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Abstract

Multiferroicity through the years has gained increasing interest based on a
deeper understanding of the various types of ferroic coupling which exist,
particulary in the rare earth oxides. Despite many years of research and
investigation into the ‘primary candidate’ charge ordered multiferroic mate-
rials LuFesO4 and YbFes Oy, a true understanding of their magnetism and
charge order have only recently come to light. The following thesis presents
detailed studies on the magnetism and charge order of LuFesO4 and the

potential multiferroic properties of YbFeoOy in single crystal form.

The research performed over the last 20 years on the rare earth oxides has
highlighted one main afflicting factor, governing the magnetic and charge
order effects, especially within the RFesOy series (R=Y, Ho, Er, Tm, Yb
and Lu), which stems from a sensitivity to oxygen stoichiometry. Isostruc-
tural LuFesO4 and YbFesOy4 both exhibit a coupling between magnetism
and electric polarization, but the true origin is still unclear. LuFesO,, once
clarified as a material which exhibited ferroelectricity though charge or-
dering, has, through extensive neutron scattering, X-ray magnetic circular
dichroism (XMCD) as well as wide range of macroscopic measurements, now
been established as non-polar. Paying careful attention to the oxygen defi-
ciency and its effects on crystal quality through basic magnetization mea-
surements, LuFesO4 can be characterized into four different qualities (poor
to excellent). Therefore by tuning the stoichiometry, through a partial pres-
sure CO:CO2 atmospheric environment during crystal growth, via floating

zone technique, an optimal single crystal of LuFeoO4_5 can be grown.



Magnetization measurements on LuFey;O4_5 grown in the CO:COy=1:5,
exhibit two large transitions, one present at 235 K and representative of
the paramagnetic to ferrimagnetic phase, followed by a smaller but greatly
defined transition at 175 K, indicative of spin glass behavior previously re-
ported. Identical measurements performed on the LuFesO4_s crystal grown
in the CO:CO2=1:3 gas atmosphere presented only one broad transition at
202 K, which does not correspond to either the 235 K Néel transition or
the spin glass transition present at 175 K, but rather purely spin glass in
nature based on poor oxygen stoichiometry. Specific heat data provided
initial insight into the presence of charge order at 314 K. Single crystal x-
ray diffraction highlighted the appearance of 2D diffuse scattering and 3D
charge order peaks along the (1/3, 1/3, 1) line, present in the LuFesOy4 crys-
tals grown in CO:CO9=1:3 and CO:CO2=1:5 gas atmospheres, respectively.

The new understanding into the magnetism and charge order of LuFesO4_5
and it’s large sensitivity to oxygen stoichiometry has produced a surge
of new interest within the remaining rare earth series. Single crystals of
YbFesO4_5 were grown in two different partial pressure oxygen environ-
ments, CO:CO2=1:3 and CO:CO2=1:3.5. In order to investigate the mag-
netism and charge order properties, macroscopic measurements of mag-
netization, specific heat, single crystal x-ray diffraction, ac susceptibility
and Mossbauer spectroscopy were performed. To investigate the type of
magnetic ordering within a YbFeyO4_ s single crystal, oriented along c,
Diffuse Neutron Scattering (DNS) was performed at DNS-FRM II. Mag-
netization measurements of each single crystal grown in CO:CO2=1:3 and
CO:CO9=1:3.5, provided very similar data curves with three main transi-
tion points; the main ferrimagnetic transition at 240 K, followed by a small
peak at 220 K. The third largest transition present on the magnetization
data appears at 150 K, finalized by a small very broad feature at 30 K. The
appearance of charge order at 305 K is seen clearly in the specific heat data
supported by single crystal x-ray diffraction which exhibits strong diffuse
scattering along (1/3, 1/3, 1) line.
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Introduction

Magnetic and insulating materials were once thought to exhibit completely independent
characteristics based on their mutually exclusive properties. However James Maxwell in
1865 postulated the existence of a class of real materials ‘Multiferroics’ in which spon-
taneous magnetic and dielectric ordering occur (1). The fascinating coupling within
multiferroic materials has produced a fast breeding ground of experimental research,
based on their switchable polarization: by applying an external electric field the ma-
terial becomes magnetically ordered and with the application of an external magnetic
field the material becomes charge ordered. Ferroelectricity itself has been put largely in
to play with extensive use in memory elements, filtering devices and high-performance
insulators (2). The exploitation of the interplay between electricity and magnetism may
lead to large advancements in the electronic industry with the production of multifunc-
tional memory storage devices and the development of magnetic field sensors (3)(4).
The question remains: what allows for this mutually exclusive condition in magnetism
and electricity within certain compounds and what are the conditions which govern the
term ‘multiferroicity’? The following thesis provides a detailed look at the investigation

into these properties within two candidate multiferroic materials, in single crystal form.

1.1 Multiferroics

A material which exhibits more than one primary ferroic order is classed as a multifer-
roic material. Ferroic order is found in materials that adopt a spontaneous, switchable
internal alignment, for example, the alignment of electronic spins in ferromagnetic ma-

terials and the switchability of the electric dipole moments in ferroelectric materials
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(3). H. Schmid in 1994 was the first scientist to provide the term ‘multiferroic’ for
materials which possess more than one ferroic order. His definition referred to multi-
ferroics as single phase materials which simultaneously possess two or more primary

ferroic properties (5). There are three main types of ferroic orders:

Ferroelectricity: occurs in materials which have a spontaneous polarization that
is stable and with the application of externally applied electric field can be switched

hysteretically.

Ferromagnetism: occurs in materials which have a spontaneous magnetization
that is stable and with the application of an externally applied magnetic field can be

switched hysteretically.

Ferroelasticity: occurs in materials which display a spontaneous deformation that
is stable and with applied stress can be switched hysteretically. For example applying
a small strain on a multiferroic thin film which causes a structural change in the crys-
tallographic unit cell; from a rhombohedral unit cell to monoclinic, therefore altering

either the magnetic or charge order; inducing ferroelectricity.

A material that exhibits two or more of these primary ferroic properties such as
ferromagnetism, ferroelectricity or ferroelasticity described above, is classed as a mul-
tiferroic. All of the primary ferroics described form small regions of order, known as
domains, within the material. Domains of different orientation are separated by do-
main walls. With the application of an appropriate field, such as a magnetic field on a

magnetic material the domains will align.

The multiferroic coupling between these three ferroic orders can be seen in figure 1.1
(6). The coupling between electricity and magnetism also known as the ‘magnetoelec-
tric effect’, is, in itself a ‘contraindication’ (7) where magnetic and insulating materials
exhibit characteristics which are mutually exclusive to each other. Most ferroelectric
materials are transition metal oxides in which the transition ions have empty d shells

(1). These positively charged ions (anions) form molecules with neighboring negative
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(e

Figure 1.1: Multiferroic Triangle

Multiferroic coupling between three main single phase ferroic orders: magnetism, electricity
and strain. Reproduced for Ref (6).

oxygen ions (cations). The collective shift of cations and anions inside a periodic crys-
tal induces a bulk electric polarization, in which the mechanism of covalent bonding or
electron pairing provides a virtual hopping of electrons, from one filled oxygen shell to
and empty d shell of a transition metal ion. Magnetic materials, on the other hand,
require a partially filled d shell, based on Hunds rule, electron spins which fully occupy

the outer shell add to zero and do therefore not contribute to the magnetism.

The interplay between the magnetism and electricity was first introduced theoreti-
cally during the early 19th century with the Maxwell equations (8). It was only later
during the 1960s that attempts to combine both ferromagnetic and ferroelectric prop-
erties began (9). The magnetoelectric effect describes coupling between the magnetic
and electric degrees of freedom, allowing the ability to induce magnetization by an
electric field and polarization by a magnetic field. The linear magnetoelectric coupling
term «, which links the magnetic and electric degrees of freedom, is shown in relation
of the free energy of the material and electric/magnetic field E /H and is expanded as

follows (10):
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F(E,H) = Fy — P’ — M H;

1 1
—5cocii Bikij — 5 popig HiHj — oy EiHj

1 1
_iﬁijkEiHij — §'YiijiEjEk — ... (1.1)

Where E and H are the electric field and magnetic field respectively. Partial dif-
ferentiation with use of the epsilon tensor gives the following term for the polarization,
Pi:

OF
OF;

. 1
R(E, H) = = Pl-s + EOGijEiEj + Oéinj + *ﬁiijij — ’YiijiEj — ... (12)
2

Applying the same procedure for the magnetization, M;, gives:

oF
0H;

M;(E, H) = = M7 + popi; Hj + i By + Bijn EiHj — %%jkEjEk — .. (1.3)

Here PS and MS denote the spontaneous polarization and magnetization, the mag-
netic and electric susceptibilities are denoted by € and & which begin to form the linear
ME effect (10). The higher-order ME effects are parameterized by the tensors  and
~v. For the ME effect to exist, the cross polarization ability described in equations
(1.2) and (1.3) are governed by the existence of symmetry breaking: time and spatial
inversion symmetry.

The diagram shown in figure 1.2 gives three cases of time and spatial inversion op-
erations. In the case of a ferromagnet shown in figure 1.2a, the local magnetic moment,
m, in this case can be represented classically by a charge that dynamically traces an
orbit, indicated by the arrow heads. A ferromagnet produces no change in the spatial
inversion, but time reversal switches the charges orbit and therefore the magnetic mo-
ment, m. The second case of a ferroelectric, shown in figure 1.2b with a local dipole
moment, p, can be treated as a positive point charge that lies asymmetrically within
a crystallographic unit cell, with no net charge. In this instance there is no net time
dependence, but spatial inversion reverses the dipole moment, p. It is clear from the
first two cases of a ferromagnet and ferroelectric, that they are mutually exclusive. A
ferromagnet breaks time inversion symmetry, conversely, a ferroelectric breaks spatial

inversion symmetry. Therefore the final case of a multiferroic, shown in figure 1.2¢c
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a Ferromagnets b Ferroelectrics c Multiferroics
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Time reversal Spatial inversion  Time reversal Spatial inversion Time reversal  Spatial inversion
m switched m invariant p invariant p switched m switched m invariant
p invariant p switched

Figure 1.2: Time and Spacial Inversion Symmetry
Time and inversion symmetry breaking for (a) Ferromagnets, (b) Ferroelectrics and (¢) Multi-
ferroics. Reproduced from Ref (11).

which is both ferromagnetic and ferroelectric must break both time and spatial inver-

sion symmetry in order to exist (11).

There is only a small group of multiferroics which exhibit magnetoelectric coupling
(a#0). Not all materials which display the magnetoelectric effect are multiferroic,
(figure 1.3 (12)), for it to be deemed as a multiferroic material it must break both
time and inversion symmetry (12). The existence of the magnetoelectric effect is not
surprising based on the strong internal electromagnetic fields which some ferromagnetic
and ferroelectric materials exploit through large magnetic susceptibilities and dielectric

constants.

1.1.0.1 Proper and Improper Multiferroics

There are two types of multiferroic materials: proper and improper which form the
type I and type II multiferroics. The table in figure 1.4 (1) gives a description of the
types of proper and improper multiferroic mechanisms and compounds which exhibit

these characteristics.

To understand the difference between proper and improper multiferroic materials,

the answer lies in the driving force (the primary order parameter) that leads to fer-
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Magnetically polarisable

Spin

Electrically polarisable

Charge

Figure 1.3: Multiferroic Coupling

Schematic of multiferroic cross over between ferroelectric and ferromagnetic materials. Repro-
duced from Ref (12) and adapted by ESRF.

Table 1 Classification of ferroelectrics

Mechanism of inversion symmetry breaking Materials
Proper Covalent bonding between 34 fransition metal BaTi0,
(Ti) and oxygen
Polarization of 65 lone pair of Bi or Pb BiMn0,, BiFe0,,
Pb(Fe,;W,2)0,
Improper  Structural transition K;Se0,, Cs,Cdl,
‘Geometric ferroelectrics’ hexagonal RMnO,
Charge ordering LuFe,0,
‘Electronic ferroelectrics’
Magnetic ordering Orthorhombic RMNO,,
‘Magnetic ferroelectrics’ RMn,0;, CoCr,0,

Figure 1.4: Classification of Mulitferroics

Table with compounds which exhibit either proper or improper multiferroicity though the spe-

cific type of ferroelectric mechanism. Reproduced from Ref (1).
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roelectricity. In the case of proper ferroelectricity, the primary order parameter is
ferroelectric distortion. The first example given in figure 1.4 (1) of proper ferroelec-
tricity is BaTiOjs, here it is the covalent bonding between the transition metal and the
oxygen which allows for a polar state. The ferroelectric distortion occurs due to the
displacement of the B-site cation (Ti) with respect to the oxygen octahedral cage. Here
the transition metal ion (Tiin BaTiOs3) requires an empty d shell, since the ferroelectric
displacement occurs due to the hopping of electrons between Ti d shell and O p shell.
The second origin of proper ferroelectricity is seen in BiFeO3 through polarization of a
6s? lone pair. In this case the A cation (Bi**) drives the displacement of the partially

filled d shell on the B anion site, Fe?*, contributing to the magnetism (3).

The classification of improper multiferroic materials stem from non-conventional fer-
roelectric induction in which electron pairing is the main driving force of the transition.
Improper multiferroic materials induce ferroelectricity from some complex structural
change or magnetic ordering. In geometrically frustrated multiferroics, for example,
the hexagonal RMnOj3 system, where R=Ho-Lu,Y, the ferroelectricity is induced by a
lattice transition. Below this transition temperature an electric dipole moment devel-
ops, inducing ferroelectricity (13)-(15). Ferroelectricity in charge ordered multiferroics
originate from the geometric frustration of mixed valance ions positioned in a bilayer,
allowing for a cross polarization inducing a ferroelectric state (16). The final type of
improper ferroelectricity occurs through magnetic ordering, specifically with collinear
and spin spiral magnetic structures. During a spin spiral or collinear magnetic order-
ing, both time and spatial inversion symmetry are broken. A prime example of this
type ferroelectric mechanism is seen in the RMn2Op system, where R denotes the rare
earth elements Pr to Lu, Bi and Y (1). This particular compound goes through four
magnetic transitions; during the second commensurate antiferromagnetic ordering at
T9=38-41 K the onset of ferroelectricity occurs, which is seen as a peak in the dielectric

constant measurement (17)-(22).

1.1.0.2 Type I Multiferroics

The main focus of this thesis is the investigation of multiferroic materials which exhibit

ferroelectricity through charge ordering. This particular type of multiferroic mechanism
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is classed as a type I multiferroic, which does not require the existence of magnetic or-
der to induce ferroelectricity. These types of multiferroic materials are often very good
ferroelectrics, where the critical temperatures of the magnetic and ferroelectric transi-
tions can be well above room temperature. The only issue with this particular class
of multiferroic material is the coupling between magnetism and ferroelectricity is often

weak (12).

Charge ordered multiferroics: Ferroelectricity within the RFeoO4 system, where
R=Y, Ho, Er, Tm, Yb and Lu, stems from a result of charge ordering, where certain
non-centosymmetric arrangements of ions induce ferroelectricity. In the theoretical case
of RFey0y it is the charge transfer between the single Fe layers within the bilayer that
produce a cross polarization; where one layer is more rich in Fe?T and the second layer

more rich in Fe3t, therefore giving rise to ferroelectricity 1.5 (23).

® Fe? 3 Fe?

Figure 1.5: Charge Ordering Bilayers
Bilayer of FeOs triangular lattice in candidate CO multiferroic LuFe;O4. Red arrows indicate
the direction of electric polarization. Reproduced from Ref (23).

There are different charge arrangements which induce ferroelectricity based on site
centered and charge centered coupling. If we first focus on a neutral one dimensional
chain of ions, with equal charge on each site shown in figure 1.6a, the first type of
charge ordering which can occur is from site centering. Site centering stems from in-
equivalent sites, where one set of sites has charge e~ and the other e™ (see figure 1.6b),
for example sodium chloride, NaCl. This particular type of charge ordering does not

break spatial inversion symmetry, and therefore does not induce ferroelectricity. An-
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other type of charge ordering based on bond centering is shown in figure 1.6¢ (23),
also known as lattice dimerization. The lattice dimerization stems from a spin Peierls
magneto-elastic transition, which couples the one-dimensional electronic structure and
three dimensional lattice vibrations. The origin of this coupling originates from the ex-
change energy of the chains, in which a distortion of the lattice influences the magnetic
energy. It is this elastic distortion which occurs below a spin Peierls transition that
results in a dimerization, producing two unequal alternating exchange constants (24).
This type of lattice dimerization was first discovered the in CuGeOs system (25). The
situation changes drastically when simultaneous site- and bond-centered CO is brought
together, inversion symmetry is broken, which in this case is on each molecule and de-

velops a net dipole moment inducing ferroelectricity, schematically shown in figure 1.6d.

neutral chain

+ R + - + - +
—_— e —_—

site centered charge order

bend centered chafge order

D - > +
+ - + ,. + 0 . } +
— — —>
bond+site centered charge order
P 4— 4—F-F

Figure 1.6: Bond-centred and Site-centered Charge Ordering
(a) One dimensional neutral chain, (b) site-centered charge ordering, (¢) bond-centered charge
ordering, (d) linear combination of (b) and (c) producing a ferroelectric state. Reproduced
from Ref (23).
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Lone pair multiferroics: As described briefly in section (1.1.0.1) a prime example
of multiferroicity through electronic lone pairs is BiFeO3. The Bi3t ‘A’ cation has a
stereochemically active 6s? lone pair, shown in figure 1.7 (26). The A cation drives a
displacement of the partially filled d shell on the ‘B’ anion site which is Fe3* in the case
of BiFeO3 and contributes to the magnetism. The Bi3* stereochemically active 652 lone
pair causes the Bi 6p (empty) orbital to come closer in energy to the (oxygen) O 2p
orbitals. This process leads to a hybridization between the Bi and O orbitals and drives

an off-centering of cations towards neighboring anions resulting in ferroelectricity (27).

