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Abstract

In this thesis I will describe investigations of two ferrite systems:
(1) A detailed ferroelectric study of magnetite (Fe;04)

Multiferroics, consisting of both ferroelectric and ferromagnetic phases, have attracted
scientific and technological interest due possible magnetoelectric coupling between the
phases. Such materials are very rare though, as conventional ferroelectricity requires an
empty d-shell, preventing the presence of magnetism. Among unconventional mechanisms
leading to ferroelectricity, multiferroicity due to charge ordering (CO) is a strong
candidate for practical applications. However, proven examples are very rare as of yet.
The 120 K Verwey transition (T ) in magnetite, reported in 1939, is the classical example
for charge ordering. Despite controversies regarding the existence of CO, magnetite has
been proposed as one of the CO-based multiferroics. Although early experiments already
indicated for example a magnetoelectric effect, those studies were mainly focused on
complex low temperature structure rather than possible multiferroicity.

In order to study the ferroelectric properties of magnetite by dielectric spectroscopy, a
new dielectric measurement set-up was built at the institute. After an introduction and
the description of experimental techniques, this thesis begins with the presentation of
our newly built dielectric set-up and of the performed test experiments to standardize
measurements of the dielectric constant.

The Verwey transition is very sensitive to oxygen stoichiometry. The oxygen stoichiometry
was tuned by appropriate gas mixtures of COq and CO or Ar(Hz)g. I first investigated
appropriate ratios of COy/Ar(Hs)4% at high temperature on polycrystalline samples and
confirmed the phase purity by x-ray diffraction. Verwey transition was characterized
primarily by thermo-remanent magnetization and specific heat. The results obtained
from the basic macroscopic analysis were used for the growth of high quality crystals by
optical floating zone method. Proposed low temperature relaxor ferroelectric property of
magnetite was studied by neutron and high energy X-ray diffuse scattering experiments.
The observed weak diffuse scattering by neutron diffraction, which was absent in high
energy X-ray studies, indicated that it is magnetic in origin.

For the first time, a time resolved X-ray diffraction technique has been implemented to
test the switchabilty of the polar structure by application of an electric field in magnetite.
The observed change in the intensity of the Bragg reflection to its Friedel mate (reflection
related by inversion symmetry) constitutes to the first microscopic proof of ferroic
behavior of classical magnetite.



(2) Study of various physical properties of oxygen deficient strontium
ferrite (SrFeOj_s).

Colossal magnetoresistance effect, i.e., the huge change in the electrical resistance by
the application of magnetic field is a key to the next generation of magnetic memory
devices. The oxygen deficient strontium ferrite (SrFeOs_ s, §=0-0.5) system exhibits
various types of magnetoresistance effect depending on the presence of different magnetic
phases. Oxygen deficient SrFeO;_; crystals with 6 = 0.27 and § = 0.35 (as determined
by infrared absorption) were grown by optical floating zone method using different
growth conditions. This oxide system contains a mixture of Fe ions in tetravalent
and trivalent states. Anomalies around ~ 70 K, ~ 230 K and ~ 130 K observed by
magnetization measurements indicated the presence of a tetragonal, orthorhombic and
cubic phase respectively. Presence of these phases were confirmed by further microscopic
measurements by neuron scattering. Two new magnetic phases at the propagation
vector k = (0.25 0.25 0.25), and (0.25 0 0.15), were observed by our detailed neutron
diffraction experiments with polarization analysis. Results of xyz- polarization indicated
that majority of the spins lies in the ab-plane. For the first time CO superstructure
reflection was observed at (2 2 g)t position, which indicates the doubling of the c-axis.
The observation of diffuse scattering around the magnetic Bragg reflection indicated the
presence of short range spin correlations in the system. Observed frequency dependent
ac-susceptibility and the presence of memory effect from magnetization indicated the

presence of glassy state below ~60 K in the system.



Zusammenfassung

In dieser Dissertation beschreibe ich Untersuchungen von zwei Eisen-Oxid Materialien:
(1) Eine detaillierte Untersuchung von Ferroelektrizitit in Magnetit (Fe;O,)
Multiferroika, die ferroelektrische und ferromagnetische Phasen vereinen, sind
von grossem wissenschaftlichem und technischem Interesse, aufgrund der mdoglichen
magnetoelektrischen Kopplung zwischen den Phasen. Solche materialien sind selten,
da konventionelle Ferroelektrizitéit eine leere d-Schale bedingt, was die Prasenz von
Magnetismus ausschliesst. Unter mehreren unkonventionellen Mechanismen, die zu
Ferroelektrizitét fihren, ist Ladungsordnung (CO) besonders interessant im Hinblick auf
mogliche Anwendungen. Experimentell verifizierte Beispiele sind jedoch zurzeit sehr
selten. Der Verwey Ubergang bei Ty = 120 K in Magnetit, entdeckt in 1939, ist das
klassische Beispiel von Ladungsordnung. Trotz Kontroversen iiber die Existenz von
Ladungsordnung, wurde Magnetit als ein Multiferroikum basierend auf Ladungsordnung
vorgeschlagen. Obschon es bereits Hinweise auf z.B. einen magnetoelektrischen Effekt aus
frithen Untersuchungen gab, war der damalige Fokus auf die komplexe Kristallstruktur
im ladungsgeordneten Zustand gerichtet, nicht auf mogliche Multiferroizitat. Um
die ferroelektrischen Eigenschaften von Magnetit mit dielektrischer Spektroskopie zu
untersuchen, wurde am Institut eine entsprechende Messapparatur erstellt. Nach einer
Einleitung und der Beschreibung der verwendeten experimentellen Techniken, beginnt
diese Dissertation mit der Vorstellung unseres neuen dielektrischen Setups und den damit
durchgefiithrten Testexperimenten.
Der Verwey-Ubergang héngt sehr sensitiv von der genauen Sauerstoff-Stéchiometrie der
Proben ab. Diese wurde wahrend der Synthese gesteuert durch passende Mischungen
von COy und entweder CO oder Ar(Hjy)s%. Ich untersuchte zunédchst die passenden
Verhéltnisse von COq/Ar(Hs)49 bei hohen Temperaturen in polykristallinen Proben. Der
Verwey Ubergang wurde dabei hauptséchlich iiber thermo-remanente Magnetisierung
und spezifische Wéarme charakterisiert. Die Ergebnisse wurden dann zur Zucht von
Kristallen optimierter Qualitdt in einem Spiegelofen verwendet.  Vorgeschlagene
Relaxor-Ferroelektrizitdt in Magnetit wurde mit diffusen Streuexperimenten (Neutronen
und Hochenergie-Rontgen) untersucht. Diffuse Streuung wurde mit Neutronen beobachtet,
nicht jedoch mit Réntgenstrahlung, was auf einen magnetischen Ursprung schliessen lasst.
Zum ersten Mal wurde eine zeitaufgeloste Rontgenbeugungstechnik implementiert, um
die Schaltbarkeit einer polaren Struktur mittels eines elektrischen Feldes zu untersuchen,
hier an Magnetit. Die beobachtete Intensitéitsanderung eines Bragg-Reflexes impliziert
die Schaltung zwischen zwei Strukturen, welche durch Inversionssymmetrie miteinander

