithley 6517 System Elec-
trometer) sensitive enough to measure a current of 0.01 pA. The crystal then was heated
up to 35 K and the current was measured. The integration of the curve over time calcu-
lates to the charge on the crystal surface at 2.5 K that makes with the known crystal area
the polarisation.

I(t)dt

_Q_J
Po=% =i (A4)

A.6 E9

E9 is a neutron powder diffraction instrument at Helmholtz-Zentrum Berlin fiir Mate-
n

rialien und Energie T5 beam tube, a thermal flux about 1014 —,a Ge monochromator

and a wavelength of A, = 1.79714 A. The scattered beam is collected with a He; detector
bank, a scetch of the instrument is shown in Figure A 4.

A7 E4

E4 is also an instrument on the neutron facility at Helmholtz-Zentrum Berlin fiir Ma-
terialien und Energie used to measure single crystals on a two-axis arrangement under
conditions of low temperatures and high magnetic fields. A vertically bent focusing
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Figure A.4: Schematic display of instrument E9 at the Helmholtz-Zentrum Berlin fiir Materialien
und Energie. Thermal neutron beam coming from the reactor on the right is deflected at a
monochromator and focused at the sample. The scattered neutrons are collected at a detector
bank.

monochromator creates an incident neutron beam with a wavelength of A = 2.44 A,
The scattered neutrons are detected with a 2D detector, the collected data was analyzed
with the LAMP! runtime environment v.6.4, a sketch of the instrument is shown in Fig-
ure A.5.

Figure A.5: Sketch of the E4 instrument

!LAMP stands for Large Array Manipulation Program, developed initially for the treatment of data
obtained from neutron scattering experiments at the ILL
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A.8 E5

E5 is a conventional four-circle diffractometer at the Helmholtz-Zentrum Berlin fiir Ma-
terialien und Energie. It is located at the beam tube R3 with a wavelength of 2.4 A, a
sketch of the instrument is shown in Figure A.6.

Figure A.6: Sketch of the E5 instrument.

A9 V2

V2 is a triple-axis spectrometer installed at the cold neutron guide NL 1B at the Helmholtz-
Zentrum Berlin fiir Materialien und Energie. The use of small incident neutron energies
inherently gives good resolution properties. Here the wavelength of A =2.47 A and a
collimation of 40" was used. A sketch of the instrument is shown in Figure A.7.

Figure A.7: Sketch of the V2 instrument.

A.10 Bruker

X-ray measurement: Bruker D8 Advance Reflection Mode X-Ray Diffractometerl, Cu
(K,) Beam, \; = 1.5406 A, \, = 1.54439 A(0.5%), 6 mm slit, 40V, 40A, 20 = 10 — 70°, step
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size 0.05°, 1.5 seconds per step, Bragg-Brentano geometry as shown in Figure A.8.

detector
|,l;/

x-ray tube

Figure A.8: At Bragg-Brentano geometry the sample is placed horizontally while the beam tube
and the detector move in opposite directions on a circle.

A.11 Laue

The Laue diffractometer produces a white x-ray beam in an x-ray tube focusing a spot
on a single crystal and the diffraction of the scattering is detected by an image plate in
back-scattering mode. The x-ray tube was a molybdenum tube operating at U = 25 kV
and / = 25 mA. The image plate was read by a Fujifilm BAS-2500 scanner and the
images were indexed[107] with OrientExpress v.3.4°.

A12 D10

The instrument D10 is located at the ILL (Institut Laue-Langevin) in Grenoble, France.
It is a four-circle diffractometer with a unique four-circle cryostat for temperatures as
low as 0.1 K, and offers high reciprocal-space resolution and low intrinsic background,
to medium real space resolution. Figure A.9 shows the set-up of the instrument.

A.13 D20

The instrument D20 is also located at the ILL (Institut Laue-Langevin) in Grenoble,
France. It is a high-intensity two-axis powder diffractometer with variable resolution.
The complete diffraction pattern covers a scattering range of 153.6 and can be obtained

2Software for free use offered by the ILL, Grenoble at http://www.ccpl4.ac.uk/ccp/web-
mirrors/Imgp-laugier-bochu/
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Figure A.9: Schematic display of D10.

in seconds. The variable monochromator take-off angle, up to 120, opens the possibility
to use this instrument in an high resolution mode with lower flux or a high flux mode
at medium resolution. Figure A.10 shows the set-up of the instrument.

Figure A.10: Schematic display of D20.

A.14 Image Furnace

Single crystals were grown in a two mirror image furnace of NEC, Model SCI-MDH
with water cooling and two 500 W lamps. In Figure A.11 the two hemispheres are
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visible to the left and the right as well as the feed rod holder from the top and the seed
ro holder from the bottom. The digital camera for having a glance at the conditions at
the molten zone is connected at the right hemisphere.

Figure A.11: The two mirror image furnace of NEC with hemispheres and rod holders visible.
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Appendix B: Detailled Figures

B.1 Results of Physical Properties Measurements
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Figure B.1: Temperature profiles of magnetization along the a, b, and c axis at magnetic fields of
H=5000e,5Tand 14 T.
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Figure B.2: Sample x = 0.55 temperature profiles of dielectric constant along the a, b, and c axis
at magnetic fields of H = 0 T to 14T.
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