Figure 1.7: Multiferroic BiFeO3 Lone Pair
Diagram of BiFeOs electronic lone pair and driven distortion between the Fe-O ligands. Re-
produced from Ref (26).

Geometrically frustrated multiferroics: Materials which possess ferroelectric-
ity from geometric frustration through atomic positioning is still under investigation.
The candidate compound YMnOgs has a complex structure which provides a basis for
the onset of ferroelectricity through net electric polarization. The hexagonal structure
of YMnOs, consists of non-connected layers of MnOj5 trigonal bipyramids, corner-linked
by in-plane oxygen ions which form a closed packed plane separated by a layer of Y37,
shown in figure 1.8a (14). For the structure to form an energy favorable state, close
packing of the MnOs polyhedra between the the Y3+ layers occurs. This ‘buckling’ of
the MnOj3 polyhedra influence a long range dipole-dipole interaction, where rotation of

oxygen atoms generate a stable ferroelectric state, see figure 1.8b (12).

10



1.1 Multiferroics

Figure 1.8: Geometrically Frustrated YMnOg;
(a) Unit cell of YMnOjs with distorted MnOjs octahedra between monolayers of Y3T. (b)
Buckled MnO3 octahedra due to close packing Y2+ driving long range dipole-dipole interaction.
Reproduced from Ref (12) and (14).

1.1.0.3 Type 11 Multiferroics

Spiral magnetic structures: Ferroelectricity induced by spiral magnetic ordering
originates from an effect of exchange-stiction, which can be described as lattice relax-
ation in a magnetically ordered state. The exchange between the spins of a transition
metal ion is, in most cases mediated by ligands (surrounding oxygen atoms, often co-
ordinated in trigonal or octahedral arrangement). These ligands form bonds between
pairs of transition metals which bring into play the Dzyaloshinskii-Moriya interaction
(DM). As shown in figure 1.9, there are two transition metal ions in coordination with
an oxygen bond. Based on the spin frustration within a system and the strength of the
spin spiral magnetic interaction, the distance, x, denoted on figure 1.9a will increase
or decrease (1). The change in z is representative of the DM interaction which pushes
negative oxygen ions in one direction perpendicular to the spin chain formed by positive
ions. It is this process which induces electric polarization perpendicular to the chain,

and demonstrated clearly in the RMnOgs system, shown in figure 1.9b.

11
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Weak ferroelectricity (RMnO,)

IR AT
€3 ®—PQ

@ Pexe,x0Q

Figure 1.9: Effects of the Antisymmetric Dzaloshinskii-Moriya Interaction
(a) The interaction Hppy=D13 - [S1 X S3], where the DM vector D15 is proportional to the spin-
orbit coupling constant A, and depends on the position of the oxygen ion (open circle) between
two magnetic transition metal ions (filled circles), D1s & Ax X r12. (b) Weak ferromagnetism
in spin spiral magnetic structures, brought on by the DM interaction. Reproduced from Ref

(1)
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Collinear magnetic structures: Collinear magnetic structures originate from
the existence of frustrated Ising spins with a ground state spin coordination 11]J.
This competing nearest neighbor ferromagnetic and next-nearest neighbor antiferro-
magnetism is shown clearly in figure 1.10 (1). This specific type of magnetic ordering
leads to the breaking of inversion symmetry through alternate charges of magnetic ions
and oxygen octahedra on magnetic sites, which induce electric polarization. A prime

example of this magnetic order is seen in YMnsOs (28).

—
‘ "f' | 1 i l» \ !If‘l\.Nﬁ i
-0
J =0
BR J' > %

*

J<0

Figure 1.10: Collinear Magnetic Ordering
(a) Polarization induced by coexisting site-centered charge and collinear magnetic ordering. (b)
Collinear chain of Ising spins: o, ==41/2, with nearest-neighbor ferromagnetic and next nearest
neighbor antiferromagnetic coupling. Reproduced from Ref (1).
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1.2 RFe;O4 System

Crystals with the structure RFesO,4, where R=Y, Ho, Er, Tm, Yb and Lu belong to the
the rhombohedral structure, with space group R3m. The system is commonly described
as an alternate stacking of triangular lattices of R, Fe and O along the ¢ axis. The
crystallographic unit cell can be separated in to two sections a W and T layer, consisting
of FexOq 5 bilayers separated by RO; 5 monolayers, respectively, shown in figure 1.11
(29). The coordination of the Fe and O in each W bilayer form two triangular lattices
of Fe?* and Fe3* with five fold oxygen coordination, resulting in a triangular bipyramid
structure. The T layers separate the W bilayers with a single triangular lattice of rare

earth and oxygen ions, forming distorted oxygen octahedra (30).

Figure 1.11: Crystal Structure of RFesOy
(a) Unit cell of RFe204 with R atoms (dark grey circles), Fe atoms (black circles) and O atoms
(white circles) positioned in triangular layers along the ¢ axis. (b) Shows Fe bilayer coordination
within unit cell, denoted by W-layer. Reproduced from Ref (29) and adapted.

This system is particularly interesting based on the RFeyO4 chemical formula and

the occurrence of a mixed valance state:

14



1.2 RFe; O, System

LuFes04 = Lu*T + Fe?5T + 0%~ =0 (1.4)

From the deduction shown in equation (1.4) it is clear that in order to balance the
oxidation state of this compound the average valance of the Fe ions must be Fe?57.
This cannot be the case in reality as there is no half electron state. The necessity for a
half valance state to balance the overall oxidation state of the system, implies that the
system must contain both Fe?* and Fe3 ions, as mentioned previously. The result of
the mixed valency infers that the two Fe valance states occupy equivalent Fe sites on
the hexagonal net plane with an equal probability when averaged out, shown in figure

1.12 (31).

Figure 1.12: Fe Bilayers
Parallel Fe?* spin in (a) Fe3* rich bilayer and (b) Fe?T rich bilayer. Reproduced from Ref (31).

The nature of the RFesOy4 structure type and the Fe?t and Fe3* bilayers separated
by monolayers of Lu atoms, ultimately produce a spin and charge coupling which is
stronger in the a-b plane than along the ¢ axis. The result of this arrangement forms
an anisotropic ordering process of the spin and charges (30). The magnetic anisotropy
originates from inter magnetic dipole-dipole interaction, the shape of the crystals and
spin orbit coupling (24). The arrangement of Fe?t and Fe3* ions within each of the
bilayers form a charge frustrated triangular arrangement, see figure 1.13 (32). The
neighboring atoms within each triangular lattice have a negative exchange, one up
spin, S=1/2, and one down spin, S=-1/2, which pair according to Hunds rule (24). In
this system only two of the three spins can be simultaneously aligned antiparallel on

the triangular lattice, the third spin can take either an up or down spin configuration.

15
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The effect of this spin coordination forces a geometric magnetic frustration with the
two neighboring antiparallel spins. In such a frustrated spin arrangement there is no
unique ground state but a variety of low energy states in which the non-minimization

energy is shared, leading to a degenerate ground state (33).

g
}:S=-

t-.J|— b2

J;<0

Figure 1.13: Geometric Spin Frustration
(a) Spin frustration on triangle lattice. (b) Charge order frustration (denoted by Ap) of 2D
hexagonal lattice. Reproduced from Ref (33) and adapted by (32).

The charge order within this system stems from a resultant effect of both charge
frustration with the arrangement of Fe ions and Fe?* and Fe3* enriched monolayers

producing a cross polarization between the bilayer, resulting in a ferroelectric state.

1.2.1 Effects of Stoichiometry

During the many years of investigation into the RFesOy series, there have been a mul-
titude of puzzling results regarding the type of magnetic and charge ordering effects
observed. During synthesis and crystal growth of the RFesO4 system, the use of a par-
tial pressure oxygen atmosphere is needed to provide the mixed Fe?T and Fe?* valance
state. This process makes this series of compounds extremely sensitive to oxygen sto-
ichiometry, where even slight changes in the oxygen deficiency can produce a large
difference in the magnetic and charge order behavior. Another factor which can effect
the oxygen stoichiometry within a single crystal growth is the type of crystal growth
furnace used. Floating zone furnaces come in two specific forms: a four mirror furnace
and a two mirror furnace. A two mirror furnace with two halogen lamps, provides a
more focused heat distribution at two parts of the polycrystalline rod: left and right.
As a result, the light energy which is reflected onto the feed and seed rod which turn

16
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counter clockwise to each other, (refer to section 2.2) is distributed more evenly. The
four mirror furnace with a concentration of four halogen lamps can cause slight incon-
sistencies with heat distribution on the feed and seed rod, where some parts of the
molten zone may be at a slightly higher temperature than the rest of the zone. This
can effectively cause changes in the stoichiometry of the crystal, particularly with the
evaporation of oxygen within the stoichiometric polycrystalline rod. This effect alone
can cause a notable difference in the macroscopic characteristics, with sample to sample
dependence within one single crystal growth. The first initial realization of stoichio-

metric effects within the RFeoOy4 system came from the intense studies of YFeyOy.

1.2.1.1 YFeyO4_;5

In 1975 YFe2O,4_s was found as a new phase within the Fe-FesO3-Y2Os3 system (34).
Through x-ray diffraction and thermogravimetric measurements a phase diagram of the
Fe-FesO3-Y203 at 1200°C was established, see figure 1.14a. It was at this point, the
evidence of off-stoichiometric forms of YFeoO4_5 were uncovered. Further investiga-
tion into the heating effects during synthesis in 2004 produced a phase diagram of the
Y-Fe-O system at 1100°C. This small reduction in temperature to 1100°C renders the
YbFeaO4 completely absent, and is clearly shown in figure 1.14b (35).

Y505 A= Y,0;
Y>053 A=Y,0; B = YFeO3
a B:YFGO3 C= \’3]:950]2
C = Y3Fe50;; ]? = FIPZOS
D= FEZO3 \\/\]: \FzFez%,
Y= YzFez()_g =rer—x
W = Fe; O M = Fe304
M= F9304
C B M -
B, W, Y ¢
C,D,M
Fe WY, F ‘ Fe 05 Fe203
T C, DM

WY W,B BWM CM

Figure 1.14: YFe;O,4 Phase Diagrams
(a) Phase diagram of Fe-Fe;O3-Y203 at 1200°C. (b) Phase diagram of Fe-FeoOs-Y2O3 at
1100°C. Reproduced from Ref (34) and (35).
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The first single crystal of YFeaOy_ 5 was grown in 1976 (36), and has been fully
studied by Mossbauer, neutron diffraction and importantly magnetization (37). Mag-
netization measurements with an externally applied magnetic field of 9.5 T is shown in

figure 1.15.

FW with H || ¢ after FC  —
‘ FW with H || ¢ after ZF(  c—
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Figure 1.15: Magnetization of First YFesO4_s5 Single Crystal
Magnetization data of non-stoichiometric YFe;O4_s single crystal. Data taken from Ref (36)
and adapted by (37).

On measuring the ZFC magnetization the appearance of one broad transition peak
at 150 K with a maximum magnetization of 2.4 up/f.u was recorded and later described
as parasitic ferromagnetism (38). The magnetization past 150 K drops steeply and lev-
els off at approximately 270 K. Interestingly, the FC data exhibits identical behavior
on cooling to 150 K but on further cooling the magnetization increases to a maximum

at approximately 0.39 up/f.u.

It was slightly later in the development period of YFesOy4 s single crystals that
magnetization measurements provided a detailed insight into the crystal quality, more
specifically the off-stoichiometry of each crystal. The experimentation with oxygen
deficiency was essential to understand the effects it has on the the magnetic and elec-

trical properties. It was clearly shown in figure 1.14b that by reducing the synthesis
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temperature by 100°C, YFeaO4_s was no longer present. Therefore subsequent powder
synthesis of YFeoO,4_s at 1200°C in varying oxygen partial pressure environments were
performed (39). Figure 1.16 shows the magnetization data for three different poly-
crystalline samples synthesized with oxygen deficiencies of §=40.040, §=+0.031 and
stoichiometric YFesO4_s with 6=0.000. It is immediately clear that the stoichiomet-
ric YFeoO4_5 has a much sharper transition with a magnetization twice as large as
that of the oxygen deficient samples, with particular reference to that with §=+0.040.
The appearance of a second smaller transition at approximately 225 K, later seen as
2D magnetic order through Transmission Electron Microscopy (TEM) (40), is much
more profound in the stoichiometric sample, compared to that of the off-stoichiometric

sample.
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E 0.02
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Figure 1.16: Magnetization curves of Polycrystalline YFeoOy4_s
YFesO4_s polycrystalline samples synthesized in various oxygen partial pressure atmospheres,
the upper four curves are shifted by 0.007 pp/f.u and 0.014 pp/fu for clarity. Data taken from
(39) and adapted by (37).
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1.2.1.2 LuFe;Oy4_;

Due to the extensive progress made with YFesO,4_s and controlling the oxygen partial
pressure resulted in a regained interest within the remaining rare earth series. Early
polycrystalline synthesis by Iida et al. (41) of stoichiometric and off-stoichiometric
LuFey04_s5 samples lead to the discovery that polycrystalline samples with an oxygen
deficiency of §=0.00-0.065 did not show the Verway transition. This is very different
compared with YFeoOy4_g, where stoichiometric §=0.000 produced clear evidence of the

Verway transition at 200 K and was not observed in oxygen deficient samples (6=0.005).

The first clear magnetization data was first presented in 1986 by lida et al. (41),
with a polycrystalline sample of LuFesO3.9g6. A clear observation between high and low
field magnetization indicated that transition peaks smear out at relatively low fields, in
this case 4.5 kOe, shown in figure 1.17, exhibited a distinct broadening of the transition

at ~190 K compared to the magnetization data taken at 105 Oe (see figure 1.17).
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Figure 1.17: Magnetization of LuFe,O4 Single Crystal
(a) Magnetization data taken FC-FW-ZFC with an applied field 4.5 kOe. (b) Magnetization
data measured with an applied field of 105 Oe for the upper and lower curve show FC-FW in
105 Oe, circles represent ZFC data. Reproduced from Ref (41).

It is clear that LuFesO4_5 and YFesO4_s have very different pre-requisites for pro-
ducing broad or sharp transitions in magnetization data. YFesO4 s must be stoichio-

metric (6=0) in order to exhibit the two main transitions at 250 K and 225 K, however
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LuFey04_s must be oxygen deficient to gain an insight into the transitions at 230 K
and 175 K.

A detailed stoichiometric study of LuFesO4_5 was performed much later in 2009
by Ikeda et al. (42) which provided a better insight into the oxygen partial pressure

environments required to produce oxygen varying samples.
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Figure 1.18: Stoichiometric Study of LuFesO4_s
Temperature dependence of the thermo-remanent magnetization of crystals grown in different
oxygen partial pressure atmospheres. The sample was cooled to base temperature in an applied
field of 1 kOe and heated in zero magnetic field. Reproduced from Ref (42).

The data in figure 1.18 shows the temperature dependence of the thermo-remanent
magnetization of single crystals grown in different oxygen partial pressures, and pro-
vides an initial insight into the existence of spin glass transitions. The data was taken
by cooling the sample in a magnetic field of 1 kOe and measuring on warming from base
temperature in zero field. It is evident that there is a fine point between atmospheres
which are both highly reducing and highly oxidizing, based on the curves measured
with the crystals grown in CO:CO9=1:8 and CO:COs=1:4 gas atmospheres. The crys-
tal grown in CO:CO2=1:4 exhibits a broad transition over the temperature range 200
K to base temperature and no real transition points. The more oxygen deficient sam-

ple grown in the CO:CO2=1:8 has a smeared out transition at approximately 150 K
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which is shifted from the 175 K transition seen in the figure 1.17 magnetization data.
The crystal grown in the CO:COs=1:6 provides the closest value to the optimal gas
ratio and exhibits a sharper peak at the 175 K transition as well as the ferrimagnetic

transition at 230 K.

In section (3) of this thesis, the investigations into magnetization, specific heat and
single crystal x-ray diffraction of LuFesO4 single crystals, grown in CO:CO5=1:3 and
CO:CO2=1:5 gas atmospheres will be discussed, along with a detailed comparison to
that of recently published results to provide a new understanding into stoichiometry

and its effects on macroscopic characteristics.
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1.2.1.3 YbFeyO, 4

The considerable focus on YFeoOy4 and LuFesO4 have lead to a better understanding
of stoichiometric effects within the rare earth series. Despite early investigations into
YbFey0Oy, a thorough look at the effects of oxygen deficient YbFesOy4_s5 have yet to
be uncovered. The first synthesis and crystal growth of YbFeyO4_s was performed in
1974 by Kimizuka et al. (43). Using an oxygen partial pressure of Hy:COgo=1:2 and
heating initially to 1450°C, the powder was then cooled slowly to 1350°C at a cool-
ing rate of 0.5°C. The powder was then equilibrated to 1200°C for two days before
quenching to ice temperature, where the formation of platelet crystals of YbFeoOy_ s
were obtained. Shortly after the successful synthesis of YbFesOy4, an accurate phase
diagram was obtained for Fe-FeoO3-YboO3 to determine the standard free energy of
YbFesOy4, YboFe3O7, YbFeOs and YbsFe;012 at 1200°C (44), shown in figure 1.19.

Figure 1.19: YbFe;O4_s5 Phase Diagram
Phase diagram of Fe-FeaO3-YboOg3 system at 1200 °C. Reproduced from Ref (44).