verbunden sind. Dies stellt den ersten mikroskopischen Beweis von ferroelektrischem



Schalten in Magnetit dar.

(2) Untersuchung verschiedener physikalischer Eigenschaften von
Sauerstoff-defizientem Strontium Ferrit (SrFeO;_s)

“Colossal magnetoresistance”, d.h. die enorme Anderung im elektrischen Widerstand
durch das Anlegen eines magnetischen Feldes ist ein Schliissel zu einer moglichen néchsten
Generation von magnetischen Speicherelementen. Sauerstoff-defizentires Strontium-Ferrit
(SrFeO3_s, 6=0-0.5) erfahrt verschiedene Typen von Magnetowiderstands-Phanomenen,
abhéngig von der Prasenz verschiedener magnetischer Phasen. Sauerstoff-defizente
SrFeO3_s Kristalle mit 60=0.27 und § = 0.35 (gemaéss Infrarot-Absorptions-Spektroskopie)
wurden mittels Spiegelofen geziichtet. Diese oxidischen Systeme enthalten eine Mischung
von Eisen Ionen in tetravalenten und trivalenten Zustdnden. Anomalien bei ~70
K, ~230 K, und ~130 K, beobachtet in Magnetisierungsmessungen, deuten auf
die Prasenz von tetragonalen, orthorhombischen, und kubischen Phasen hin. Die
Priasenz dieser Phasen wurde durch zuséatzliche mikroskopische Messungen mittels
Neutronenstreuung bestatigt.  Zwei bisher unbekannte magnetische Phasen mit
Propagationsvektoren k = (0.25 0.25 0.25), und (0.25 0 0.25). wurden beobachtet, mit
detaillierter Polarisationsanalyse. Resultate der xyz-Polarisationsanalyse deuten darauf
hin, dass die Spins hauptséchlich in der ab-Ebene liegen. Zum ersten Mal wurde ein
Ladungsordnungs-Uberstruktur-Reflex beobachtet, bei (22 g)t, was eine Verdopplung der
c-Achse impliziert. Die beobachtete Frequenzabhéngigkeit der ac Suszeptibilitdt und das
Auftreten eines “Gedéchtnis-Effekts”in der temperaturabhéngigen Magnetisierung deuten

auf die Prasenz eines Glas-Zustands unterhalb von ~60 K hin.
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Chapter 1

Strongly correlated electronic system



CHAPTER 1. Strongly correlated electronic system

Materials with strong electronic correlations can exhibit unusual and exciting low
temperature electronic and magnetic properties ranging from metal-insulator transition
[TH3], superconductivity [4, B], multiferroics [6, [7], colossal magnetoresistance (CMR)
effect [8, 9] and to heavy-fermion effect [I0]. Understanding the physics behind these
massive number of interesting phenomena in the complex transition metal oxides is the
focus of intense research and debate in condensed matter science as these mechanisms
cannot be explained within the standard model of solid state physics. For example the
mechanism of high-T, superconductor, which is still under debate even after twenty
five years. The reasons for the whole zoo of these exciting phenomena are the coulomb
interaction between the electrons in the transition metal oxides and the resulting
the strong interplay among the spin, charge, orbital and lattice degrees of freedom.
These novel functionalities cause correlated electron systems to have high potential for
technological applications for e.g., in superconducting magnets, magnetic storage and
many more. Understanding the mechanism and interplay between these competing

degrees of freedom is crucial for the novel applications.

1.1 Complex ordering phenomena

1.1.1 Charge order

Charge ordering (CO) is often observed in strongly correlated materials such as transition
metal oxides or organic conductors with mixed valence state. As the term CO says it
is the ordering of valence state of ions in a crystal from high temperature homogeneous
intermediate valence state to a low temperature ordered-mixed valence state. CO is
associated with a structural phase transition with a lowering of the symmetry, because of
the long range ordering in which sites the electrons localizes. Though the charge order
was first proposed by Eugene Wigner 1930, this concept and the associated phenomena
were first observed in magnetite (Fe3O4) by Verwey in 1934 (for details, see chapter
4). Later it has been observed in mixed-valence pervoskites, e.g.,doped manganites
(A;_,B,MnOjs: the ratio Mn®**/Mn** depends on the doping level) [I1], rare earth
nickelates(RNiO3:Ni*+ — N3+ /N33-9) [12, [13], in self-doped NaV,05 (V*/Vo+) [14],
SrFeO; (Fe3t /Fe®t) and SrFeO;_s (Fe?t /Fett) [15], RFe;O4 (Fe?t /Fedt) [16], Fe,OBO;

2



1.1 Complex ordering phenomena

(Fe**/Fe*™) [17] etc. Charge ordering induces an electric polarization whenever it breaks
the spacial inversion symmetry. The types of charge ordering and its related novel
phenomena, that are relevant to the present work are discussed in the section 1.2. CO
can alter the lattice periodicity as it is always companied by a slight lattice distortion.
Hence the observation of the charge ordering is possible. There are different methods to
detect the CO phenomena. Few of them are: An empirical method, Bond Valence Sum
(BVS) calculation [I8, [T9] through properly determined crystallographic bond lengths.