Experimentation with various oxygen partial pressure came much later in 1982, with
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polycrystalline samples of YbFeaOy_,, with x=-0.0027, -0.003 and 0.015 (45). For each
of the polycrystalline samples, the temperature dependence of the magnetization was
measured during heating in a field H, after being cooled from room temperature to 77
K with and without an applied field of H=205 kOe, (see figure 1.20 (45)). By applying
H=20.5 k Oe, on both cooling and heating a small feature at 260 K is present. On
further cooling the magnetization increases to a maximum of 20 emu at 77 K when x=
+0.015 and ~18 emu and 15 emu for the oxygen deficient samples x=-0.003 and x=-
0.027, respectively. The thermo-remanent magnetization (denoted as H.y,=0) shows
very different behavior. The three curves show two transitions, the small feature at
260 K and a large transition at 175 K. The sample with excess oxygen, x=+0.015,
exhibits the highest magnetization of ~13 emu before decreasing to 7 emu at 77 K. In-
terestingly, the oxygen deficient samples, where x=-0.003 and x=-0.027 have a slightly

sharper transition but lower maximum magnetization, respectively.
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Figure 1.20: Magentization Curves of YbFe;O4_5
Temperature dependence of magnetization for three YbFesOy4_g5 polycrystalline samples with
different oxygen stoichiometry. The upper curves were measured with an applied field of 20.5
kOe on both cooling and heating, the lower set of curves were cooled in an applied field of 20.5
kOe and measured in zero field upon warming. Reproduced from Ref (45).
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Amongst Mossbauer spectroscopy (46) and high field magnetization measurements
in 1989 (47), the development in the understanding of YbFesO,_s5, under varying sto-
ichiometric conditions came to a stand still. Much later in 2007, new studies were
performed by Yoshii et al. investigating the magnetic and dielectric properties of poly-
crystalline YbFesOy4 (48). A detailed study later that year by Murakami et al., focused
on the origin of CO and provided evidence of a charge-ordered domain structure in
YbFesO4_5 with TEM (49). It was this investigation which prompted Hearmon et al.
(50), to further investigate the type of CO present within YbFesO4_5 with high energy
x-ray diffraction at the beamline 119 at the Diamond Light Source.

Section (4) provides a more detailed look at the varying macroscopic results obtained
from crystals YbFesO4 grown in three different oxygen partial pressure atmospheres
CO:CO2=1:3 and CO:CO2=1:3.5 and CO:CO5=1:5, as well as a comparison to that of
recently published data.
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Experimental Methods

During the course of this study several types of experimental procedures were used
to investigate the magnetic and CO properties of LuFesO4_5 and YbFesO4_ 5. The

following chapter will give a brief overview of each experimental methodology.

2.1 Sample Preparation

Polycrystalline samples of YbFeo,O4_s5 were prepared by solid state reaction from high
purity powders. The individual stoichiometric quantities were mixed and ground thor-
oughly before being heated in a tube furnace. The powders were heated in an oxygen
partial pressure atmosphere twice, the first heating for 48 hours and the second heating
period for 24 hours at 1200 © C. Between heating stages the powder was reground to
aid solid-state synthesis. The powder mixtures were then compressed into rods ranging
from 6-8 cm in length via isostatic compression, where the loose powder mixture was
packed into a waterproof balloon manually, in stages using a flat ended plastic rod.
Once all the powder was in the balloon, it was sealed tightly with two knots and placed
into a press and compressed isostatically in water at high pressure >150 kg/cm? to
form rods for single crystal growth. The rods were then sintered for 12 or 24 h in the

same gas ratio and temperature as the initial synthesis.

2.2 Crystal Growth

Single crystals of YbFesO4_ s were grown via floating zone method using a Crystal
Systems Inc. F-ZT-10000-H-IV-VPS four mirror furnace, see figure 2.1a. This method

of crystal growth requires two polycrystalline rods; one feed rod roughly 6-10 cm long,
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2. EXPERIMENTAL METHODS

and a seed rod around 1-2 cm long. The seed rod is fixed at the bottom of the crystal
growth shaft with nickel chrome wire and the feed rod is suspended above it with
platinum wire. The platinum wire is used based on its physical properties: it is inert
and has a high melting point of 1768 °© C, to avoid contaminating the crystal growth.
The wire suspension of the feed rod on the upper shaft allows for accurate positioning
above the seed rod. A thick quartz tube is then inserted into the crystal growth area
and tightly sealed, this enables the use of specific gas environments in which the crystal
must be grown, see figure 2.1b.

a b

[
feed rod
Y

ellisoidal mirror

halogen lamp

molten zone

crystal

seed rod
controlled atmosphere
quartz tube

Figure 2.1: Mirror Furnace Composition
(a) Image of four mirror furnace used for YbFeaO4 crystal growth. (b) Schematic view of crystal
growth set-up.

A molten zone between the feed and seed rod is created by the heat from the four
halogen lamps around the quartz tube at right angles to each other. The heat is focused
by the four mirrors which completely encloses the quartz tube and creates a molten zone
between the two rods. The temperature is controlled by the power input of the lamps
and the zone stability is maintained via power input and zone length; the latter can be
altered by moving the upper shaft up or down. To allow for a homogenous distribution
of heat in the molten zone, both the upper and lower shaft rotate in opposite directions
to each other, see figure 2.2. As the lamps move up the shaft, the focus of the molten

zone is passed through the feed rod and the material left behind cools onto the seed
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rod. The rate at which the lamps move up the feed rod is variable for each compound,
where some crystal growths require a very fast growth of 10 mm/h and others 1 mm/h.
The pressure of the gas atmosphere in the quartz tube can be finely tuned for each

crystal growth with a maximum pressure of 10 bars.

Figure 2.2: Molten Zone
Molten zone area with stable centre; produced by upper and lower shaft counter rotation.

2.3 X-ray Diffraction

In order to investigate the phase purity during powder synthesis and any structural
changes of single crystal YbFeoOy4 g it was essential to use the following x-ray tech-

niques.

2.3.1 Powder X-ray Diffraction

The phase purity during each stage of synthesis was determined by powder x-ray diffrac-
tion. During the powder synthesis, a powder diffraction was taken after the 2nd heating
to check the phase purity and formation of the compound. The powder diffraction pat-
terns obtained were compared with already published data of the required final com-
pound and also those of different stoichiometric ratios of the primary starting elements,
to check for phase impurity. Powder x-ray diffraction is a powerful tool to probe the

atomic structure, it uses the simple principle of Braggs law.

nA = 2dsiné (2.1)
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2. EXPERIMENTAL METHODS

The incident beam of x-rays with wavelength A hit the surface of the crystalline
material at an angle  and are then scattered at an angle dependent on the number of

wavelengths n and the spacing d between the atomic layers, see figure 2.3 (51).

Figure 2.3: Bragg Condition

Schematic of Bragg condition between lattice planes, where x and k' are the incident and
reflected wave vectors, respectively. Reproduced from Ref (51).

Three x-ray diffractometers were used for the powder x-rays patterns presented in
this thesis: Philips PW1720 X-ray diffractometer, Bruker D5005 and Huber Guinier
G670 which all use CuKgjpna, with A=1.5418 A.

In order to refine the phase purity and lattice parameters of powder diffraction pat-
terns a readily available program Fullprof was used. Fullprof uses a Rietveld method
for powder refinement (the refinement of magnetic structures can also be achieved with
this method) which uses the original data from the x-ray measurement and compares it
to a calculated fit. This calculated fit is determined from already refined lattice param-
eters from crystallographic databases, which give a good estimation of where all the
Bragg reflections should be when processing the observed data. To run a refinement,
both calculated and observed information are prerequisite; then by gradually opening
various parameters which affect the shape of the diffraction pattern and lattice pa-
rameters, a close match between the observed and calculated pattern can be obtained.

This is an important process as depending on the compound of interest, the lattice
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2.3 X-ray Diffraction

parameters may alter at certain temperatures due to a structural transition (magne-
tostructural) and this is one way in which to determine the changes in structure and

search for impurity phases.

2.3.2 Laue Diffraction

The sample quality and crystallographic orientation of each crystal was determined by
Laue diffraction. The crystal is placed on a triple-axis goniometer and positioned within
the diffractometer: A beam of white x-rays are incident on the crystal sample from the
centre of the scintillator. The wide range of wavelengths are then back scattered onto
a screen, shown in figure 2.4 (52). The image is then recorded on a charged-coupled

device which is controlled by image pro software.

detector screen

sample

e incident beam

—_—p———  scattered beam

Figure 2.4: Laue Diffraction
Diagram of Laue camera showing incident white x-rays on sample with back scattered intensities
on the detector screen. Image taken from reference (52).

The images obtained from the Laue camera can then be compared to simulated
patterns using OrientFExpress software. By moving the crystal according to the sim-
ulated pattern, exact orientations along each crystallographic axis can be obtained.
Once an area with a consistent pattern has been isolated the crystal is cut along the

plane normal to the required axis using a low speed diamond saw.

31



2. EXPERIMENTAL METHODS

2.3.3 Single Crystal X-ray Diffraction

In order to gain a more detailed insight into the crystallographic structure and charge
order at different temperatures, single crystal x-ray diffraction is essential. A Supernova
dual source diffractometer was used for all single crystal diffraction measurements, see
figure 2.5a (32). The dual source is equipped with two micro source x-ray tubes for
the option of two x-ray radiation wavelengths; molybdenum (Ay7,=0.709 A) and cop-
per (Acy=1.540 A). The scattered x-ray beam is collected on a high sensitivity Atlas
area Charged Coupled Device (CCD) detector. To measure a range of temperatures, a
Cryojet cooled with nitrogen gas with an obtainable temperature range of 100 to 490

K can be used.

Figure 2.5: Single Crystal X-Ray Diffraction

(a) Oxford Diffraction Supernova diffractometer. (b) Orientated crystal of YbFe;O4 on sample
holder. (a) reproduced from Ref (32).

Pro i used to orientate the crystal shown in

The instrumental software CrysAlis
figure 2.5b, run the experiment and analyze the data. Before running a long exper-
iment to capture all the observed reflections from the CCD, a short experiment of 5
minutes is used to check the crystal quality and lattice parameters. Usually the param-
eters will need altering depending on the crystal system and is done by entering the
crystallograpic lattice parameters from a known database, for example the ICSD (in-

ternational Crystallograpic Database). Once the correct structure has been determined

a full measurement can be programmed for one or a series of temperatures.
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2.4 Magnetization

The magnetization measurements performed on both LuFesO4_5 and YbFesO4_5 were
conducted on two different magnetometery measurement systems, an MPMS (Magnetic
Properties Measurement System) and a CCMS (Cryo Cool Measurement System) using
the VSM (Vibrating Sample Magnetometer) option which will be described in the

following two subsections.

2.4.1 MPMS (Magnetic Properties Measurement System)

The MPMS uses a SQUID (Superconducting Quantum Interference Device) magne-
tometer to measure the magnetic response of the sample in a temperature range of 1.85
to 400 K. The advantage of using a SQUID magnetometer for certain measurements is
it’s great sensitivity to low magnetic fields based on it’s composition. The SQUID su-
perconducting chip consists of two superconductors separated by thin insulating layers
which form two parallel Josephson junctions. These parallel Joseph junctions create
an indefinite current flow without any applied voltage, known as the Josephson effect.
The SQUID is attached to the pick-up coils which is positioned inside the supercon-
ducting magnet. The sample is then mounted in such a way that it lies within the
pick-up coils of the SQUID, see figure 2.6 (52). The sample is glued with GE (Gen-
eral Electric) varnish to a non-magnetic Tufnol sample holder. The GE varnish can
be easily removed with the use of acetone for reorientation of the sample or complete
removal from the holder. The magnetic response of the sample is then determined by
the SQUID magnetometer which measures the current generated in the pick-up coils
by the moving the sample in a series of 32 steps. The current is induced by the mag-
netic moment of the sample. Before starting a measurement the system is degaussed:
a small program is written which applies positive and negative fields ranging from the
maximum field to the lowest field and then to zero to remove any remnant field from
a previous measurement. This is specifically important with samples very sensitive to
small applied fields. Measurements in the Zero Field Cooled (ZFC) mode ranging from
10 to 300 K and Field Cooled (FC) mode ranging from 300 to 10 K was collected for

both single crystal samples.
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2. EXPERIMENTAL METHODS

The SQUID magnetometer used to collect the data for this thesis on both YbFeoOy_s
and LuFesO4_s is a Quantum Design MPMS-5S. The temperature range for this model
is 1.85 to 400 K with a magnetic field range of up to +50 kOe.

]
U

. sample

n pick-up coils
S—-_

Figure 2.6: MPMS SQUID Pick-Up Coils
Schematic of MPMS pick-up coils and sample within coil boundary. Reproduced from Ref (52).

2.4.2 CCMS (Cryo-Cooled Measurement System) VSM Option

The VSM (Vibrating Sample Magnetometer) works on a very similar basis as the MPMS
but in comparison, has a reduced sensitivity. This method of measuring the magne-
tization is however, much quicker, as the sample is vibrated very quickly between the
pick up coils, see figure 2.7. The CCMS also has many other measurement possibilities

with various inserts for specific heat, AC susceptibility and thermal conductivity.

2.5 Specific Heat

The specific heat option of the PPMS (Physical Properties Measurement System) is
used to view the thermal response of a sample by measuring the heat capacity as a
function of temperature. The heat capacity C, of a sample is the heat required to
change a samples temperature to a given amount and can be written in the following

way:

c=-L (2.2)
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Fick-up Coils
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Figure 2.7: VSM
Annotated diagram of VSM, with sample positioned within range of the pick up coils.

where () is the heat energy and AT is the change in temperature. This is the
very basic definition of heat capacity. The specific heat capacity of a sample takes into
consideration the molar mass which for different compounds vary greatly. This will
affect the rate at which the sample can be heated. For the more dense compounds
containing Lu and Yb, the specific heat measurement can take days based on the mass
of these heavier elements to that of Mg and Ca for example. To measure heat capacity
a sample is positioned on a platform in the sample puck insert and fixed with Apiezon-
N grease, shown in figure 2.8 (53). To ensure that there is good thermal contact
between the sample and the puck platform, the crystal is polished so that it is a thin
square or rectangle with usual dimensions of 2x2x1 mm. A heater and thermometer
are also attached to the platform which is suspended by contact leads from the middle
of the puck. The contact leads connect the heater and thermocouple to the puck while
isolating the platform from effects of thermal contact with the PPMS sample chamber.
The heat capacity is then recorded by heating the sample to a specific temperature
increment and measuring the relaxation time after heating. The platform is heated
at a constant rate until the system has reached a percentage increase of the set point
(usually 5%). The heating power is then removed and the sample and platform is left

to cool back to the set temperature. The grease and the puck will have an added
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contribution to the sample heat capacity, therefore an initial empty puck known as
an Addenda measurement is performed. This measurement consists only of the empty

puck and the Apiezon grease needed for the sample contact.

» PPMS Sample Chamber

Outer wall of sample chamber

Contact leads
Sample

Sample puck

“Keyed” bottom connector

Figure 2.8: Specific Heat Insert
Annotated schematic of PPMS insert with puck and sample. Reproduced from Ref (53).
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2.6 a.c Susceptibility

The ACMS (Alternating Current Measurement System) option is another independent
insert for the PPMS. With d.c magnetometery, as described in a previous section the
moment is measured by the voltage induction of the sample movement through the pick
up coils either via vibration of the sample (VSM) or the extraction method (SQUID).
In a.c susceptibility measurements, a small alternating current is applied to the dc
field which causes a time-dependent moment in the sample. The field of this time
dependent moment induces a current in the pick up coils, allowing measurement of the
sample without motion. The frequency range which can be applied is between 10 Hz-10
kHz. At very low frequencies H4c (amplitude of the driving field) is very small and
the measurement is similar to d.c magnetometery such that the magnetic moment will

follow an M(H) relation, shown in the following equation:

a
dH

Where My is the induced a.c moment, H4¢, the amplitude of the driving frequency,

Myc = ( > - H o sin(wt) (2.3)
w is the driving frequency and y=dM/dH is the susceptibility. As the frequency in-
creases the d.c field is altered and the magnetization begins to lag behind the driving
field, therefore the a.c susceptibility option can probe two quantities: the magnitude of
the susceptibility, y, and the phase shift denoted by ¢ (which is relative to the drive
signal). These two quantities can also be described as a real in-phase component,

and an imaginary out of phase component x” which are related in the following way:

X' = xcosyp (2.4)
X" = xsing (2.5)

or alternatively rewritten in terms of the d.c susceptibility and phase shift respec-

tively:

X =VXx?+x" (2.6)

X/I
¢ = arctan <X’> (2.7)
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The a.c susceptibility option is an essential way of viewing small magnetic shifts cor-
respondent to possible spin glass transitions in a sample below freezing, when applying
different driving frequencies. For spin glass behavior, where magnetic spins experience
random interactions with other magnetic spins, in a sense freeze into these positions
at a certain freezing temperature. The freezing temperature of a sample is determined
by the real part of the a.c susceptibility vs temperature, which will show a distinct
transition temperature. From here a frequency dependence at that temperature in the
imaginary part of the a.c susceptibility is a good indication of spin-glass characteristics;
based on the irreversibility in a spin-glass state which leads to a non-zero moment in

the imaginary part below the freezing temperature (54).
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Figure 2.9: ACMS Insert
(a) PPMS Dewar. (b) Main a.c susceptibility insert. Reproduced from Ref (55).

The experimental set-up for the ACMS option requires two probes, the main ACMS
insert shown in figure 2.9a and the sample probe which is inserted into the ACMS probe
2.10b (55).
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Figure 2.10: ACMS Sample probe and Sample
(a) Schematic of sample probe, (b) Sample holder for probe. (a) reproduced from Ref (55).

2.7 Mossbauer Spectroscopy

The use of Mossbauer spectroscopy provides detailed information about the Fe?* and
Fe?t valence states in YbFeoOy at various temperatures. Mossbauer spectroscopy works
using the principle of the Massbauer effect: a radioactive source of ®”Co nuclei decays
slowly into an excited state of 5"Fe, where I=5/2. This then decays to either the
ground state I=1/2 which happens 9% of the time or to a lower energy state I=3/2
which occurs 91% of the time (24). Once at the lower energy state, it decays further
to the ground state, however in the process emits a gamma ray with energy 14.4 keV
in a very short time of 0.14us, shown in figure 2.11 (56). The incident gamma ray can
excite a transition in the sample if it is absorbed resonantly. In order for the gamma
ray energy to match that of the energy gap in the sample, the >"Co source is moved
at a certain speed, v, to allow for a slight adjustment of the frequency based on the
Doppler effect. This method was firstly employed with the initial testing of gases and
molecules using the Mdssbauer effect. An incident gamma ray with energy, Fy, would
hit a freely moving atom or molecule displacing the emission and absorption lines from
the nuclear transition energy, however because the atoms are not fixed, there would
also be some recoil energy, Er, which lowers the energy upon emission and to a higher
energy upon absorption. This makes the observation of resonant absorption of gamma

rays impossible. Therefore by using the Doppler effect and moving the source at some

39
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velocity, v, to the sample allows for a precise tuning of the gamma ray frequency to

match the energy gap of the sample in freely moving atoms and crystal structures.