The valence V can be calculated by the formula:
(Ro — Ri)
— o ™ fti)
V E exrp 2

Where R; is the observed bond length, Ry is a tabulated parameter expressing the (ideal)
bond length of the cation-anion pair and b is an empirical constant (0.37 A)

Another method which has been widely used to study the CO is Resonance x-ray
scattering [20]. The energy value of the absorption edge, also known as chemical shift for
the different valences are slight different. Hence by tuning the incident x-ray energies near
the absorption edge, the contrast between the atomic scattering factors for the different
valence states can be significantly enhanced. The technique of Mossbauer spectroscopy is
widely used to distinguish ions with different valence states by measuring the isomer shift
[21]. However, it cannot determine the charge ordering, i.e. the spatial arrangement of

different valence states.

1.1.2 Orbital order

The orbital degrees of freedom often plays a crucial role in the physics of strongly
correlated 3d transition metal oxides for e.g., metal-insulator transition, colossal
magnetoresistance etc. In order to understand these phenomena first we discuss the basic

interactions which are necessary to understand the orbital ordering.

1.1.2.1 Crystal field effect

Crystal field theory has the basis on the basic principle of breaking of degeneracy of the
d- orbitals due to Stark effect. d- orbitals are having their lobes that is the regions of
highest electron density either along the axis of the orbitals or at 45 degree angle to the



CHAPTER 1. Strongly correlated electronic system

axis. In case of a octahedral complex, the 3d level split in to doubly degenerate upper
level, ey (d,2, dy2_y2) and triply degenerate lower level, tog (day, dys, d-), see ﬁg The
difference between the energy of e, and ¢y, for an octahedral crystal field is called A,.
But in case of a tetrahedral complex, the lower level is doubly degenerate and upper level
is triply degenerate. The total crystal field splitting of tetrahedral crystals is called A,;.
In weak crystal field the energy associated with the first Hunds rule leads to a high spin
states and when crystal field is stronger and it prefers to stay in the splitted low energy
orbitals and a low spin state is found. Crystal field splitting energy depends upon the
strength of the approaching crystal field. Different shapes of the d-orbitals and the level

schemes of the 3d orbitals in an octahedral and in tetrahedral arrangement is shown the

figure [[1]
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Figure 1.1: (a) Shapes of the d-orbitals, taken from reference [22]. (b) Crystal field effect:
d-orbitals in the presence of octahedral and tetrahedral field

1.1.2.2 Jahn-Teller effect

The original statement of Jahn-Teller (JT) theorem [23] is as follows: Any non-linear
molecular system in a degenerate electronic state will be unstable and will undergo

distortion to form a system of lower symmetry and lower energy thereby removing the

4



1.1 Complex ordering phenomena

degeneracy. If the two orbital of e, level have unsymmetrical distribution of electrons, this
will leads to either of shortening or elongation of the bonds. This breaks the degeneracy
of the e, orbitals i.e. the e, orbitals will again split with different energies for e, and t,,
orbitals. If the crystal field is same then the inversion center of the orbitals are retained.
Similar but small and more complex effect can be observed in case of unsymmetrical
electron distributions in the ¢, orbitals also.

For example in the case of LaMnOs, Mn3* has a d* configuration. According to
first Hund’s rule, all the spins are aligned parallel resulting in total spin of S = 1/2 and
the configuration is t3,e;. Mn®* is Jahn-teller active. Hence the oxygen octahedron is
distorted. As a result the degeneracy of the e, orbitals is removed, shown in the figure
@. This leads to a long range orbital ordering of e, electrons. Charge order determines

what orbital order is possible and this couples charge, orbital and spin order together.

A o o — df.‘, 2
-
S
, Sa
Ve s _I_ d.z
S ’ .
a-) d.w dy: d.u d‘z drﬁ ¥a J’
o —_—————
L Average energy of d-orkitals in\\ - dx
spherical crystal (ligand) field ., f’ i

dy 0 dy 62 doy

N RN P
‘n
t I d.d
29 yz Mxz
free ion Splitting of energy levels
in an octahedral field

Figure 1.2: Jahn-teller splitting: The oxygen ions surrounding the Mn®¥ is slightly distorted and
the degeneracy of the ey is remove

1.1.3 Spin order

The strong exchange interaction between the spins of neighboring magnetic ions leads
to magnetic or spin order in a system. Good description of the interaction between

the neighboring spins S; and S; are given by Heisenberg, within framework of model
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CHAPTER 1. Strongly correlated electronic system

Hamiltonian [24]:
H = § :7Jij§'i§'j (1.1)
ij

Where J;; is the exchange constant between the i and j™ spins, which describe the
nature of the spins. J > 0 favors parallel alignment of the neighboring spins, hence the
system is ferromagnetic. J < 0 favors antiparallel alignment of the spins, hence the
system is antiferromagnetic. In case of ferromagnetic order the periodicity is equal to the
separation of the magnetic moments. But in case of antiferromagnetic order the repeat
period is doubled, which can lead to different types of magnetic structures. For example,
commensurate antiferromagnetic order, where the period of the magnetic order is

equal to an integer number of lattice units (A-type, G-type, C-type and E-type [see fig [1.3]).

(2)

=

Figure 1.3: Different types of commensurate antiferromagnetic ordering: (a) A-type, (b) G-type,
(c) C-type, (d) E-type.

Competitive neighbor and next nearest neighbor ferro and antiferromagnetic exchange
or relatively more complex anisotropic exchange interaction can lead to incommensurate
antiferromagnetic order where, the period of the magnetic order is not equal to an integer
number number of lattice units (e.g., sinusoidal modulated spin density waves and spiral
order). In the later case the spins will change their orientation by a fixed angle relative to
their neighbors along the propagation direction. This can be determined macroscopically
for e.g., by measuring the net magnetization in different crystallographic directions or

microscopically by neutron polarization analysis in different orientations (hhi-plane,

6



1.2 Complex transition metal oxides: Novel phenomena

hOl-plane or 00l-etc). Schematic representation of the charge spin and orbital ordering is

shown in the figure [[4

t " % # g

® Mn*

%a‘ta'
> &y oA U
*a‘ta‘

ek . N

Figure 1.4: Schematic representation of charge, spin and orbital ordering in a doped mangantite
system, taken from reference [25].

1.2 Complex transition metal oxides: Novel

phenomena

1.2.1 Colossal magnetoresistance (CMR) effect

Magnetoresistance (MR), the change in the resistivity of a material with the application of
a magnetic field is well know phenomenon in all metals and semiconductors [26]. Most of
these materials have gained much attention in a rapid development of our new technologies
for e. g., in magnetic sensors, improved memory devices etc. However the effect of MR in
conventional materials are very small and those which shows large MR effect are called
Giant magneto resistance (GMR) or colossal magnetoresistance (CMR) materials. The
first discovery of GMR effect in magnetic multilayers, Fe/Cr/Fe, by Peter Griinberg
and Allbert Fert in 1988 [27, 28], honored by Nobel Prize in Physics in 2007. The term
GMR generally associated with the certain metallic multilayers and the applications of
them are already in the commercial products, for e.g., in read-heads of magnetic disks.
The discovery of GMR effect in magnetic multilayers lead to the investigation of similar

effects on bulk magnetic systems and were succeeded in discovering CMR effect. In CMR

7



CHAPTER 1. Strongly correlated electronic system

materials, the change in resistivity with an applied magnetic field can be several orders of
magnitude higher than for GMR. The effect of CMR is well studied in manganese-based
perovskite oxides, R;_,A,MnO3(R = rare earth: La, Pr,Sm etc and A= alkaline earth :
Ca, Sr ba, Pb). The magnitude of CMR typically defined as the ratio of

MR = Ap/po = [p(T, H) = p(T,0)}/p(T’ 0)

where p, T and H are the resistivity, temperature and applied magnetic field respectively.
The origin of the CMR effect is closely related to strong mutual coupling of spin, lattice,
charge and orbital degrees of freedom involving charge ordering, Jahn-teller effect, double
exchange interaction and electronic phase separation. The first observation of the CMR
effect was in 1994 on Lagg7Cag33MnO; thin film [29]. MR ratio in this material was
close to 100 % near 77 K and with 6 T field. Later the studies have extended to other
hole doped manganites, for e.g., Pr;_,Ca,MnO3, Nd;_,Sr,MnOj3 etc. The ground state of
parent compounds e.g., LaMnO3 and CaMnOj3 are A type and G type antiferromagnetic
(AFM) respectively. In A-type AFM the inter-plane coupling is antiferromagnetic and
intra-plane coupling is ferromagnetic. Whereas in G-type AFM both inter and intra-plane
coupling are AFM. But when you dope the both, the spins will cant and induces both
ferromagnetism and conduction. The mechanism leading to antiferromagnetic and

ferromagnetic state is discussed below.

1.2.1.1 Superexchange interaction

Here the superexchange interaction is an indirect magnetic interaction i.e., the
interaction between two Mn(magnetic ion) ions via oxygen ion (non-magnetic). The
Anderson-Goodenough-Kanamori rules [30, BI] determine whether the coupling is
ferromagnetic or antiferromagnetic. If the Mn-O-Mn bond angle is 180 degree with
half filled d-sell for both magnetic ions, then the resulting structure is antiferromagnetic.
When the angle is 90 degree then it is ferromagnetic (FM). The schematic picture of the

exchange interaction is shown in the figure [L5

1.2.1.2 Double exchange interaction

The ferromagntc ground state and the conductivity in the mixed valence manganese

system was explained by Zener in 1951 [32]. According to him the two e, electrons
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1.2 Complex transition metal oxides: Novel phenomena

Mn? Mn#=

e O:L . o -

AFM <D ".‘
34 Ligand 2p

FM ({:3:3’“@@“(:%:)
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Figure 1.5: Two Mn atoms are separated by oxygen atom: superexchange interaction leading to
antiferromagnetic and ferromagnetic ground state

between the Mn** and Mn®* can transfer simultancously i.e., one from O?~ to Mn**
and one from Mn** to O?~ and during these transfers the electron will keep its spin
direction. It is crucial for double exchange to follow first Hunds rule preferring parallel
arrangements of spins. Since double exchange involves real hopping of e, electrons, it

links to ferromagnetism with conductivity. The double exchange mechansim is shown in
the figure [1.6

i 1 i 0 (2
— I Tt % -+t
Mn+ (d4 ) M+ (d.'s )

Figure 1.6: Double exchange mechanism in a mized valence manganite proposed by Zener

In perovskite materials CMR generally occurs close to the Curie temperature when
the spins are tending to line up. Application of magnetic field at this stage helps in
aligning neighboring spins hence the hopping between Mn®** to Mn** will be favored (DE
interaction). Though the qualitative description of the CMR effect done by considering
the DE mechanism origin from Hund’s coupling between the e, and ty, electrons and the
Jahn-teller distortion: altering the Mn-O-Mn bond angle affecting the electron hopping
probability and the DE interaction, due to orbital degeneracy of the e, state however,

unable to explain it quantitatively. The CMR effect is also closely related to the real space

9



CHAPTER 1. Strongly correlated electronic system

charge ordering [33-36], Jahn-teller polarons [37, BS], field-induced structural phase
transitions [39] etc. For example in case of La-based manganite systems the CMR effect
is also associated with the charge-lattice and spin-lattice couplings which is unable to
explained by DE mechanism alone.

Besides manganites, the CMR- effect also has been studied in ferrite system for
example in SroFeMoOg, SrFe;_,Co,03 etc [A0H42]. In the present thesis we have studied
one of those systems, SrFeOs_s, where Fe?* perovskite form a Ruddlesden-Popper series
of lattice structures similar to the manganites system. Here the high spin Fe'* ion is
equivalent to Jahn-teller active Mn®* ion of manganites [43]. Further discussion and the

motivation for the work is discussed in chapter 6.