5 Co
2l 270d

EC
1=5/2 136 keV
85 %
32 — 14,4 keV, ~ 100 ns
v W
1/2 — 0
26 Fe

Figure 2.11: Mossbauer Source
Diagram of 57Co decay to ®"Fe excited energy state, with further decay to Fe3* lower energy
state and Fe?* ground state energy. Reproduced from Ref (56).

The set-up for Mdssbauer spectroscopy can be seen in figure 2.12 (56), where the
5TCo source is positioned on a vibrator and vibrated at a velocity, v, typically for 5" Fe,
the velocity v=0.096 mm.s-1 the linewidth I',=4.7x107" eV and the transition energy
E,=14400 eV. The incident gamma ray hits the Mdssbauer absorber (the sample to be
analyzed) and the information is read by the detector, where the source and absorber
are moved relatively to each other with the Doppler velocity. The cryostat allows
for low temperature measurements of the sample usually with a range of 300 K to
4 K. The gamma rays are collected in a scintillation counter, where pulses from the
detector are then amplified before passing through a discriminator. The function of
the discriminator enables the filtration of non-resonant background radiation from the
input signal from the sample, therefore cleaning the output signal. The signal is then fed
to the computer. The function of the multichannel analyzer, constant frequency clock,
waveform generator and servo amplifier all work towards controlling the frequency of

the vibrator to optimize the the resolution of the Mdssbauer spectrum.
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Figure 2.12: Mo&ssbauer Spectroscopy Set-Up
Annotated schematic of Mossbauer spectroscopy equipment. Reproduced from Ref (56).

2.8 Neutron Scattering

Neutron diffuse scattering was performed at FRM II: DNS (Diffuse Neutron Scattering).
DNS is a diffuse scattering cold neutron time-of-flight spectrometer with polarization
analysis at the neutron guide NL6a (57). This type of polarized neutron scattering
allows for a separation of the nuclear coherent, spin incoherent and magnetic scattering
contributions over a large range of scattering vector @ and energy transfer E. The
schematic in figure 2.13 shows a detailed view of the experimental set-up with neutron
guide and monochromator for the selection of one particular wavelength of the neutron
beam with a range of A=2.4-6 A. Depending on the sample size, the wavelength can be
altered to focus the beam. The beam is then sent through the beam tube and chopper
1, once the neutron beam reaches this stage it passes through a polarizer which flips all
the neutrons to one specific polarization. The polarized neutrons then pass through a
second chopper which records the polarization of the neutrons after they have passed
though the polarizer. This is important as it allows for a detailed calculation of the

neutrons which are scattered by the sample at a range of angles in Q and collected
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by the xyz coils. If the neutron polarization is known before they are incident on the
sample it is then possible to determine any magnetic structure as these will be flipped

on scattering from the sample.

> Monochromator
)\ shielding

Shielding of the secondary
spectrometer

1. Double ing PG(002) rr
2. Beamshutter

3. Slits -

4. Flipper

5. Slits

6. Sample position
7. Detector banks with polarization analyzers
8. Detector banks with position-sensitive 3He tubes

Figure 2.13: Diffuse Neutron Scattering Set-Up
Annotated schematic of DNS layout. Reproduced from Ref (57).
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3

Investigations into LuFe;Oy

3.1 Charge Ordered LuFe;Oy4

The mechanisms which form the basis of the charge ordering were described in detail in
the introduction. The following section will provided a brief but well informed overview
of the experimental results which lead to the conclusion that LuFe;O4 was in fact the

first material which provided evidence of ferroelectricity through charge ordering.

LuFey04 has a rhombohedral structure with hexagonal lattice parameters: a=b=3.44
A, ¢=25.28 A, a=5=90 °C and y=120 °C. In 1988-1989 the first single crystals of
LuFe;04_s were grown via floating zone method in varying oxygen partial pressures
(58) (59). Shortly after this, magnetization measurements were performed by Iida et al.
of M(H) at 4.2 K with an applied field of 230 kOe, and highlighted the presence of a 2:1
ferromagnetic structure in a triangular lattice (47). In order to gain a better in sight
into the magnetic structure, neutron scattering at 14 K of a single crystal orientated
along the ¢ axis, provided the first evidence of magnetic peaks along the (1/3, 1/3,
1) line (47), which were later confirmed with measurements performed by Ikeda et al.

(60) (see figure 3.1).

Further work by Ikeda et al., gave the first detailed magnetic phase diagram for
off-stoichiometric LuFeoO4_5 within the temperature range 150-500 K, shown in figure
3.2. Above 500 K all the Fe sites appear to have a charge of 2.5¢~, caused by the
thermal movement of valance electrons (61). With decreasing temperature the system

transforms into a two-dimensional charge density wave state (2D-CDW) from complete

43



3. INVESTIGATIONS INTO LUFE;O,

120ﬁﬂ:_'ll|lll1:|1—rlr|.-.1!....[...r!...."
10000 . | J-L... __ﬂ_rm\ _
~. BOOO = . *; +
-E' L : S
= I S SR B,
o 6o00 : : i
et :
= L i
4000 | —
- —— (D013 .5) 1
2000 F{ ¥ (1/3 1/3 13.5) -
ﬂ-llllil -i.:--i..--l...i....l-n.:t!'_,-__,:

0 50 100 150 200 250 300 350
Temperature (K)

Figure 3.1: Early Neutron Scattering on LuFe;Oy
Temperature variation of the scattered intensity of the two superlattice spots (1/3, 1/3, 3.5)

and (0, 0, 13.5). Reproduced from Ref (60).
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disorder above 500 K. The 2D-CDW was seen clearly in electron diffraction measure-
ments, where diffuse Bragg lines along the (1/3, 1/3, 1) line appeared before the onset
of 3D charge order spots below 330 K (62).

330K S00 K
3D-CDW | 2D-CDW | disorder

2D-SDW/| para magnetic
240K

Figure 3.2: Magnetic Phase Diagram
Magnetic and CO phase diagram showing transitions at 500, 330 and 240 K. Reproduced from
Ref (60).

Magnetic ordering within this system was not clearly clarified by Ikeda et al.; they
stated that the system goes from a paramagnetic to a 2D-CDW, but at that time was
not well defined experimentally (60). It was Christianson et al., who much later, with
neutron diffraction measurements, clarified the lower temperature magnetic phase to
be 3D ferrimagnetic order. Therefore the system goes through two first-order mag-
netic phase transitions; paramagnetic to ferrimagnetic ordering at 230 K followed by
a second magnetostructural transition at 175 K (62). The variation between 2D and
3D magnetic order stems from the quality of the single crystals being measured due
to off-stoichiometry. The most ground breaking advancements into the understanding
of LuFesO4 were presented by Ikeda et al. in 2005 (2). From their initial neutron
diffraction experiments (60) and the classification of charge and magnetic order along
the (1/3, 1/3, 1) line, lead to the first viable charge order model. As described in section
(1.4) the charge frustration on each Fe monolayer drives a polar arrangement across
each Fe bilayer, with one layer rich in Fe?T and the second layer rich in Fe?* induc-
ing a cross polarization (2). The competing interaction between frustrated charges are
settled by a v/3 x /3 supercell, shown in figure 3.3, where the charge superstructure is
enlarged by three times in the a-b plane along the (1 1 0) direction.

To further support their CO model, resonant x-ray scattering (RXS) was performed
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Figure 3.3: CO Superstructure
Chemical unit cell and v/3 x v/3 superlattice marked by solid and dotted lines, respectively. The
arrows indicate the direction of polarization P and wave vector Q=(1/3, 1/3) representative of
the charge wave. Reproduced from Ref (2).

on a LuFesOy single crystal oriented along the ¢ axis. The data shown in figure 3.4
shows the x-ray energy dependence of the super lattice reflection along (1/3, 1/3, 5.5).
The maximum peak at 7.113 keV and the minimum peak at 7.120 keV represent the
in-phase component of the anomalous atomic scattering factors of Fe?* and Fe3t. This
result clearly indicates that the structure factor of the super lattice point (1/3, 1/3,
5.5) is contributed by the positive atomic scattering factor of Fe3* and the negative
scattering factor of Fe?T.This result therefore highlights that the structure factor at

this Bragg point arises from the difference of atomic scattering factors Fe?T and Fe3™.

The final major turning point for the, at that time valid CO theory, came from
the experimental proof of switchable polarization within this system. In order to test
whether the system had a switchable polarity, the sample was cooled down to 77 K
under an electric field of £10 kV cm™! and orientated along the ¢ axis, where the
current flow from the sample was then measured upon heating without an electric field.
The results of this experiment showed that the direction of current flow depends on
the sign of the cooling electric field below 350 K, near the onset of 3D CO. The spon-

taneous polarization was estimated by calculating the integral of the current from the
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Figure 3.4: X-ray Energy Dependence of LuFe,O4 Superlattice
Integrated intensity as a function of energy along the (1/3, 1/3, 5.5) line, peak and minimum
arise from the in-phase component of the anomalous scattering factor for Fe?* and Fe3T, re-
spectively. Reproduced from Ref (2).

sample and is shown in figure 3.5, as a function of temperature. The large decrease in
spontaneous polarization occurs when increasing the temperature to 250 K; the onset
of the ferrimagnetic transition temperature. A further decrease in the spontaneous po-
larization is seen when the temperature reaches 330 K at which the CO superstructure
of Fe?* and Fe3T appears. The broad shoulder of the electric polarization around 250
K indicates the coupling of magnetization with electric polarization, and shows that
LuFe;0y is a polar substance that can be switched by an external electric field, where
the ferroelectricity is developed by a polar arrangement of Fe?t and Fe3t (2).

For many years LuFesO4 was believed to be one of the first experimentally proven
CO ferroelectric compounds in the rare earth series. Investigations by several groups
uncovered that LuFes Oy, as well as other RFesO4 compounds, were extremely sensitive
to oxygen stoichiometry, which greatly effected the magnetic and charge order within
each crystal growth. From a wide range of magnetization, neutron scattering and
electron spectroscopy measurements it was discovered that single crystals grown in an
oxygen reducing atmosphere exhibited 3D magnetic and CO order than being grown

in a more oxidizing atmosphere (CO:CO2=1:6) (42). Crystals grown in a non-oxygen
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Figure 3.5: Spontaneous Electric Polarization
Temperature variation of the electric polarization of LuFesO4. The current flow from the sample
was recorded on heating after electric field cooling along the ¢ axis. Image taken from reference
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reducing atmosphere were prone to 2D magnetic order and glassy behavior, with only

diffuse charge order along the (1/3, 1/3, 1) line (2)(58)(60)(62).

3.2 LuFe;O4 in a New Light

A few years after the definitive results by Ikeda et al., clarifying that LuFesQOy is in fact
a CO ferroelectric material, investigations by Angst et al., into LuFesO4_4 lead to the
ultimate conclusion that the system in not a CO ferroelectric, based upon a non-polar
arrangement of ions, as a result of the iron valance ordering on each bilayer and al-
ternative magnetic ordering. Through careful monitoring of the oxygen stoichiometry
and fine tuning the oxygen partial pressure, they established three different kinds of
crystal quality classifications with the use of temperature dependent magnetization.
By performing extensive neutron diffraction and X-ray Magnetic Circular Dichroism
(XMCD) measurements they uncovered the behavior of the magnetostructural tran-
sition at 175 K. Single crystal x-ray diffraction provided a solid understanding of the
magnetostructural transition and highlighted a structural change from a rhombohedral
to monoclinic unit cell below 210 K. The following section will provide a detailed insight

into the current understanding into both the magnetism and CO within LuFesO4_g.

3.2.1 Magnetic Behavior

Angst et al. performed a number of experiments on crystals with varying CO:COa2, to
investigate the changes in the magnetic characteristics as a result of oxygen stoichiom-
etry. The initial test, as mentioned in section (1.2), is to perform ZFC, FW and FC
magnetization measurements as a function of temperature with an externally applied
field of 100 Oe and with crystals orientated such that H|lc. This process is necessary to
establish a qualitative picture of the magnetic transitions, their temperature range and
sharpness, which are all evidently affected by off-stoichiometry. The magnetization data
shown in figure 3.6 was measured with three different crystals from one single crystal
growth, as mentioned in section (1.2.1), there is notable sample to sample dependence
in one crystal growth and this is seen clearly in the three types of magnetization curves

(32).
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The Type A magnetization curve represents a crystal of good stoichiometric quality,
where the magnetization data exhibits a large, sharp transition at 238 K. The mag-
netization on cooling from room temperature is zero but during the onset of magnetic
order around 250 K, the curve increases slightly above 0.000 pp/f.u. At the transi-
tion temperature a steep increase in the magnetization occurs and reaches a maximum
of 0.0252 pp/fu. The slope of this transition peak again decreases rapidly to a low
magnetization of 0.005 pp/f.u before the onset of the second magnetostructural tran-
sition at 175 K, previously reported in (63). On cooling through this temperature
almost no transition is visible, however, on warming a large broad transition with a
maximum magnetic moment at 0.0152 pp/f.u occurs. This particular transition was
first recognized and reported by lida et al. (41) where it was called the ‘anomalous
field-heating-effect’ and is described in more detail later. Type B magnetization curves
present crystals of average quality and exhibits transitions as Type A, but at slightly
shifted temperatures. The main Néel transition is shifted to a lower temperature of
230 K and does not exhibit the same sharpness and definition as the Type A curve.
The magnetization of the magnetostructural transition in the Type B magnetization is
slightly lower, with much less peak definition. The final type of magnetization curve C,
represents a crystal of poor stoichiometric quality. On FC and FW, the ferrimagnetic
transition is represented by a very broad transition at approximately 220 K with a
magnetization of ~1 pp/f.u, which exceeds that of the previous two types A and B.
There is a large shift in the magnetostructural transition temperature to 155 K and
almost no difference between the FC and FW data. The third curve plotted on this
magnetization curve is ZFC, which is acquired by cooling the magnetometer from room
temperature in zero field and applying the desired magnetic field at base temperature,
measuring the magnetization on warming. The main transition at ~240 K exhibits
a considerably lower magnetization, indicating that there are ferro- or ferrimagnetic
components stabilized in this sample type by cooling under moderate magnetic fields.
The magnetostructural transition in the Type C magnetization is seen as only as a

small broad hump at ~160 K.
A .c susceptibility measurements (refer to section 2) shown in figure 3.7 performed

on both Type A and Type C samples, show quite contrasting behavior but corrob-

orate well with their individual magnetization data. The Type A crystal, with very
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Figure 3.6: Crystal Quality Classification
Magnetization measurements as a function of temperature on cooling and heating, with mag-

netic field H=100 Oe applied parallel to cge,.. Type A-C were taken from three varying LuFes Oy
single crystal qualities from the same batch. Reproduced from Ref (32).

sharp magnetic transitions present in the magnetization data, exhibits no frequency
dependency in the a.c susceptibility. The type C crystal on the other hand presents a
definitive frequency dependence at main Néel transition, which is a prime indication

for spin glass behavior, where competing magnetic states exist (64).
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Figure 3.7: A.c Susceptibility of Type A and Type C LuFe;O4 Single Crystal
A..c susceptibility measurements with different driving frequencies on cooling, with increments

of 0.1 K/min. The amplitude of the oscillating magnetic field was 10 Oe for all presented
frequencies. Reproduced from Ref (32).
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As mentioned previously, the magnetic ordering below room temperature goes
through two magnetic phases at 238 K the Néel transition and 175 K the magneto-
structural transition. The magnetic behavior at 175 K was first encountered by lida et
al., 1976. Recent neutron scattering data by the Angst et al., group (65) have uncovered
the existence of two competing antiferromagnetism and ferrimagnetic phases. The data
shown in figure 3.8 was measured on a crystal of comparable quality to that of Type
A. Neutron diffraction was performed at 220 K (below the Néel temperature) along
the (1/3, 1/3, 1) line in H=2.5 T and H=0 T, shown in figure 3.8a. The data shown
in figure 3.8b-c, show the integrated intensity scans along the (1/3, 1/3, 1) in the anti
and ferrimagnetic phase. The data clearly provides strong evidence of the existence of
two magnetic phases, contradictory to the initial neutron diffraction measurements by

TIkeda et al. (60) which presented data for only the ferrimagnetic phase.
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Figure 3.8: Neutron Scattering on Type A LuFe,O4 Single Crystal
(a) Neutron diffraction pattern along (1/3, 1/3,1) line in both H=2.5 T and H=0 T. (b and c)
show the integrated intensity for scans along the (1/3, 1/3, 1) in both the AFM and fM phase
respectively. Reproduced from (65).

From the recent neutron scattering and magnetization data obtained by Angst et
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3.2 LuFe;04 in a New Light

al. (65), the first clear magnetic phase diagram was constructed, and is shown in figure
3.9. In this phase diagram the magnetic field H is a function of temperature, with
the crystallographic ¢ axis orientated parallel to the H field. The paramagnetic phase
which sets in at 500 K remains until 240 K, before the onset of both ferrimagnetic
(fM) and antiferromagnetic (AFM) ordering below 240 K. The hysteretic region below
225 K (marked with stripes) shows the region where either ferri or antiferromagnetic
ordering can be stabilized. The anomalous field heating effect at Tpr=175 K shows a
distinct jump in the magnetization on FW compared with the low magnetization of the
corresponding FC data, which is shown clearly in the magnetization data (see figure

3.6).