1.2.2 Multiferroics

In the search of materials for the novel devices with multiple degrees of control, an
interesting class of multi-functional materials, known as multiferroics emerged as a
potential candidate. Multiferroics are generally defined as single phase materials, which
simultaneously exhibits more than one of the following primary ferroic order parameter:
ferromagnetism, ferroelectricity and ferroelasticity [44]. The mutual coupling between
these properties are shown in the figure [[.7] Today the definition of multiferroics extended

to other long-range orders, such as antiferromagnetism combined with ferroelectricity.

@

Figure 1.7: The mutual coupling between the ferroelectricity (electric field E controls polarization
P), magnetism (magnetic field H controls magnetization M ), and ferroelasticity (stress o controls
strain €), taken from reference [5].
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1.2 Complex transition metal oxides: Novel phenomena

1.2.2.1 Magnetoelctric multiferroics

With the rapid growth of information technology, the demand for production of storage
media with higher data density also increased. Indeed the functional electronic and
magnetic materials are already in the use of important technological application, such as
ferroelectrics in random access memory (Fe-RAM), ferromagnets in hard drives. But the
current trend towards miniaturization technology leads the scientific community in search
of multifunctional materials, which exhibit both ferroelectricity and ferromagnetism in a
single phase, known as magnetoelectric multiferroics. In these materials, in principle, the
induced polarization can be controlled by a magnetic field and the magnetization by an
electric field, which is known as magnetoeletcric effect. It is also important to note that
not all multiferroics are magnetoelectrics (e.g., hexagonal YMnO3 : magnetoelectric effect
is forbidden by symmetry) and not all magnetoelectrics are multiferroics (e.g., CryOg :
no electric ordering). The presence cross coupling between these two order parameter, in
principle, can be conveniently used for e.g., in the four-state memory devices [46].

The magnetoelectric (ME) effect was first postulated by Pierre Curie in nineteenth
century by discussing the symmetry constraints required for strong coupling between the
ferroelectric and ferromagnetic degrees of freedom [47]. The linear ME effect was first
predicted in CryO3 by Dzyaloshinskii in 1959 [48] and was experimentally observed in
this material by Astrov in 1960 [49]. They found that both time and spatial symmetry
need to be broken simultaneously while combining the symmetry operation [figure .
Materials exhibiting Linear magnetoelectric effect have long-range magnetic ordering, but
no spontaneous polarization. However, in these materials the polarization can be induced
by applied magnetic field. ME effect in non-ferroic materials can be described by Landau
theory by writing the general free energy (F) equation in terms of both electric E and

magnetic field H. Using Einstein summation, F' can be written as:

Lo . , 1 1
F (E7 H) = FO — F’:El — ]\IZ&HZ — igogijEiEj — i,uou”HlHJ — aZJEZHJ
1 1
_iﬁz’jkEv‘,Hij - i’YiijiEjEk — (1.2)
Here, Fy is the part of the free energy not associated with magnetic or electric effects
and subscripts (7, 7, k) refer to the three components of a variable in spatial coordinates.

PS and M? are the components of spontaneous polarization and magnetization,

which is zero for non-ferroic materials. &y and pg are the dielectric and magnetic
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CHAPTER 1. Strongly correlated electronic system

susceptibilities. The tensor «;; describes the linear magnetoelectric coupling. €;; and
1i; are the tensors describing linear magnetic and electric susceptibilities. The third
rank tensors [ and 7, describe the higher order magnetoelectric couplings [7].

Later by minimizing the free energy both polarization and magnetization can be calculated.

or 1
Pi(E, H) = 50 = B + eoeii Ej + iy + 5 By Hi + yigeHiEj + .. (1.3)
oF 1

Although the magenetoelectric effect was observed way back in 1960’s in CryO3 and
other antiferromagnetic crystals [50], the coupling between the order parameter is very
weak for any practical application. That means c;; always smaller than geometric means
of electric and magnetic permeability [51]: o, < x§ xJi. In order to achieve a large
coupling both electric and magnetic permeability should be large, as is naturally the case

for ferromagnets and ferroelectrics.

Ferromagnets Ferroelectrics Multiferroics

@ c!j mo © @D © T

ANYA

P
D> O no EDO

m () m &) -> €
Sudlal imversion Time reversil Spalial invesiv Time reuersa Spabia rversion lime reversal
M nvariant mswichked I switched F nvariant minuarart m suitched
r ewitcnad [ invarent

Figure 1.8: (a) Broken time reversal symmetry in the case of ferromagnetics(antiferromagnetics):
change of sign of the magnetic moment under the symmetry operation, M(-t) = - M, whereas
spacial inversion symmetry is invariant. (b) Broken space inversion symmetry in the case of
ferroelectrics: symmetry operation P(-x) = -P, whereas time reversal symmetry is invariant.
(c¢) In the case of multiferroics, both the time and space inversion symmetry need to be broken
simultaneously.



1.2 Complex transition metal oxides: Novel phenomena

1.2.2.2 Classification of magnetoelectric multiferroics

By sticking to the strict definition of multiferroics, it is very difficult to find these materials.
Because the mechanisms driving ferroelectricity and ferromagnetism are generally
incompatible as conventional ferroelectricity involves an empty d-shell, preventing the
presence of magnetism. A classical example of a conventional ferroelectric material
is BaTiO3. In this material the polar state emerges due to a structural instability,
which caused by cooperative shifting of the Ti** cation along the [111] direction; this
off-centering is stabilized by covalent bonding between the oxygen 2p orbitals and
the empty d-shell of Ti** [62]. On the other hand, ferromagnetism usually requires
a transition metal with a partially filled d-shell. Therefore, alternative mechanisms
are required to combine these two properties. Depending on the mechanism driving
ferroelectricity, the materials can be divided into two categories: proper ferroelectric and
improper ferroelctrics. For example, BiFeOj3 fall in to the category of proper multiferroics
due to their similarity with conventional ferroelectric materials. In these materials the
ferroelctricity is induced by stereochemical activity of Bi** “lone-pairs”. The two lone
pair 6s electrons do not participate in chemical bonding, rather they move away from
the centrosymmetric position of the cation with respect to the middle of the oxygen
cage [53]. In these materials the value of the spontaneous polarization is of the order of
10-100p C/cm? and ferroelectric state can be achieved at higher temperature. But the
coupling between order parameter is relatively weak because the FM and FE are induced

by different ions. Different types of ferroelectric are tabulated in the table [}

In improper multiferroics, the ferroelctricity is induced by different types of ordering
For example in hexagonal manganites, h-RMnO3 (R = rare earth) ferroelectricity
is induced by the rotation of MnOs; polyhedra, that favors a closer packing of the
structure. This results in the oxygen ions moving closer to the rare-earth site, leading
to the formation of an electric dipole as a secondary order parameter [55]. This is
known as geometrically driven multiferroicity. In case of orthorhombic-RMnOj for e.g.,
TbMnOs, the electric polarization is induced by cycloidal antiferromagnetic ordering [56].
Microscopic mechanism for ferroelectricity in this class of systems can include inverse
Dzyaloshinskii-Moriya interaction, electric current cancellation model and spin current
model [57HG0]. Another new class of system is ferroelectricity driven by symmetric

exchange striction. In CagCoMnQOg the ferroelectricity is induced by the combination
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CHAPTER 1. Strongly correlated electronic system

Table 1.1: Classification of ferroelectrics, taken from reference [54)]

Mechanism of inversion Materlals
symmetry breaking
cavalent bonding betweaan 3d° BaTiO;
Proper transition metal (Ti) and oxygen
polarizability of 622 lone pair BiMnQ,, BiFeO.
structural transition KoSel., Cs,Cdl,
‘Geometric ferroelectrics h-RMnQ;

Improper charge ordering '.Feso;?

‘Electronic ferroelectrics’

magnetic ordering o-RMnO,, RMn,O¢,
‘Magnetic ferroelectrics CoCr.0,, Mn\WO,

of both, ising spin magnet of the up-up-down-down type magnetic order and the
nonequivalence of Mn** and Co?* ions [54, 61]. Though the magnetoelectric coupling is
intrinsically strong in these spin driven ferroelectrics the achievable polarization is very

small, of the order of 1072 uCem™2 also, their ordering temperatures are very low.

1.2.2.3 Multiferroicity due to charge ordering

As discussed in the previous section, magnetoelectric multiferroics are of high interest for
potential information technology. But for practical applications we need materials which
show both, the strong magnetoelectric coupling as well as a high magnitude of electric
polarization and at room temperature. Finding such a material is a great challenge.
In this respect ferroelectricity originating from charge ordering that is coupled to spin
ordering yielding a multiferroic phenomena is highly relevant application in information
technology: because of the large achievable polarization [62] and strong magnetoelectric
coupling due to presence of both charge and spin degrees of freedom on the same ion.
Such materials are rare however. Though the CO-based ferroelectricity was predicted in
hole doped maganites Pr;_,Ca,MnO3 (x = 0.4 and 0.5), due to the intermediate state
between site and bond-center [63]. Experimental proof is elusive due to rather high
electrical conductivity. Thus the presence of ferroelectricity in such a high conducting

material is questionable. Another material often considered as an example this type of
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1.2 Complex transition metal oxides: Novel phenomena

system is quasi-one-dimensional organic charge transfer salt [64]. Among the very few
materials exhibiting CO-based ferroelectricity, the well cited example and most promising
candidate material was LuFe;Oy since discovery of charge order in it in 2005 [65]. The
charge ordering temperature is at ~ 320 K and ferrimagnetic ordering is at ~ 240 K. It
has a bilayer structure with iron lying on a triangular lattice within each layer. The Fe?*
and Fe* charge order in this bilayer is frustrated which leads to the formation of charged
planes. The average valence of Fe is 4+2.5. It was proposed that the net polarization is
induced by the charge transfer between the alternating triangular layer with the 2:1 and
1:2 ratio of Fe?* and Fe*" ions fig

(1)

Figure 1.9: Schematic diagram of (1) (a) site-centered and (b) bond-centered charge order (b)
intermedeiate ferroelectric state (lack of inversion symmetry) due to the presence of both site and
bond centered charge order simultaneous. Arrow indicate the resulting polarizaton, taken from
reference [63]. (2) View of proposed charge redistribution within bilayer of the FeOs triangular
lattices in LuFes Q4. The interlayer charge-ordering inducing electric polarization is indicated by
red arrow, taken from reference [62].

Surprisingly in 2012, charge ordered crystal structure refinement based on single crystal
x-ray diffraction by J.deGoort et al disproved the polar nature of Fe/o bilayer [66] and
their bond valence sum calculation supported the charged bilayer.Dielectric spectroscopy

also suggests absence of any intrinsic ferroelectricity. Hence the LuFe;O4 is now can be
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CHAPTER 1. Strongly correlated electronic system

excluded from this category. Another most likely candidate in this class of system is
classical magnetite. Magnetite exhibit first order metal-insulator transition associated
with charge ordering around 120 K. Theoretical calculations indicated that ferroelectricity
in this material originates from the Fe?* /Fe®* charge order [62] 67]. However, microscopic
experimental proof of intrinsic polarization switching in magnetite is still absent. This is
the motivation of our work, to prove/disprove the CO-based ferroelectricity in magnetite
by microscopic experiments. CO based ferroelectricity specifically in magnetite will be

discussed in detail in chapters 4 and 5.
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CHAPTER 2. Experimental methods and theoretical background

In the present thesis, single crystals of high quality magnetite (Fe3O,) and oxygen
deficient strontium ferrite (SrFeO3_s) were grown and various physical properties were
studied using different experimental techniques. This chapter provides a brief description
of sample preparation and the crystal growth unit used. Details of the different in-house
laboratory techniques used to characterize the samples are presented. A brief description
of the different instruments used for microscopic studies at the large scale neutron and

x-ray diffraction facilities and its theoretical background are also provided.