0.0 . - - = -
180 200 T (K) 220 240 260

Figure 3.9: New Magnetic Phase Diagram for LuFe;Oy4
Magnetic field H - temperature T phase diagram between 260 K and 180 K, which exhibits
paramagnetic, antiferromagnetic and ferrimagnetic ordering. The data was extracted from
various M(H) and M(T) curves. Reproduced from Ref (65).

In order to understand this field heating effect we must first understand the magnetic
ordering below 175 K. On warming above T;p=175 K, the sample, according to the
phase diagram shown in figure 3.9, enters a region in which both AFM and fM phases
can be simultaneously stable in low-H (100 Oe). The mesoscopic AFM and fM regions
within the sample have no driving force to fully settle into a single magnetic state,
until one phase becomes unstable. Below T;7=175 K, applying even a small magnetic
field promotes the increase of the fM fraction, where the eventual disappearance of the

structural distortion provides a sudden increase in the magnetization, shown clearly in
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the magnetization data (see figure 3.6). The spin structure below 240 K with existence
of both AFM and fM phases, stems from ordering between the bilayers within the unit
cell. For the AFM order, one bilayer has majority spins pointing up and the lower
bilayer contains majority spins pointing down. Due to the mixed valance state of this
system, the fM phase has a majority of spins with in each bilayer pointing upwards,

but based on the concentration of Fe?™ and Fe3* a ferrimagnetic state is induced.
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Figure 3.10: Spin Sructure of New Monoclinic Unit Cell
Spin structure of C2/m unit cell showing (a) AFM phase and (b) fM phase. Reproduced from
Ref (65).
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3.2.2 Charge Order

The charge order based ferroelectricity in LuFesO4 due to Fe valance order through
geometric frustration on the triangular Fe-O bilayers, had for some time, provided a
definitive theory. However, the investigation into the Fe/O bilayer becoming polar
upon CO was never fully challenged. Detailed measurements of single crystal x-ray
diffraction with bond valance sum analysis (BVS) as well as XMCD measurements
(66) performed by the Angst et al., group have uncovered a new CO pattern with the
existence of charged Fe/O bilayers. Symmetry analysis of a hexagonal unit cell with a
(1/3, 1/3, 3/2) propagation below 240 K, produced two irreducible representations of
the inversion symmetry within the unit cell that are allowed and both of which lower the
space group symmetry to C2/m (Monoclinic). The first central position is located at
the Lu site between the Fe bilayers, this arrangement corresponds to the antiferroelec-
trically (AFE) stacked polar bilayers, initially proposed in (67). The second possible
representation for positioning the inversion centre is located between the two Fe-layers
of a bilayer, corresponding to a non-polar bilayer with net charge. In order to test each
theory, single crystal x-ray diffraction was performed on a good stoichiometric crystal

at 210 K and refined in the hexagonal and monoclinic unit cell, shown in figure 3.11 (66).

Single crystal x-ray refinement of the structure model with centre of inversion
located in the Lu layers, corresponding to the antferroelectrically stacked bilayers,
lead to a very anisotropic displacement parameter for Lu along the cp, direction,
which is unlikely, due to the heavy mass of the Lu ions. A poor refinement factor of
R[F? > 40(F?)] ~ 5% was achieved indicating that the presence of a Lu centered in-
version symmetry leading to an antiferroelectric state would not provide a credible CO
arrangement. For refinements of inversion symmetry located between the Fe layers, a
much better refinement factor of R[F? > 40(F?)] ~ 5.96% was achieved. This as well as
in depth BVS and XMCD data (66) provided a solid basis for a new charge order theory
for LuFeoO4. The new evidence for the centre position of inversion symmetry lead to a
final structure determination below the Neel magnetic ordering temperature, changing
the initial hexagonal unit cell to a lower symmetry monoclinic unit cell. Moreover, the
new structural refinements show that the Fe/O bilayers are charged rather than polar

and not affected by electric fields, no longer making LuFe,O4 a CO ferroelectric. A
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Figure 3.11: Single Crystal X-ray Diffraction of LuFe;Oy4
Single Crystal diffraction image in the (0KL)-plane indexed with both monoclinic and hexagonal
cell along the (1/3, 1/3,1) line. Reproduced from Ref (66).
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detailed diagram of the new monoclinic unit cell with a non-polar bilayer arrangement
is shown in figure 3.12, with each bilayer containing either an Fe?* rich valency or a

Fe2t rich valance state.

Figure 3.12: Monoclinic Unit Cell with New Spin Structure
Monoclinic structure C2/m of LuFe;O4 measured at 210 K with refined lattice parameters
a=5.95 A, b=10.30 A, ¢=16.96 A, 5=96.72°. The ferrimagnetic high-field spin order and
Fe3t/2% charge order is represented by arrows and different colours respectively. Reproduced
from Ref (66).

The following results presented in this chapter will highlight some of the findings
from the magnetization measurements with an applied field of 100 Oe, as well as new
measurements on the specific heat and single crystal x-ray diffraction of LuFeoOy4 single

crystals, grown in both CO:CO2=1:3 (1:3) and CO:CO2=1:5 (1:5) gas atmospheres.

3.3 Results
3.3.1 Magnetization

The SQUID magnetometer described in section (2.4.1), was used to measure the magne-
tization of the samples with a temperature range of 10-300 K and an externally applied

magnetic field of 100 Oe. The magnetization as a function of temperature was mea-
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sured for both ZFC (10-300 K) and FC (300-10 K) data with a sweep rate of 2 K/min.
The magnetization on both heating and cooling was measured with three crystals, two
crystals grown in the (1:5) and one crystal in the (1:3) gas ratio, with the magnetic
field applied parallel to the the ¢ axis only, based on the previous finding described
in chapter 1. The two crystals taken from the (1:5) growth weigh 2.33 g and 36.66
mg labeled (1:5A) and (1:5B), respectively. The measurement of the smaller crystal is
necessary to provide a direct comparison to the specific heat, where the larger crystal
is too large for the PPMS sample platform. Not only this, but a comparison between
two single crystals of different mass will show any contrasts between the magnitude of

the magnetization at each temperature transition.

The magnetization data shown in figure 3.13, contains ZFC and FC curves for
LuFey04_s grown in the (1:3) (a) and (1:5A) (b) gas ratios. The (1:3) crystal exhibits
only one main transition at T=202 K, with ZFC and FC curves at that point reaching
the same magnetization of 0.015 pp/f.u, where the curve below the Néel temperature is
smooth with no lower temperature features. The (1:5A) crystal has a much higher Néel
transition of 235 K, but the magnetization of the ZFC reaches a maximum of ~0.048
pup/f.u whereas the FC data has a lower magnetization of ~0.036 pp/f.u. Also present
on the (1:5A) data but absent on the (1:3) data is a second, lower temperature transition
at Tppr=175 K with a magnetization ~0.023 pp/f.u on both heating and cooling. There
is a noticeable hysteresis present at this transition with the ZFC maximum reaching
Trr=182 K and the FC maximum reaching T;7=170 K. Below the low temperature
transitions there is a small broad feature in the ZFC data at T~100K and a general
increase in magnetization in the FC to base temperature at 10 K.

A magnetization measurement on ZFC and FC on the second smaller (1:5B) single
crystal is shown in figure 3.14. In comparison to the larger (1:5A) crystal, there is almost
no temperature shift in the main Néel temperature at Tny=234 K, however the peak
sharpness on ZFC and FC is slightly reduced. Interestingly, the overall magnetization
at T is higher in the smaller crystal, which reaches ~0.078 pp/f.u on ZFC compared
to that of the larger crystal which reaches a maximum of ~0.048 pp/f.u. The transition
at T is similar to that of the larger crystal with respect to the shape and temperature
range, where only a small shift in temperature from 182 to 180 K on ZFC and 170 to 167

K on FC. However, a large difference is seen in the magnitude of the magnetization at

o8



3.3 Results

0.04 [100 Oe ||c . T 202K ]
- d
g 0.03 | LuFe O i
= _ u 92 4
LS
m0.02+ =° FC -
= - ZFC
A —
=
0.01 ]
000 L
0.05[100Oellc  TA170k—~1 TLTz‘I82KE<—TNz235K |
" LuFe O (1:5A : - ! b
0.04 LUFE0, (T:5A) : v |
g © ZFC LI | &
: o [ O@O
o 0.03} FC » 1
~ [ Ol
[an) - 1o é?p
o002} /f i}
2 Y 1o
0.01 ]
0.00 - J
0 50 100 150 200 250 300

T(K)

Figure 3.13: Magnetization

(a) ZFC and FC magnetization data of single crystal grown in CO:CO2=1:3. (b) ZFC and FC

magnetization data of single crystal grown in CO:CO2=1:5 (1:5A).
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Figure 3.14: Magnetization
(a) ZFC and FC magnetization data of single crystal grown in CO:CO2=1:3. (b) ZFC and FC
magnetization data of single crystal grown in CO:CO9=1:5 (1:5B).
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Trr on ZFC. The ZFC and FC curves no longer reach the same magnetization at T,
which was seen clearly in the magnetization data of the larger crystal. A notable change
is also seen in the height of the magnetostructural transition in terms of magnetization
range on ZFC (covers a range ~1 pp/f.u), which is almost half compared to that of

the range exhibited by the larger crystal.

3.3.2 Specific Heat

The specific heat measurements were performed in two stages, an initial empty puck
measurement which is described in detail in section 2.5 followed by the sample mea-
surement. For both experiments the puck was mounted and cooled to either base
temperature of 1.85 K or the temperature desired (based on the temperature regime
of interest) and the specific heat was measured on warming. The two data sets for
the empty puck and sample measurement were analyzed by subtracting the puck data
from the sample data, to gain only the sample heat capacity. The heat capacity was
then converted to specific heat by dividing the heat capacity by the molar mass of the

sample and plotted as a function of temperature.

The specific heat as a function of temperature for the 1:3 and 1:5B crystal is shown in
figure 3.15. The data from the 1:3 crystal (see 3.15a) shows two smeared out transitions
at Tny=230 K and a higher temperature, broad feature at Tcp=314 K, representative
of CO. Despite a very slight shift in the Néel temperature, the 1:5B crystal (see 3.15b)
shows both transitions but much sharper and defined. Both the 1:3 an 1:5B specific
heat curves show no lower temperature transitions below the main Néel transition at
230 K.

3.3.3 Changes in Stoichiometry

During the specific heat measurement of the 1:5B LuFesO,4_s single crystal the tem-
perature of the crystal was taken to 400 K. According to previous publications on
LuFey0,4_s, the oxygen stoichiometry is very volatile, where heating beyond 350 K
can alter the magnetic and CO properties, either by changing the oxygen composition
or content within the sample. The same experimental conditions used for the previ-
ous magnetization and specific heat data acquisition were also applied to this set of

measurements.
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Figure 3.15: Specific Heat
(a) Specific heat curve of crystal grown in CO:CO9=1:3. (b) Specific heat curve of crystal
grown in CO:CO3=1:5 (1:5B). Green curve has temperature range of 1.85-300 K, red curve has
temperature range 150-400 K (black arrows indicate direction of warming).
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3.3.3.1 Magnetization

The ZFC and FC magnetization data for the 1:5B single crystal after heating to 400 K is
shown in figure 3.16. There is a large difference in the magnitude of the magnetization
on both the FC and ZFC data, compared to the original magnetization measurement.
The ZFC data reaches a higher maximum magnetization of ~0.086 pp/f.u at a slightly
lower Néel temperature, Tny=232 K. The T;7=175 K transition present in the ZFC
data is very smeared out, with a lower magnetization of 0.01 up/f.u, compared with
the initial measurement before heating, which exhibits a maximum magnetization of
~0.018 pp/fau. There is a large alteration to the FC data after heating the crystal to
400 K. On cooling, the FC curve reaches a maximum magnetization of 0.068 up/f.u.
at the Néel temperature and then begins to decrease for a few Kelvin, before increasing
further to the lower temperature transition. The Ty transition, present in the original
data, is now shifted to ~150 K with a much higher magnetization of 0.098 pp/f.u. The

curve continues to increase after the transition on cooling to 10 K.
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Figure 3.16: Remeasure of Magnetization
ZFC and FC data from the crystal grown in CO:CO2=1:5 (1:5B), after heating to 400 K during
the specific heat measurement.
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3.3.3.2 Specific Heat

A remeasure of the specific heat was performed on the 1:5B crystal after the first
measurement to 400 K, shown in figure 3.17. The red curve, measured between 150
and 400 K represents the specific heat before heating above 400 K, the black curve
measured between 200 and 350 K shows the specific heat measured after heating to 400
K. There is only a very slight increase in the overall specific heat of the remeasured
curve by approximately 3 %. There are no indications of any temperature shifts at

both the main Néel temperature at T =232 K or the Tcp=314 K transition.
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Figure 3.17: Remeasure of Specific Heat
A remeasure of the specific heat after heating the 1:5B crystal to 400 K. Red curve: initial
specific heat measurement from 150 to 400 K. Black curve: remeasure of specific heat after
heating crystal to 400 K (black arrow indicates direction of heating).
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3.3.4 Single Crystal X-Ray Diffraction

Single-crystal x-ray diffraction was performed on small crystals (microgram range)
of LuFesO4 grown in CO:CO2=1:3 and CO:CO2=1:5 gas atmospheres. A crystal is
mounted and measured initially with a test experiment, which collects a range of re-
flections from reciprocal space during a five minute scan. The reflections are then
mapped out in reciprocal space to show a room temperature image of the Bragg reflec-
tions, allowing for the determination of single crystal quality i.e the absence of multiple
grain boundaries and twinning. By inserting the known lattice parameters into the

Pro software, the structure and lattice parameters can be allocated to the re-

Crysallis
flections recorded in the pre experiment, before running a longer measurement. The
LuFesO4 crystals selected from each growth for the longer measurement were initially
cooled to 90 K (base temperature for the cryojet with nitrogen cooling), where a pro-
gram is created to measure Bragg reflections at four temperatures on warming: 90 K,
230 K, RT and 350 K.

Pro gsoftware, to collect all

The data is then processed using the same Crysallis
the Bragg reflections into a reciprocal map at each temperature. The data shown in
figure 3.18 represents reciprocal maps taken along the hhl and hhO direction at 90 K
(top) 230 K, RT and 350 K. The CO present in the hhl plane (based on previous
neutron scattering measurements, which indicated a strong spin alignment along the c
axis, described in section (3.1)) is shown in figure 3.18a, and highlights the diffracted
intensity in the hhl plane of the crystal grown in the CO:CO9=1:3 atmosphere. The
weak onset of 2D CO is present at 350 K along the (1/3, 1/3, 1) and (2/3, 2/3, 1) line.
On cooling below 300 K the diffuse CO lines become stronger, reaching a maximum
intensity at 90 K, but no sharp reflections, suggesting no long-range CO emerges at
any temperature. This is very different to the results obtained from the single crystal
x-ray diffraction performed on the crystal grown in CO:CO2=1:5. For the latter, the
first appearance of weak CO is seen at 350 K, but on cooling further to 300 K CO
spots start to appear, indicating the presence of 3D CO order. Below 300 K at 200 K
and 90 K the intensity of intricate CO pattern along the (1/3, 1/3, 1) and (2/3, 2/3, 1)

becomes much more intense.
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Figure 3.18: Single Crystal X-Ray Diffraction
Single crystal x-ray diffraction images at 90 , 230 , 300 and 350 K of (a) LuFe2O4 grown in
C0O:C0O2=1:3 and (b) LuFe04 grown in CO:CO2=1:5
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3.4 Discussion

3.4.1 LuFe,O, grown in CO:C0O,=1:3

The challenge of growing good stoichiometric single crystals of LuFesO4 has, in the
past been difficult to achieve. However, based on these previous studies (41)(42) it
has been possible to isolate the optimal CO:CO2 gas ratio for synthesis and crystal
growth. Macroscopic measurements of magnetization, specific heat and single crys-
tal x-ray diffraction of two single crystals grown by (68) in CO:CO2=1:3 (1:3) and
CO:CO2=1:5 (1:5) show very different characteristics. The magnetization data of the
crystal grown in the 1:3 gas ratio exhibited only one transition at 202 K, as described in
section (3.4). This broad feature does not occur at Ty=235 K or at T7r=175 K and is
more indicative of a spin glass state with the presence of more than one magnetic phase
(69). Studies on LuFeyO4 conducted by Wang et al.(64), present similar results to that
of the (1:3) crystal. Despite their use of traveling solvent floating zone method to pre-
pare single crystals of LuFeoOy4, which produced over-doped crystals with excess oxygen
to that of the (1:3), presented macroscopic measurements of magnetization and specific
heat that corroborate directly with our macroscopic measurements. Figure 3.19a shows
magnetization data from Wang et al., and figure 3.19b shows the magnetization data
from the crystal grown in the 1:3 gas ratio. Although their main transition appears at
236 K compared to the 202 K apparent in our data, the peak shape and magnitude
are very similar. Moreover, their a.c susceptibility results indicate a large frequency
dependence at this temperature indicating the possibility of multiple magnetic states
(64). The magnetization is slightly higher in the magnetization data from Wang et
al., where T reaches ~0.17 emu/g as apposed to the 202 K transition reaching ~0.08
emu/g. The only difference between our data and that obtained by Wang et al., for the
specific heat of LuFeyQy, is the main Néel transition which occurs at 237 K and 232
K in each data set, respectively. The peak is much sharper and well defined in their
data representing a more ordered magnetic state than the crystal grown in the (1:3)

gas ratio, at that temperature.
The absence of the CO transition below 330 K in the specific heat data also pro-

vides strong indications of off-stoichiometry, see figure 3.20a, as our crystal grown in

the 1:5 gas ratio, which not only exhibits the main Néel and magnetoelectric structural
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Figure 3.19: Magnetization Comparison for LuFe,O4
(a) ZFC and FC magnetization of single crystal LuFe;Oy4, with an applied field of 100 Oe
parallel to the c-axis. Reproduced from Ref (64). (b) ZFC and FC data of LuFe;O4 grown in
CO:CO2=1:3.

transition in the magnetization data, but a sharp peak at 314 K is also present in the
specific heat data (refer to section (3.4.1)). The CO transition, which appears as a very
small, smeared out feature in our data at 314 K, is seen as a broad hump around 320
K in their data. It is however, evident from both sets of magnetization and specific
heat data, that the stoichiometry obtained within the crystals grown by Wang et al.,
is slightly better than that achieved with the crystal grown in the (1:3) gas ratio, but

still exhibits very similar magnetic and CO behavior.