2.1 Synthesis of polycrystalline powders and growth

of single crystals

Subtle changes in the composition adversely affect the physical properties of the system.
One of the great challenges is to obtain high quality single crystals with the fine control

over the composition. Therefore extreme care was taken during the synthesis.

2.1.1 Solid state reaction route

The starting point for a single crystal growth is a polycrystalline precursor. The
polycrystalline precursors were prepared by conventional solid state synthesis method.
This method is most commonly used to prepare polycrystalline materials by heating
a homogeneous mixture of two or more starting materials. The heating temperature
required to obtain a desired phase depends very much on the form and reactivity of the
reactants. In order to get a phase pure sample, very high quality starting materials are
weighed and taken in an appropriate amount (stoichiometric ratio), mixed well in a ball
mill to reduce the grain size and hence maximize the surface area and homogeneity, which
is crucial for the better reaction. Then the mixture is heated in a crucible to a desired
temperature several times by regrinding in between until a phase-pure polycrystalline
sample was obtained. For many oxides the oxygen stoichiometry is not fixed and an
appropriate oxygen partial pressure needs to be provided during synthesis. Within this
thesis this was the case both for magnetite, the synthesis of which is described in detail in

section 4.3 and for SrFeO3_gs in section 6.2.
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2.1 Synthesis of polycrystalline powders and growth of single crystals

2.1.2 Crystal growth by optical floating zone technique

The oxide crystals studied in the present thesis have relatively high melting points and
can only be grown at high temperatures (much higher than 1000° C). Single crystals
of various congruently and incongruently melting oxides can be grown by the floating
zone and traveling solvent floating zone techniques [68, [69]. This technique has been
considered as one of the most effective techniques available for the growth of phase
pure bulk single crystals of large size of compounds with very high melting point. An
illustration of floating zone furnace is presented in figure 2.1 The polycrystalline powder,
as prepared by the method described in the previous section was made in to very dense
rods of length ~ 8 — 10 cm with a diameter of ~ 6 — 8 mm, by filling tightly in to a latex
tube homogeneously without any voids. Then it was pressed in a hydrostatic press and
sintered again at high temperature by placing them in ceramic boats or in a platinum
foil. As prepared feed and seed roads were aligned in a four mirror furnace in such a way
that the tips of both the rods meet at the focal point of ellipsoidal mirror (see figure ,
The halogen lamps are located at one of the foci of the semi-ellipsoidal mirrors. The
growth chamber is enclosed by a quartz tube to employ different gases to provide the
desired atmosphere. Providing suitable gas atmosphere or partial pressure is necessary
for most of the oxide crystals to stabilize the phase or to tune the stoichiometry. The
growth was started by melting and eventually touching the tips of feed and seed rods
and establishing molten interface called floating zone. After the zone is formed it was
moved upwards by moving the feed and seed setup down (minimum growth rate used : 1
mm/hour, maximum growth rate used: 5 mm/hour). As the melt moves up from the hot
zone, the liquid cools and crystallizes on the seed rod. For a better homogeneity of the
material and to avoid the defects the feed and seed rods were rotated (minimum rotation
speed used: feed 12 rpm, seed 11 rpm, maximum rotation speed used: feed 20 rpm, seed
18 rpm) in opposite directions with experimentally established rates. Usually several
growth-runs have to be performed in order to optimize the various parameter and to
obtain a high quality single crystals. As grown crystals were characterized and used in

different scattering studies, which are described in the following sections.
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Figure 2.1: (a) The optical floating zone furnace FZ-T-10000-H-VI-VPO, (b) inside view of the
growth chamber: at the center two rods can be seen fized to upper (feed rod) and lower shaft
(seed rod) and fized with a quartz tube. Four halogen lamps and hemi-ellipsoidal mirrors are also
seen (c) the growth chamber as seen in CCTV during a growth and a schematic of the growth
process and (d) as grown Fe3 Oy single crystal.

2.2 Magnetic properties

2.2.1 AC and DC magnetization measurements

As grown crystals were studied using a wide range of in-house experimental techniques
covering many properties of the material. In case of Fe3O,, the quality of the crystals were
tested by thermoremanent magnetization measurement, performed at MPMS and the
specific heat measurements were performed at PPMS. The results of which are discussed in
the chapter 4. Also different physical properties (magnetometry, isothermal magnetization
and ac susceptibility) of oxygen deficient SrFeO;_s crystals were investigated (see chapter
6).

AC and DC magnetic measurements are two different tools that provide different
supplementary information about magnetic properties. AC magnetic measurement
provide the information about magnetization dynamics, because the induced sample

moment is time dependent. During the measurement, the sample is centered within a
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2.2 Magnetic properties

coil and a small external AC field is superimposed on the DC field. This will result in
a time varying magnetization that a second detection coil senses. In a small AC field
the induced AC moment is Mo = ‘;—A}f Hac sin(w)t. where Hae is the amplitude of the
driving field, w is the driving frequency and x,. = % is the slope of the M-H curve,
called AC susceptibility, which is the quantity of interest in AC magnetic measurements.
The AC susceptibility measures the magnetic susceptibility as a function of frequency
and temperature, and it is capable to separate the real and imaginary component of the
complex susceptibility.

In case of DC magnetic measurements the sample is kept quasi stationary during
the measurement time and the equilibrium value of the magnetization in a sample is
measured. The sample is subjected to and magnetized by a static dc field and magnetic

moment of the sample is measured as a function of temperature, as well as M-H curve is

measured by varying the applied magnetic field by keeping the temperature constant.

2.2.1.1 SQUID option at MPMS

The Superconducting Quantum Interference Device (SQUID) consists of a closed
superconducting loop extending to the pickup coils at the sample position employing
Josephson junctions (junction between two superconductors separated by a thin insulating
barrier) in the loop’s current path [70, [7T]. The SQUID option at magnetic property
measurement system (MPMS) is the most effective instrument to measure magnetic
moments of liquid or solid samples. It is a very sensitive magnetometer which can
measure magnetic moments in the order of 10~" emu and even below. In the presence of a
constant bias current in the SQUID, the measured voltage has an oscillatory dependence
on the phase change of the two junctions which in turn is a function of magnetix flux
change. Therefore measurement of the oscillations is a measure of the flux change. The
SQUID magnetometer used in our laboratory was manufactured by Quantum Design and
has a temperature range from 1.9 to 400 K and up to 800 K with oven option and the
magnetic field ranges from -7 to +7 Tesla. There are two different options which can be
used to measure the magnetization, DC and RSO. In DC option the sample is moved
through the coils in discrete steps, in Reciprocating Sample Option (RSO) a servo motor

rapidly oscillates the sample.
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Figure 2.2: Schematic of a SQUID magnetometer setup for RSO option, taken from reference

72

2.2.1.2 VSM option at PPMS

The Quantum Design vibrating sample magnetometer (VSM) option at physical property
measurement system (PPMS) is a sensitive DC magnetometer for fast data collection. The
basic measurement is performed by oscillating the sample near a detection (pickup) coil
and synchronously detecting the voltage induced. VSM option in PPMS uses a compact
Gradiometer pick up coil and a larger amplitude of oscillation (1-3 mm Peak) at 40 Hz
frequency of oscillations. This allows the system to resolve changes in magnetization of
the order of 107 at a comparatively higher data acquisition frequency of 1 Hz. The VSM
option consists primarily of a VSM linear motor transport (head) for vibrating the sample,
a coilset puck for detection, electronics for driving the linear motor transport and detecting
the response from the pickup coils, and a copy of the MultiVu software application for
automation and control. Detailed description can be found in the user’s manual [73].
The measurement can be performed in the temperature range of 1.9 K to 400 K (up to

800 K with the oven option) and the external magnetic field can be varied from 0 T to + 9 T.

2.2.1.3 ac Susceptibility
Ac susceptibility measurement involves an application of varying magnetic field H,c to a
sample and recording sample response by a sensing coil. In this case y can be written as:

_dM
Xac = dHac

(2.1)
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Figure 2.3: (a)SQUID magnetometer setup (b) schematic of RSO option (c)sample holder and
PPMS-VSM mounting station, taken from reference [75]

In an ac-measurement the moment of the sample is changing in response to an applied ac
field. Thus the dynamics of the magnetic system can be studied. An ACMS option is
used at the instrument PPMS to measure the ac susceptibility of the sample. In a typical
ACMS alternating AC excitation is provided by an AC-drive coil and a detection coil set
inductively responds to combination of sample moment and excitation field. The drive
coil consisting of copper along with the detection coils are used as PPMS insert and is
connected to the superconducting DC magnet of PPMS. Maximum applicable drive field
depends upon the frequency applied and temperature of the PPMS probe, but in any time
minimum of £10 Oe can be applied within 10 HZ to 10 KHz frequency limit. At lower
temperature and low frequency higher field can be applied. The benefits of this option is,
as it measures frequency dependent of real and imaginary part of complex susceptibility
and also provides an opportunity to measure higher harmonics of real and imaginary
part of complex susceptibility. From this measurement one can get information about

relaxation process, relaxation time, spin glass nature of the magnetic system studied [74].
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2.3 Thermal properties

2.3.1 Specific heat

Specific heat (heat capacity) measurements of sample provides information about the
lattice, electronic and magnetic properties of the material. In particular, specific heat
measurements are well suited to describe phase transitions in any material. The Quantum
Design heat capacity option measures the heat capacity at constant pressure, Cp =
(dQ/dT),. Where, dQ is the amount of heat added to the system to raise its temperature
by an amount dT. The schematic diagram of the sample platform with the heater
and thermometer connection is presented in figure -4 The small connecting wire at
the bottom of the platform provide an electrical connection to both the heater and
thermometer and also gives the structural support to the platform. A very small amount
of sample was taken and mounted on to the platform by using a thin layer of grease,
which provides a good thermal contact between the sample and platform [75]. Before
the sample measurement, a background measurement was performed by measuring the
specific heat of the grease and later it was subtracted from the sample measurement.
In the present thesis specific heat measurements were performed to check the sample
quality e.g., by checking the presence, location and width of first order phase transition in

magnetite. Specific heat has a pronounced anomaly at the transition.

Magnet

Figure 2.4: Thermal connections to the sample and to the sample platform in PPMS heat capacity

option.
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2.4 Scattering theory

2.4 Scattering theory

Different types of scattering techniques were used to investigate various microscopic
properties of the system. The choice of scattering methods for the present study is to
provide the unambiguous proof for the long standing question of presence of ferroelectricity

in magnetite and to study the spin-correlation and magnetic structure of SrFeOj3_;.

2.4.1 Basics of diffraction

Any diffraction experiment is a Fourier transformation from direct or crystal space into
reciprocal space (only in the Born approximation). The intensity collected in the detector
I is directly proportional to the squares of the crystallographic structure factors F' i.e.,
I x \F|27 which leads only to the absolute value of F, |F|, while the phase information is
lost. Finding the phase is the main obstacle in crystallography, which can be achieved by
different ways, for example direct methods, anomalous x-ray scattering etc [20), [76].

In neutron scattering, the simplest model for the diffraction experiment is obtained by
solving the schrodinger equation using the Green-function within the Born

approximation for a plane wave impinging on a localized potential V(;)
Hp = (~ LA v)) o= inty (2:2)
=|—-—=— 3 =1th— .
2m ot

. — 4
exp(ik |7 —7|)
G(F7) = ™

(" 7) 47 |7 — 7|
The differential equation ([2.2)) is transformed into an integral equation using ([2.3). 7

and 7 are the particle’s position. For an incoming plane wave, the wavefunction far away

from the scattering region (Fraunhofer approximation), ’ﬁ ’ =|Fr—7 ‘ is much bigger than

the size of the |f‘ | , the equation must have the form

. . elastic—scattered
icoming

/= ikR
- kR e 2m
\IJE(BOTTL) (F) = € + R m

V(f)e"JQdP’r’ (2.4)

The scattering vector, Cj =K t - Iﬁ-, is the difference between the two wave vectors. ]31 is
the wave vector of the incident wave with waveleng