Both the specific heat and single crystal x-ray diffraction, which shows only diffuse
scattering along the (1/3, 1/3, 1) line, support the absence of a transition to long-rang
order. Similar results were previously obtained by Yang et al., through TEM (70). By
growing crystals in two different gas ratios Ho:CO9=1:7 and Hs:CO5=1:1.9, they were
able to see large differences in the CO modulations along the (1/3, 1/3, 1) line at room
temperature. They discovered that diffuse scattering was stronger with the crystals
grown in the less oxidizing atmosphere Hy:CO2=1:1.9 compared to that of the crystal
grown in the more oxidizing gas ratio Hy:CO9=1:7, which exhibited slightly weaker
diffuse scattering. Nevertheless, its seems apparent that the prerequisite gas mixtures
for both H9:CO9 and CO:CO» ratios produce very different outcomes with respect to

off-stoichiometric crystals. It is evident from the macroscopic measurements performed
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Figure 3.20: Specific Heat Comparison for LuFe;Oy
(a) Specific heat of LuFesO, Single crystal, (b) Specific heat data of LuFesO4 grown in
CO:CO2=1:3. (a) Reproduced from Ref (64).

on the (1:3) LuFeyOy4 single crystal with a cross comparison of recently published data,
that the use of a less oxidizing gas ratio promotes poor magnetization and CO within

this system.

3.4.2 LuFe;,O4 grown in CO:CO,=1:5

Single crystals grown in the CO:CO2=1:5 gas ratio provide a much better insight into
both the magnetic and charge order present in the LuFesO,4 system. There have been
few reports of crystals exhibiting both a magnetostructural transition and the main
Néel transition in magnetization data, based on the difficulty to grow LuFe,Oy4 in the
correct atmospheric conditions. However, it is clear from the data shown in figure
3.21a, that a near stoichiometric crystal grown in the (1:5) gas ratio was achieved. The
initial reports by Iida et al. (41) on polycrystalline LuFesO4 gave an indication of the
Trr=175 K transition and the anomalous field heating effect, as described in section
(3.2.1). It was much later by Groot et al (65). that experimentation with different oxy-
gen partial pressures during crystal growth, highlighted a crystal of similar but better
stoichiometric quality to those initially obtained by Iida et al. The FC magnetization
data shown in figure 3.21b, was taken from two crystals from the same growth, but

show varying quality. Crystal 1 (red curve) is of poorer stoichiometric quality than that
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of crystal 2 (blue curve) based on the absence of the magnetostructural transition at
175 K, which is present in crystal 2. The FC magnetization data shown in figure 3.21a
was measured on the (1:5B) crystal and is directly comparable to crystal 2, where there
is only a slight peak of shift of 1-2 K, in the main Neel temperature and magnetostruc-
tural transition. The peak definition in the low temperature transition is sharper in the
(1:5B) crystal which also exhibits a slightly higher magnetization at the neel temper-
ature compared to that of crystal 2, indicating slightly better stoichiometry than that
produced by de Groot et al.. Despite this, both magnetization curves provide a crystal
quality which is closer to the correct stoichiometry than all previous publications on
LuFey0y, highlighting the two transitions present, which has in the past been difficult
to obtain through poor crystal quality.

The specific heat measurement of the (1:5B) crystal corroborates well with the mag-
netization data, showing a sharp transition at T =232 K. The sharp peak at 314 K
indicates the onset of CO (refer to section (3.4.1)), with a notable improvement of the
peak definition compared to that of the specific heat data taken from the (1:3) crystal.
Single crystal x-ray diffraction further supports the presence of charge order below 350
K, shown in section (3.4.3), which is seen in the specific heat data at 314 K. Charge
order spots on the diffraction images, reach the strongest intensity at 90 K and are

indicative of 3D CO (66).

3.4.3 Changes in stoichiometry

On performing the specific heat measurement, the crystal was taken to 400 K. Based on
this systems large sensitivity to oxygen stoichiometry, heating the crystal beyond 350 K
can cause shifts within the oxygen coordination of the unit cell. Figure 3.22a shows the
magnetization measurement performed on the (1:5B) crystal after the 400 K specific
heat measurement. There is a large difference in the magnitude of the magnetization
on both FC and ZFC data compared to the original magnetization measurement (refer
to section (3.4). The FC data has the most notable change on cooling below the
Néel temperature, where the original magnetization curve shows a decrease in the
magnetic moment before the Tz transition at 175 K. However, the FC curve reaches a
maximum magnetization of 0.068 up/f.u at Tn=232 K, and starts to decrease for a few

Kelvin before exceeding the magnetization of Ty in the original magnetization data.
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Figure 3.21: Magnetization comparison of LuFe;O4 grown in CO/COq=1:5
(a) FC magentization data of LuFe;O4 (1:5B) crystal, (b) FC Magnetization data of two crystals
of varying stoichiometry, Reproduced from Ref. (65).
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Moreover, the 175 K transition, present in the original data is now shifted to 150 K
with a much higher magnetization, where the curve continues to increase after the T
transition on cooling to 10 K. Figure 3.22b shows magnetization and AC susceptibility
(inset) of a LuFepOy4 single crystal grown in a CO:COg gas atmosphere (71). The
magnetization data of ZFC and FC in a temperature range 10-300 K, shows very
similar characteristics to that of the (1:5B) crystal after heating to 400 K. Despite no
previous report of heating the crystal above room temperature, the difference in the FC
data is similar to that of recently published data (71). The affect on the FC data may
stem from the use of a higher temperature during the crystal growth procedure, as well
as the CO:CO9 mixture. The AC susceptibility shows a strong frequency dependence
indicating a spin glass state at 230 K, which contradicts measurements on LuFeyOy

single crystals exhibiting 3D magnetic order below 230 K (62).
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Figure 3.22: Change is Stoichiometry: A remeasure of the Magnetization
(a) a remeasure of the ZFC and FC magnetization after heating the crystal to 400 K, (b) Com-
parable magnetization data on ZFC and FC in applied field of 100 Oe: inset AC susceptibility
results at four different frequencies. (b) was reproduced from Ref (71).

A remeasure of the specific heat, after initially measuring to 400 K shows only a
small increase in the overall specific heat capacity, shown in section (3.4.2.2). Both

curves follow the same trend, exhibiting sharp peaks at both Tx and T¢o.

3.5 Stoichiometry, Magnetism and CO

There is a large variation in the magnetism and CO between LuFeoOy4 crystals grown

in CO:CO2=1:3 and CO:CO2=1:5. From past experimentation into varying the oxygen
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stoichiometry, by using an oxygen partial pressure environment during crystal growth
has shown that; LuFesO4 grown in more oxidizing gas ratio produces a sharper tran-
sition at T as well as exhibiting the Ty magnetostructural transition, and is seen
clearly in the magnetization data from (42)(32). A sharp peak in the the specific heat
data and the presence of CO Bragg peaks along the (1/3, 1/3, 1) support the evidence
of 3D CO (62). In samples grown in an oxygen reducing atmosphere, in this case
C0O:CO9=1:3, transitions present in the magnetization data are broad and often show
an absence of the magnetostructural transition. The specific heat data exhibits only
a broad maximum near T, where single crystal x-ray diffraction shows diffuse lines
along the (1/3, 1/3, 1) line, indicating only 2D CO. Based on the the magnetization,
specific heat and single crystal x-ray diffraction results from the single crystal grown
in CO:CO2=1:5 and those obtained by deGroot et al. (65) on a good quality crystal,
a close comparison can be made. This indicates that the current investigations have
produced the best stoichiometric LuFeoOy4 crystals since its discovery. An oxygen de-
ficiency is caused with the CO:CO4=1:3 compared to that of the CO:COs=1:5. This
deficiency causes a breakdown of CO based on oxygen vacancies within the crystal
structure, causing a less energy favorable arrangement of Fe-O, i.e reduced order of
ions preventing long range CO. Oxygen deficient samples will also greatly affect the
magnetic properties due to a weaker coupling between the Fe and O ligands, reducing
long range magnetic order. Vacancies within the Lu-O layer will cause possible defor-
mations in the unit cell, promoting a less energy favorable arrangement of atoms, also
reducing the magnetism and CO. Based on the magnetization data from both the (1:3)
and (1:5) crystals, it seems evident that the (1:5) crystal is the closest to optimum oxy-
gen stoichiometry, and supported by recent results from deGroot et al. (65). However,
the use of an oxygen rich environment during crystal growth can cause an excess of
oxygen, resulting in over-doped LuFe;Oy4, which also dampens the magnetic and CO

features and was seen clearly by Michiuchi et al. (42)

Further investigation into the changes in stoichiometry within LuFe,O4 upon heat-
ing to 400 K are required, to understand the FC data shown in figure 3.22, and the
change in magnetic behavior. The largest difference observed when heating to 400
K is seen in the magnetostructural transition, which may indicate a change in both

the AFM and fM phases present, where a change in the oxygen position within the
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crystal from heating causes a change in the Fe-O coordination. Although there are no
current investigations to measure the true oxygen stoichiometry of both the (1:3) and
(1:5) crystals, the final aim of this research is to quantify the correct oxygen content
of LuFe30y4 in order to obtain the best quality crystal. Therefore careful analysis us-
ing TGA (Thermo-Gravimetric Analysis) on crystals grown in the (1:3) and (1:5) may

begin to uncover the true oxygen content.

74



4

Multiferroic Properties of
YbFeQ 04

4.1 New Investigations into YbFe,O,

A renewed interest into the rare earth series resulting from extensive new findings
within the LuFesO4 system has prompted new investigations into YbFe2O4, to uncover
the mechanisms which govern the magnetic and electrical properties. YbFeyOy4 has a
rhombohedral structure with lattice parameters a=b=3.455 A, ¢=25.054 A, a=3=90
°C and v=120 °C and space group R3m. The first crystals of YbFesO4_s were grown in
1974 by Kimizuka et al., where they produced platelet crystals using a Hy:COq partial
pressure (43). It was much later in 1982, when the first magnetization measurements
were performed on YbFeoOy single crystals grown in different oxygen partial pressure
atmospheres (see section 1.2.1.3) (45). Mossbauer spectral studies in 1988 provided the
first insight into the magnetic structure. They described YbFesO4 as a two-dimensional
antiferromagnet on a triangular lattice, where a simulation of three magnetic structure
types were formed, based on the the Méssbauer spectrum measured at 4.2 K (46). In
2007, investigations of the magnetic and dielectric properties of polycrystalline RFeoOy
(R= Yb and Lu) series by Yoshii et al., synthesized in a CO:CO2 gas atmosphere,
provided the first clear magnetization data, revealing three transition points between
10 to 300 K, shown in figure 4.1a (48). The first upturn of the magnetization at
around 250 K indicates the appearance of ferrimagnetic order of the Fe spins. A
measurement of the thermo-remanent magnetization marked by (TRM) in figure 4.1a

was also performed. The point at which the TRM curve reaches a zero magnetization,
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at ~250 K, highlights the onset of the Néel transition.
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Figure 4.1: Recent Magnetization and Dielectric Studies on Polycrystalline YbFesOy
(a) ZFC and FC magnetization data measured with an applied field of 1000 Oe, TRM curve
marked with crosses. (b) Dielectric constant as a function of temperature, at ten different
frequencies. (48).

Dielectric measurements were also performed by Yoshii et al., on the same YbFeoOy
polycrystalline sample. The dielectric constant € was measured in the frequency be-
tween 30 Hz and 1 MHz as a function of temperature. A small bump in the data is
seen only in the low frequency of 30 Hz at ~270 K, which corresponds to the main
Néel transition at ~225 K in the magnetization data, shown in figure 4.1b (48). A
large dielectric distribution of frequencies is seen between 150 and 250 K and can be
interpreted as the position in which each curve levels to e~0. YbFesO4 also exhibits a
very high dielectric constant of 20000 at 30 Hz and room temperature. Energy-filtered
transmission electron microscopy was performed later that year by Murakami et al., on
YbFe;04 single crystals grown in a CO/CO4 gas atmosphere, via floating zone method.
Through the use of dark field imaging, by using a spot of diffuse scattering along the
(1/3,1/31) line, the presence of nanometer-sized charge-ordered domains were revealed
and are shown in figure 4.2, where Murakami et al., discovered that on cooling from
353 K (a) to 295 K (b) the nanometer charge order domains do not increase in size on

the dark field images (49).

76



4.1 New Investigations into YbFe,O,4

Figure 4.2: TEM Dark Field Images
Change in the dark-field image which was obtained by using a diffuse spot taken along the (1/3,
1/3, 11/2) at 343 and 295 K. Reproduced from Ref (49).

The Full Width Half Maximum of a peak taken from the electron diffraction inten-
sity profile on cooling, shown in figure 4.3a was analyzed as a function of temperature,
see figure 4.3b, and highlighted that the domain size, even at low temperatures does
not exceed 10 nm. This result demonstrates that based on the small nano-sized charge
order domains, it is difficult to develop long-range charge order in the presence of frus-
tration on the triangular lattice, resulting in only diffuse Bragg lines along (1/3, 1/3,
1) (49)(60).

A recent study by Hearmon et al. (50), focused on the CO present within YbFesOy.
Based on high energy x-ray diffraction, Hearmon et al. propose that the CO phase in
fact exhibits an incommensurate charge-density wave and therefore cannot be ferro-
electric, because the electrical dipole moments are also incommensurately modulated.
The change between continuous and broad helices of scattering at the CO transition
is attributed to three-dimensional fluctuations of the direction of the ordering wave
vector, shown in figure 4.4. There is no real super structure peaks present, indicating
an absence on long-range CO, likely due to imperfect stoichiometry similar to LuFe,Oy4
(see section (4.1)). This result corresponds to the initial investigations by Ikeda et al.

into LuFeyO4 and their production of a magnetic and CO phase diagram, isolating the
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Figure 4.3: Electron Diffraction
(a) Change in the intensity profile of electron diffraction with cooling. (b) Temperature de-
pendence of the full width at half maximum (FWHM) measured for the peak indicated by the
arrow in (a). Reproduced from Ref (49).

CO phase below 230 K to be 3D-CDW (60).
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Figure 4.4: High Resolution X-ray Diffraction of YbFe;Oy
Reciprocal space cuts (a) and (c) and simulations (b) and (d) at T = 150 K. Reproduced from
Ref (50).

The current lack of available literature on YbFeyOy, suggests no samples of suffi-
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ciently good stoichiometry to exhibit 3D CO were produced. The focus of this thesis is
to produce samples of better stoichiometric quality to those previously published. The
following sections will introduce magnetization data which exhibits many more features
than those of previously published data (45)(48)(72). New macroscopic measurements
of specific heat, single crystal x ray diffraction, ac susceptibility and Mossbauer spec-

troscopy of crystals grown in CO:CO2=1:3 and CO:CO4=1:3.5 will also be presented.
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4.2 Results

Since the first successful synthesis and crystal growth of YbFesOy4 (43), very few sub-
sequent investigations have been performed. Based on the difficulty of synthesis and
crystals growth as well as the need to use a CO:CO2 oxygen partial pressure atmo-
sphere, the true nature of the magnetism and CO within this compound have never
truly been uncovered. The first insight into stoichiometric properties of the rare earth
series stemmed from polycrystalline growth of YFesOy4 in varying oxygen partial pres-
sures, which lead to the realization that off-stoichiometric powders suppressed the mag-
netic and CO characteristics (39). This discovery provided a renewed interest into the
rare earth series, in particular LuFesO4, which highlighted that off-stoichiometric crys-
tals, produced better quality crystals, in contrast to that of the YFeoO4 which must be
near stoichiometric. After many years of experimentation and understanding, as to the
effects of varying CO:COs oxygen partial pressure during synthesis and crystal growth
of LuFe,O4_g, new and recent studies on YbFeoO,4 were performed. This provided the
incentive to grow YbFesOy_s in three different oxygen partial pressure atmospheres:
CO:CO2=1:5, CO:CO2=1:3.5 and CO:CO2=1:3 to investigate the variation these gas

ratios for synthesis would have on the characteristics.

Powder x-ray diffraction of YbFeyO4 grown in the CO:CO5=1:3, highlighted that it
was in fact single phase and directly comparable to the initial diffraction performed on
the polycrystalline powder. This result was further supported by a Rieveld refinement,
shown in section (4.3). In order to perform macroscopic measurements for magnetic
and CO characterization, Laue diffraction was performed. While scanning the entire
length of the crystal, it was clear that there were no large sections of single crystal, but
rather an indication that a number of small domains were present. As it was not possi-
ble to isolate a crystal using this method, parts of the boule were cut and then smashed
to find single crystals. With careful observation and the knowledge that boules grown
within the rare earth series, cleave along the c-axis, small crystals ranging between
3-60 mg were obtained and checked with Laue diffraction. A single crystal of mass 3.5
mg was used for the majority of the macroscopic measurements performed, with the
only exception of single crystal x-ray diffraction, which requires a much smaller crystal

within microgram range. The Mossbauer spectroscopy of YbFeoO4 was measured using
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powdered single crystal.

4.2.1 Sample Preparation and Crystal growth

Polycrystalline powders of YbFeaOy4_s5 were synthesized from stoichiometric quantities
of YbyO3 and FeyOj3. In total five batches were prepared using three different heating
stages. The heating procedure, shown in table 4.1 gives the three different heating
stages: batch A, B, and C which are in chronological order of production. All batches
were subjected to an initial 48 h heating in order to aid synthesis before being removed
from the furnace, reground and heated again. The second heating varied, for batch A a
longer heating time of 24 h was used, whereas batch B and C were heated for only 12 h.
This shorter heating time was used solely for increasing the speed of powder synthesis
before rod formation and crystal growth. The powders were then reground after the
second heating and formed into rods. The rods are then sintered for 12 h at the same
temperature as during synthesis to strengthen them for crystal growth. Single crystals
of YbFeyO,4_s were grown using the floating zone method, described in section 2.2. In
order to obtain large single crystals of YbFeo,Oy_5 a slow growth rate of lmm/h was
used. Crystals were grown using three different gas ratios, CO:CO2=1:5, CO:COy=1:3
and CO:C0O9=1:3.5.

Powder Batch | 1st Heating 2nd Heating | 3rd Heating (Rod) | Crystal Growth
Atmosphere
A 1200°C, 48 h | 1200°C, 24 h 1200°C, 12 h CO/CO2=1:5
CO/CO2=1:3 | CO/CO2=1:3 CO/C0O2=1:3
B 1200°C, 48 h | 1200°C, 12 h 1200°C, 12 h CO/CO2=1:3
CO/CO2=1:3 | CO/CO2=1:3 CO/COy=1:3
C 1200°C, 48 h | 1200°C, 12 h 1200°C, 12 h CO/C0O2=1:3.5
CO/CO2=1:3 | CO/CO2=1:3 CO/CO2=1:3

Table 4.1: Powder Synthesis Table

Powder synthesis table for each type of crystal growth. Columns 2, 3 and 4 describe the
temperature, duration of heating and gas ratio used to synthesize the powders before rod
formation and final sintering.

Single crystal growth via the floating zone method requires time, patience, and trial
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and error in order to produce large single crystals. The use of a single crystal as a seed
will maximize the chances of producing large single crystals by providing a specific
orientation early as the polycrystalline feed rod passes through the molten zone and
crystallizes. In the first floating-zone growth a polycrystalline seed of LuFesO,4_5 was
used based on its isostructural properties. Previous crystal growth attempts with dense
materials, in particular previous work completed on LuFe;O4_5 (68) evidenced difficul-
ties with the stabilization of the molten zone. To improve the homogeneity of the rod
a fast scan was performed during the first crystal growth of YbFesO4_s. This tech-
nique passes the molten zone through the entire feed rod at a very fast speed, between
10-15 mm/h. This speed is too fast for the formation of a single crystal but will melt
the polycrystalline powder evenly, producing a strengthened rod with a homogenous
density along its length. The gas atmosphere used for the first fast scan and crystal

growth was CO:CO2=1:5 only for A and not for B and C.

Despite preemptive measures to improve the quality of growth using a fast scan, the
first crystal growth A was not stable. Initial difficulties were encountered in forming
the molten zone. The power input was adjusted regularly, reducing the heat power
from a 77.7 %, just above the melting point of the material at the start of the growth
to 74.3 % at the end of the growth, before separation of seed rod from feed rod. A
second attempt at crystal growth using a YbFe2O4_s seed from the first crystal growth
was performed. The CO:COy=1:5 was maintained but with no initial fast scan. Prob-
lems occurred when melting the feed tip. The region just above the melted tip of the
feed rod began to crack, therefore a higher power of 80.2% was used to melt the tip.
Once the tip had become fully molten a zone was formed and the power was reduced to
79.9%. The temperature was again adjusted regularly as the zone was not completely
stable, the growth rate was also increased and decreased for the duration of the crystal

growth which improved the molten zone stability.

The third and fourth crystal growth from batch B was performed with CO/CO2=1:3.
A polycrystalline seed rod of LuFesO4_s was used for the third crystal growth. No fast
scan was performed and a heating power of 73.7% was required to melt the tip of the
feed rod, much lower than that of the two previous crystal growth attempts. Here a

stable molten zone was formed and only small adjustments to the power were made
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throughout the growth. The fourth crystal was grown using a YbFesO4_5 polycrys-
talline seed, taken from the third crystal growth feed rod. The power input to melt the
tip of the feed rod was slightly higher at 74% than with the previous growth and the
temperature was eventually lowered to 70.4% by the end of the growth.

The fifth crystal growth from batch C was done in CO:CO2=1:3.5 using a poly-
crystalline seed rod taken from the fourth growth. The molten zone was formed with
a heating power of 73.2% and stable at that temperature until the last day of crystal
growth. The zone broke with 1 c¢m left of polycrystalline feed rod. In order to ensure
complete consistency during crystal characterization, the first crystal from batch A and

B was selected for each macroscopic measurement performed.

Figure 4.5: YbFe;O,4_s5 Crystal Boules
(a) Crystal grown in CO:CO2=1:5, (b) crystal grown in CO:CO9=1:3, (c) crystal grown in
C0O:COy=1:3.5.

The crystal boule grown in the CO:CO2=1:5 atmosphere was ~40 mm in length
with an average diameter of 6 mm. A crystal boule of length ~35 mm and a diameter
of ~6 mm was grown in the CO:CO5=1:3. A final crystal boule with a length ~42
mm and a diameter of ~6 mm was grown in CO:CO2=1:3.5. These three boules are

shown in figure 4.5. The boule grown in the CO:CO2=1:5 atmosphere formed no
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facets on cooling indicating a lack of crystallinity, however both boules grown in the
CO:C0O2=1:3 and CO:CO2=1:3.5 formed facets on cooling. Only one short facet of
~15 mm was formed on the crystal grown in the CO:CO2=1:3 however a large facet of

~28 mm was formed on the crystal grown in CO:CO5=1:3.5.

4.2.2 Powder X-Ray Diffraction

In order to check the phase formation and impurity levels of the synthesized YbFeaO,4_;
samples, powder x-ray diffraction was used. Patterns were acquired at various stages
throughout the synthesis and after crystal growth. During the preliminary synthesis
stage, powder x-ray diffraction data were acquired using a Philips PW1720 x-ray gen-
erator, with 0.02° increments and a counting time of 3s/step. A Bruker D5005 was also
used at times during the preliminary synthesis, with 0.02° increments and a counting
time of 1s/step. For the refinement of the powder x-ray diffraction, more detailed data
was collected at the end of the crystal growth on both the Bruker D5005 and a Huber
Guinier G670 diffractometers. The preliminary x-ray diffraction patterns taken at the
end of the sintering stage prior to rod formation and crystal growth are shown in figure
4.6. At this stage all three powders were prepared with the same initial heating period
and gas ratio, the only exception being that the 2nd sintering time for batch B and C

were shortened to 12 h.

The diffraction patterns were matched initially with the YbFesO4 data published by
Kato et al. (73) to see if the main phase was present. A comparison was also made with
diffraction patterns of the initial stoichiometric constituents FesO3 and YboOs. Once
these had been checked, all possible phases such as YboFe3O7, YbFeO3 YbsFe5012,
FeO and Fe3O4 which could be present were compared to each diffraction pattern from
batch A, B and C.

The x-ray diffraction pattern from batch A, which was sintered for a total time of
72 hours, matched very well with the YbFeoO,4 published data. There is one very small
FeO peak at 35 °, and only slight peak splitting on the high intensity angles between
29 and 36 °, indicative of mixed stoichiometric phases of YbFeoOy4. The x ray diffrac-
tion obtained for batch B is very similar to that of batch A. The overall intensity of
the pattern is less than batch A by ~50%, where this as well as peak splitting stems
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Figure 4.6: Powder Diffraction of Polycrystalline Batches.

Diffraction patterns from each method of powder synthesis, Bragg lines and arrows represent
YbFeyO4 and Al phase peaks respectively.
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from the shortened synthesis time of 60 h, reducing the solid state reaction time. The
final diffraction pattern from batch C, which was synthesized in the same gas ratio and
heated for the same duration of time as batch B, presented two large intensity peaks
at 38.4 © and 44.5 °, not from the main YbFesO,4_s pattern. After comparing these
peaks to the various phases described previously, there was no correlation to these two
intense peaks. The sample holder used for D5005 x-ray diffractometer was made of
aluminium and after comparing the diffraction pattern of Al from data published by
Bourbia et al. (74), it was clear that the impurity peaks came from the sample holder.
The powder diffraction data from batch A and B could be refinable to single phase
YbFes04 5. Batch C can also be refined by including the Al impurity phase into the

refinement to disregard those peaks from the main pattern.
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Figure 4.7: X-Ray Diffraction of Crystal Grown in CO:CO5=1:5
Blue curve: powdered molten tip from crystal grown in CO:CO5=1:5, different colored Bragg

lines represent various phases present.

In order to check the phase purity of a newly grown crystal, a small section is cut
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from the molten tip. This is the section of the crystal which is separated from the re-
maining feed rod at the end of the crystal growth. A diffraction pattern of the molten
feed rod and the initial polycrystalline powder is shown in figure 4.7. It is clear that by
using the CO:CO4=1:5 gas atmosphere a complete phase breakdown is caused. A peak
indexing of the powdered molten feed diffraction pattern reveals five phases; YboOs |,
YbFesOy4, YboFesO7 and YbsFe;012 and O3 which are now present in the crystal. The
CO:CO92=1:5 gas ratio is more oxidizing than the CO:COs=1:3, which explains why
there are so many high oxygen impurity phases. The first phase diagram of YbFeyOy
by Kimizuka et al. (44) highlights that phases beyond the stable YbFeaO4 denoted (n,
m, 1), (refer to section (1.2.1.3) for the YbFe;O4 phase diagram) will lead to oxygen
deficient phases such as (p, 1, y, h, i) or over-doped YbFe3Oy o052, which may correspond
to the peaks which were not identified for both binary and ternary phases.

The first successful crystal growth was achieved using batch B and growing the
crystal in the CO:COy=1:3 gas ratio. The two diffraction patterns in figure 4.8 show
both the polycrystalline powder and powdered molten tip from the crystal boule (sep-
aration of the feed from seed rod). The diffraction data of the powdered molten feed is
comparable to that of published data from (75), only showing two small peaks at 36°
and 42° (marked by purple lines in Fig. 4.8), related to the two most intense peaks
in an FeO impurity phase. This is not uncommon when analyzing the molten tip as
the temperature distribution in this part of the growth can be uneven, especially when
cooling to separate the feed and seed rod. Impurity phases can occur due to cooling
quickly, not allowing for crystal formation. Despite this, an initial x-ray diffraction of
the molten tip provides a good indication of the phase purity of the sample, before

taking Laue images and orientating the crystal for macroscopic measurements.

The diffraction pattern for the powdered molten feed from batch C was performed
on the Huber Guinier G670 and is shown in figure 4.9. Due to the large intensity range,
please refer to figure 4.6 for the initial batch C polycrystalline diffraction pattern. With
a slight increase in oxygen, using the CO:CO2=1:3.5, a larger FeO impurity phase is
present. The batch B, powdered molten feed diffraction pattern presents only two of the
largest FeO impurity peaks at 36°, 42.2°, whereas the crystal grown in CO:CO,=1:3.5
exhibits the whole range of FeO impurity peaks, at 36°, 42.2° and 61.2°, 73.2° and
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Figure 4.8: X-Ray Diffraction of batch B Polycrystalline and Powdered Crystal.
Red curve: X-ray diffraction of batch B polycrystalline. Blue curve: powdered molten tip from
boule grown in CO:CO2=1:3. Orange and purple markers represent YbFe;O4 and FeO phases,
respectively.
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Figure 4.9: X-Ray Diffraction of batch C of Powdered Molten Feed
Blue curve: powdered molten tip from boule grown in CO:CO3=1:3.5. Orange and purple
diffraction patterns represent YbFe;O4 and FeO phases, respectively (data taken from ICSD
database (73) (75)).
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77.1°. To better analyze the initial diffraction patterns obtained for powdered crys-
tal fragments taken from the middle section of the boules grown in the CO:CO2=1:3
and CO:CO2=1:3.5 gas atmospheres, powder refinements were performed. A repeat
each x-ray diffraction with scans of 10 h were taken on the Huber Guinier G670, to
improve the quality of the data for refinement. A refinement of the crystal grown in

the CO:CO2=1:3 atmosphere is shown in figure 4.10.
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Figure 4.10: Rieveld Refinement
Powder x-ray diffraction refinement of the crystal grown in CO:CO4=1:3.

From the refinement of the crystal boule grown in the CO:CO5=1:3, a single phase
YbFep04_s profile with lattice parameters a=b=3.4511(9) A and ¢=25.0566(7) A is
achieved with Bragg R Factor= 3.39 and y2=12.4. These values are slightly higher
than the values aimed for when refining a structure, however they depend on the
quality of the diffraction data and the length of the scan. There is a large background
contribution from the sample holder between 9 and 20°, which can be smoothed with the
use of Winploter, but will still effect final values of the diffraction data and theoretical
fit.

A refinement of powdered crystal fragments taken from the centre of the boule
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Figure 4.11: Jana Refinement
Powder x-ray diffraction refinement of the crystal grown in CO:CO2=1:3.5. Red pattern: Ob-
served data, black pattern: calculated pattern, green line: Bragg peak positions and blue line:
Calculated data subtracted form observed data.

grown in CO:COy=1:3.5, is shown in figure 4.11. The x-ray data could not be re-
fined as single phase YbFeoO4_s but exhibited a complete FeO impurity phase. There
are two sets of Bragg reflections shown in figure 4.11, the top line of Bragg posi-
tions represent the FeO peaks and the second line of Bragg positions are represen-
tative of the main YbFe,O4_s phase. The lattice parameters obtained for YbFeyOy
are a=b=3.4523(2) A,c=25.1228(7) A and FeO a=b=c=4.2896(4) A, where the lattice
constants for YbFeoOy are in good agreement with the refinement of the crystal grown
in CO:C0O4=1:3 showing only a small discrepancy of 0.005 A. The presence of the FeO
phase is at first surprising as an excess of oxygen would result in a magnetite phase of
FeyO3 based on the phase diagram produced by Kimizuka et al. (44). However, the
FeO phase is only present in the CO:CO9=1:3.5 diffraction pattern, which contains only
0.5 more oxygen than the CO:CO5=1:3. Therefore only a small phase breakdown will
occur. The absence of any YbO or YboO3 within the diffraction pattern may be a result
of the melting temperature of Yb in comparison to that of Fe. Fe has a much higher
melting point of 1811 K compared to that of Yb which melts at 1097 K. Therefore the
evaporation of excess Yb during growth is likely. The crystal grown in CO:CO9=1:5
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(see Fig 4.7) exhibits a complete phase breakdown, where the excess oxygen breaks
down the initial polycrystalline single phase YbFesO4 to a number of oxidizing phases

to support the increase of oxygen atoms.

4.2.3 Magnetization

The magnetization of both YbFeoO,4_s single crystals grown in CO:CO2=1:3 (1:3) and
CO:CO2=1:3.5 (1:3.5) were measured on the CCMS, using a VSM option, described
earlier in section (2.4.2). The magnetization of the samples were measured in a tem-
perature range of 10-300 K for ZFC, FC and FW (Field Warming) measurements, with
an externally applied magnetic field of 100 Oe. The magnetization for both crystal sto-
ichiometries was measured with the magnetic field applied parallel to the ¢ axis only,

based on the previous finding mentioned in chapter 1.

Magnetization data for the (1:3)a and (1:3.5)b crystals, respectively, is shown in
figure 4.12. The magnetization data from (1:3) has three main, distinct features: a
main Néel transition with a peak at 248 K on warming, a small peak on cooling at 219
K, and finally a large drop below 145 K on further cooling. The transitions are directly
comparable to the magnetization data from (1:3.5) gas atmosphere. The features are
slightly more smeared out, but within 1-2 K of the transition temperatures observed
in the CO:CO2=1:3 magnetization data. The largest transition at 142 K has a lower
magnetic moment of ~0.30up/f.u. Interestingly the ZFC line (noted with the 1 next
to the arrow) has a higher overall magnetization on warming than that of the (1:3),

despite having a lower overall field-cooled magnetization.
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Figure 4.12: Magnetization Data
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(a) ZFC, FC and FW data from single crystal grown in CO:CO3=1:3. (b) ZFC, FC and FW
data from single crystal grown in CO:CO3=1:3.5.
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4.2.3.1 Thermo-remanent Magnetization

In order to measure the thermo-remanence of YbFesO4 5 and gain an initial insight
into any spin glass behavior a thermo-remanent magnetization measurement was per-
formed. The (1:3.5) sample used in the previous magnetization measurement was used
for this measurement (refer to Fig. 4.12) . With the crystal mounted such that the
crystallographic ¢ axis is parallel to H, a large field of 5 T was applied to the sample
at room temperature, and cooled at a rate of 2 K/min down to 10 K. At 10 K the
magnetic field is reduced to 0 T and the sample is heated at 2 K/min back to room

temperature.
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Figure 4.13: Thermo-Remanent Magnetization Measurement
Blue curve: cooling down to 10 K in an externally applied field of 5 T. Red curve: warming in
zero field to room temperature.

The thermo-remanent and FC data is shown in figure 4.13. The magnetization
on field cooling in 5 T exhibits a slow increase in the magnetization from 300-250 K
followed by a constant increase in magnetization to approximately 90 K. From 90 K
there is a broad maximum before the magnetization increases steeply from 30 to 10 K

with a maximum magnetization of ~3.25up at 10 K. On reducing the magnetic field
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to zero and warming to room temperature, there are more distinct features present. A
broad maximum is now present at 30 K with a magnetization of ~2.30up. On warming
further to 90 K the magnetization decreases steeply. Beyond 90 K the curve levels out
becoming more linear, with a small bump at 145 K. The magnetization continues to
decrease with a sudden double peak at 215 K, which can be seen more clearly in figure

4.14. Beyond this point the magnetization drops to zero at 218 K.
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Figure 4.14: Thermo-Remanent Magnetization Heating Curve Measurement
Black curve: thermo-remanent magnetization on heating. Inset: zoomed in view of double peak
transition at 218 K.
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4.2.4 Specific Heat

The specific heat measurements performed on YbFe2O4_5 on both the (1:3) (blue curve)
and (1:3.5) (black curve) crystals were done in the same way as the previously measured
LuFey04_g, described in chapter 2. The temperature range covered for the specific heat
of each crystal, ranged from 150 to 325 K. There is a large notable difference between
the features present in the (1:3) crystal compared to that of the (1:3.5) crystal. Based on
a time constraint when performing the specific heat measurement on the (1:3) crystal,
not enough addenda points were taken of the empty puck measurement. Therefore the
bumps in the curve ranging from 180 K to ~290 K are an effect resulting from poor
puck subtraction. This is clear when comparing this data to the data obtained from
the (1:3.5) crystal, where the temperature increments measured on the empty puck and
sample were kept consistent. Both specific heat curves show a relatively sharp peak at
~304 K where the overall specific heat of the (1:3) crystal is higher than that of the
(1:3.5) crystal, indicating that a transition to CO might take place.

Blue curve: specific heat data of the (1:3) crystal. Black curve: specific heat data of the (1:3.5)

crystal.
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Figure 4.15: Specific Heat Data
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4.2.5 Single Crystal X-ray Diffraction

Single-crystal x-ray diffraction was performed on a small crystal (u range) grown in the
CO:C0O2=1:3 gas atmosphere. The crystal is mounted and measured in the same way
as that described in section (3.4.3). The data shown in figure 4.16, represents reciprocal
maps taken along the hhl and hhO direction at 90 (top) 230, RT and 350 K.

The CO present in the hhl plane (based on previous findings described in chapter
1) the CO is more distinct at 90 K well below the CO transition, which based on the
specific heat data in section (4.4) occurs at ~ 305 K. On warming to 230 K the CO
along the (2/3, 2/3, 1) line become more diffuse and weak. At 350 K only diffuse lines
are present as in LuFeyO4 (1:3) crystal, where all peak strength which is seen at 90
K is no longer present. Notably, there is some alteration with the shape and size of
the Bragg peaks, positioned at the (006) and (0015), when measured at lower temper-
atures. This may be representative of a structural transition where the rhombohedral
unit cell describing the structure at RT may not fit the data at lower temperatures
(similar to the LuFeyOy4 structure), or it could be an artifact of the experiment itself

due to insufficient sampling between 2 subsequent angles in a scan.

Despite seeing strong diffuse lines at 90 K, there is no indication of long range charge
order, which is seen clearly in LuFesOy4 crystals grown in CO:CO9=1:3. Moreover
there is strong evidence from the specific heat data, with the presence of a sharp peak
around 305 K, indicating the onset of CO from the YbFesOy (1:3) crystal, which is not
clearly supported with the single crystal x-ray diffraction data. The crystal selected for
the single crystal x-ray diffraction was a different crystal to the one used to measure
the magnetization and specific heat, based on the small size of crystal required. The
selected crystal from the boule grown in CO:CO5=1:3 may not be of the same quality
to that of those selected for the macroscopic measurements, due to variations in the
oxygen stoichiometry of YbFe2Oy, and therefore not portraying the true nature of the
CO in this system. A refinement of the single crystal x-ray data at RT and 90 K and
subsequent x-ray scans on different crystals are necessary to find the best stoichiometric

crystal and possible 3D CO.
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Figure 4.16: Single Crystal x-Ray Diffraction
Single crystal x-ray diffraction data of crystal grown in CO:COs=1:3 measured at four temper-
ature increments.
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4.2.6 A.c Susceptibility

In order to look for spin glass properties in YbFesO4_gs, an a.c susceptibility measure-
ment of a crystal grown in the CO:CO2=1:3.5 gas atmosphere was performed. As
described in detail in section (2.6), both the real, x/, and imaginary, x//, parts are
recorded on cooling and heating, between 260 and 60 K with applied frequencies of 13,
110, 1010, 5020 and 9010 Hz.
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Figure 4.17: A.c Susceptibility of Crystal Grown in CO:CO2=1:3.5 (Cooling)
(a) Real part of a.c susceptibility. (b) Imaginary part of a.c susceptibility.
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The data shown in figure 4.17a exhibits four main transitions present in the real
data, x/, and correspond well to the magnetization data described in section (4.4), at
the main Néel transition ~240 K as well as 214 K and 150 K, where a small sharp peak,
at ~250 K is seen in the d.c magnetization data as a significant rise in magnetization
upon cooling. The imaginary part on cooling shows a frequency dependence at the
sharp peak present at 250 K, but no frequency separation at 240 K, see figure 4.17b.
On cooling further there is a small frequency dependence at 214 K, with a large increase
in the frequency dependence at 150 K and below. Another artifact, present only in the
imaginary part of the a.c susceptibility is the shifting of a transition peak to a lower

temperature for decreasing frequencies, which is consistent with ‘glassy freezing’.

The a.c susceptibility with both real and imaginary parts on warming is shown in
figure 4.18. The real part on warming is very similar to that on cooling. The imaginary
part however, exhibits a larger frequency dependence at the 250 K transition compared
to that of the cooling data as well as the frequency dependence to the main Néel
transition. As with the data on cooling, there is a small frequency dependence at 218
K which increases below 150 K. Based on the sensitivity of the a.c susceptibility option
with the PPMS, the low frequency at 13 Hz is extremely noisy compared to the higher
vibrating frequencies applied. A careful analysis of the peak temperature shift present
in the imaginary part of the a.c susceptibility would show if it was a spin glass or a

cluster glass magnetic state, below Ty.
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Figure 4.18: A.c Susceptibility of Crystal Grown in CO:CO3=1:3.5 (Warming)
(a) Real part of a.c susceptibility. (b) Imaginary part of a.c susceptibility.
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4.2.7 Mossbauer Spectroscopy

Mossbauer spectroscopy of powdered single crystals grown in the CO:CO2=1:3 gas at-
mosphere is reported in figure 4.19. The Md&ssbauer spectra was recorded on a constant
acceleration spectrometer with a Rh matrix ®"Co source. Five temperatures at 310,
250, 230, 200 and 150 K were recorded on the Mossbauer spectra, which are above and
below the transition temperatures present in the magnetization data. The data shows
a single peak at 310 K where, on cooling to 250 K a peak splitting starts to emerge,
indicative of Fe?t and Fe3t valence splitting. On further cooling to 230 K, there is
an emergence of two peaks either side of the central peak, which on cooling to 150 K
arranges into six peaks. At 150 K the total of six peaks, correspond to possible electric
quadrupole and magnetic dipole interactions. No fit has currently been made to the

spectrum to determine the nature of the magnetic order present.
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Figure 4.19: Mdssbauer Spectroscopy of YbFesO4 Powdered Single Crystal
Mossbauer spectra taken at five temperatures on cooling of powdered single crystal grown in
CO:COy=1:3.
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4.2.8 Neutron Scattering

The following subsections will provide the experimental details and results obtained
from our measurement time at the (DNS) Diffuse Neutron Scattering at the FRM-II
on a YbFesOy4 single crystal of mass 60 mg, grown in CO:CO2=1:3.5 and oriented
along the ¢ axis. The (1:3) and (1:3.5) crystals previously measured, exhibiting good
magnetization and specific heat curves, are two small. Based on the absence of any
previous neutron studies on YbFesOy, the count rate with respect to sample size is not

yet known.

4.2.8.1 Magnetization

Previous magnetization measurements performed on both LuFesO4 5 and YbFeoOy4_5
single crystals, shown in section (3.4) and (4.4), respectively, have shown that the effects
of oxygen stoichiometry can drastically alter the quality of the transitions and the type
of charge and magnetic order present in each system, with sample to sample dependence
often seen in one crystal growth. In order to ascertain the quality of the crystal isolated
for the DNS beam time, a measurement of magnetization as a function of temperature
was performed on ZFC and FC, between 10 and 300 K, with an externally applied
magnetic field of 100 Oe.

The ZFC and FC curves shown in figure 4.20 (with arrows indicating the direction
of cooling and heating) show the presence of the main Néel transition at 237 K. The
FC curve exhibits two very broad transitions at 131 and 30 K which is smeared out
on ZFC. These transition points relate to the initial magnetization measurements de-
scribed in section (4.4), but are less defined and appear at slightly shifted temperatures.
The red line relates to the spin flip Bragg line intensity contribution for the four scan

temperatures scanned at; 255, 200, 100 and 3.65 K (base temperature).

Due to the difficulty in isolating a crystal of the same stoichiometric quality as those
used during the macroscopic measurements as well as one which is large enough to be
accepted for neutron beam time, the 60 mg crystal of average quality was the best

option for an initial look at both the charge and magnetic order in this system.
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Figure 4.20: Magnetization Data for Crystal used at DNS
ZFC and FC data of crystal grown in CO:CO4=1:3.5 gas ratio.

4.2.8.2 Non-Spin Flip Polarization along hhl

The non-spin flip polarization provides information of possible CO contributions within
a sample. The experiment performed at DNS mapped the hhl plane at temperatures
of T= 255, 200, 100 and 3.65 K (see figure 4.21). The 60 mg crystal was orientated
on the sample holder such that the incoming polarized neutrons were incident on the
crystal surface, and parallel to the ¢ axis. Weak diffuse scattering is observed along
(1/3, 1/3, 1) and (2/3, 2/3, 1) at each temperature scanned. At 255 K a maximum
intensity of 25 counts/s is present along the (2/3, 2/3, 1) line and on cooling to 200
K, the intensity increases to approximately 30 counts/s. A maximum intensity of 35
counts/s was observed along the (2/3, 2/3, 1) diffuse Bragg lines, where the intensity

increases on further cooling to 100 K and base temperature
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Figure 4.21: Diffuse Neutron scattering Non-Spin Flip Polarization
Non-spin flip polarization along 001 at 255, 200, 100 and 3.65 K.
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In order to ascertain whether the CO is a true artifact of the non-spin flip polariza-
tion or a magnetic contribution, based on the direction of the polarized neutrons to the
scattering vector @), analysis of the incoming neutrons parallel to x (roughly parallel
to the average @) (37), is essential. The data shown in figure 4.22 highlights the non-
spin flip polarization of the incoming neutrons parallel to x (a), which is not perfectly
aligned along ¢, like with the data shown in figure 4.21 where polarized neutrons are
parallel to z (b), but will also contain and ab-component. The data measured at 200 K
for both non-spin flip contributions with neutrons parallel to x and z, show the same
CO peak along the (2/3, 2/3, 1) line, indicating that it is a true structural transition

and not magnetic contribution from the alignment of magnetic moments along the ¢

axis.
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Figure 4.22: Non-Spin flip Analysis at 200 K
Non-spin flip polarization along 001 at 200 K with (a) H—= and (b) H

Z.
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4.2.8.3 Spin Flip Polarization along hhl

The spin flip polarization analyzes the magnetic contribution of the sample, which in
this case highlights 2D diffuse magnetic scattering along the (1/3, 1/3, 1) line and
(2/3, 2/3, 1). The spin flip polarization data was taken at T=255, 199, 100 and 3.65
K, and is shown in figure 4.23. A very weak magnetic signature with a maximum of
10 counts/s is recorded at 255 K (see figure 4.23a) before the main Néel transition
at T=237 K, shown previously in the magnetization measurement. Below 255 K at
~200 K (figure 4.23b) strong diffuse magnetic scattering is present with a maximum
of ~60 counts/s. Interestingly, on measuring at lower temperatures of 100 K (4.23c)
and base temperature 3.65 K (figure 4.23d) the magnetic signature increases, which
may be representative of the two broad features in the magnetization data shown in
figure 4.20, at 131 K and 50 K. The absence of magnetic Bragg peaks suggests glassy

2D-order, with no long range magnetic correlations throughout the crystal.
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Figure 4.23: Diffuse Neutron Scattering Spin Flip Polarization
Spin flip polarization along 001 at 255, 200, 100 and 3.65 K.
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4.3 Discussion

4.3 Discussion

Single phase polycrystalline samples of YbFeoOy4 were all synthesized using stoichio-
metric mixtures of YbsoO3 and FeaO3 and heated using a CO:CO2=1:3 gas ratio. It was
only during the crystal growth that the gas ratio was altered. The initial crystal growth
was performed using the CO:CO2=1:5 gas ratio; based on the interesting magnetic and
CO behavior seen in previous crystal growths of LuFe;O,4 (refer to section (3.3)). Un-
fortunately, the same did not apply for the crystal growth of YbFe;O,4 using this gas
ratio, as not only was it difficult to stabilize the molten zone during growth, but the
produced crystal was no longer single phase YbFeoO4. This is due to the oxygen par-
tial pressure which is in equilibrium with the stoichiometric material is smaller for Yb
than Lu. By performing powder x-ray diffraction, it was evident that the single phase
YbFeyO4 had decomposed into four different phases namely: Og, YboOgs, YbFeoOy,
YboFe3Or7 and YbgFesO12. There are a number of reasons for a phase break down
during crystal growth: temperature, speed of growth and more importantly the gas
ratio used. The chemical composition with respect to the Fe-O octahedra coordination
within YbFeyO4 and LuFesO,4 differs slightly. The average Fe-O ionic coordination
of each octahedra within YbFeyOy is 1.94 A, which is slightly smaller than that of
LuFe;04, which has an average Fe-O ionic distance of 1.97 A. This small difference
in the ionic position provides just enough stability for Fe-O bonding in the LuFeyOy4
crystal, however the slightly shorter Fe-O bond length in YbFesO,4 cannot support the
excess oxygen in the more oxidizing gas ratio (CO:CO2=1:5), and thus breaks down

into subsequent oxidizing phases.

It was this discovery that led to the use of a lower oxygen partial pressure, therefore
we maintained the use of the CO:CO9=1:3 gas ratio, which was used for the initial
synthesis of single phase polycrystalline YbFesOy.

The magnetization data shown in figure 4.24a highlights the presence of three dis-
tinct transitions at 248, 219 and 145 K, followed by a small broad hump around 30 K.
The transition at 248 K indicates the onset of ferrimagnetic order (48), and the tran-
sition at 145 K is comparable to the low temperature transition seen in the LuFeyOy
magnetization data, measured at higher fields in (32). However based on previous

publications containing magnetization data, there is almost no correspondence to the
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Figure 4.24: Magentization Comparison of a YbFesO4 Grown in CO:CO5=1:3
(a) ZFC-FW-FC (indicated by arrows) magnetization with an applied field of 100 Oe. (b) ZFC
and FC magnetization data measured with an applied field of 1000 Oe, TRM curve marked
with crosses. (b) was reproduced from Ref (48).

transition located at 219 K. Magnetization on ZFC and FC with an applied magnetic
field of 1000 Oe, performed by Yoshii et al., provides the closest correlation to the
lower temperature transitions at 145 and 30 K, shown in figure 4.24b. Despite their
sample being polycrystalline, there are indications of the three main transitions, which
appear in our single crystal measurements, with the only exception being the transition
at 219 K. All the transitions are more smeared out due to random orientation of the
many small crystals present, in the polycrystalline sample. Based on the rhombohedral
structure the spin direction of the magnetic moments align along ¢, and is susceptible
to saturation of the magnetization at fields much above 100 Oe, where their application
of 1000 Oe will also produce some smearing of the transitions; reducing the sharpness.
This was seen clearly during previous investigations on LuFesOy4 in fields from 1000
Oe (68). Yoshii et al., define the transition at 130 K, which would correspond to the
145 K transition in our data, to a modulation of the magnetic structure or a possi-
ble spin fluctuation in the Fe sublattice. Further speculation aims at the occurrence of

a magnetic structural change, based on previous magnetization studies on YFesOy4 (76).
In order to further investigate the magnetism and also any CO present in the system,

a specific heat measurement was performed. There are no current publications which

provide specific heat data on YbFesOy4, due to the difficulty of synthesis and more
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importantly stoichiometric quality. Therefore to establish a basis for comparison, the
specific heat data is compared to the specific heat measurements performed on the
better stoichiometric LuFe;Oy4, shown in section (3.4.1). The specific heat data shown
figure 4.25a shows only one transition near 305 K in both curves of YbFesOy4 grown in
CO:CO2=1:3 and CO:CO4=1:3.5, indicative of CO and corresponds well with the data
shown in figure 4.25b
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Figure 4.25: YbFe;O4 and LuFe;O4 Specific Heat Comparison
(a) specific heat of YbFeyOy4 for both (1:3) (blue curve) and (1:3.5) (black curve) crystals. (b)
Specific heat of LuFeOy (1:5) crystal.

The specific heat data of YbFesOy (blue curve) grown in CO:CO2=1:3 exhibits
the same sharp CO transition seen at Top=314 K in the LuFe,Oy4 crystal grown in
CO:CO2=1:5, but at a slightly lower temperature of T=305 K. The small bumps in the
data, below 300 K, are not representative of any magnetic transition, as the specific
heat data taken from the crystal grown in CO:CO2=1:3.5 has no such features but
stems from insufficient points taken for the empty puck subtraction, described earlier
in section (2.5). The absence of a peak indicating ferrimagnetic order in the YbFesOy
specific heat data, may imply that initial reports stating a clear ferrimagnetic order at

this transition may only apply within certain off-stoichiometric samples (46).

Single crystal x-ray diffraction of the small YbFesOy single crystal, grown in CO:CO2=1:3,
indicates the onset of CO below 350 K along the (1/3, 1/3 1) line, which corresponds
well to data recently obtained at the DIAMOND synchrotron source by Hearmon et

al. (50). The single crystal x-ray diffraction measured around 350 K from the crystal
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grown in CO:CO2=1:3 and the crystal measured by Hearmon et al. both show weak
diffuse CO lines, shown in figure 4.26.
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Figure 4.26: Single Crystal X-ray Diffraction Comparison at 350 K
(a) Single crystal x-ray diffraction of YbFe;Oy, (b) synchrotron x-ray diffraction of YbFeyOy.
(b) was reproduced from Ref (50).

Hearmon et al. also produced further data on cooling below 200 K, where the CO
modulations become much stronger along the (h, -2.33, 1) line at 150 K and compares
well to our data taken at 90 K, shown in figure 4.27a-b. After much analysis by Hearmon
et al. on the nature of the diffuse lines, through high resolution synchrotron experiments
and theoretical simulation, they found a model which implies a continuous variation of
charge on the Fe ions (between the Fe?* and Fe3T) which they state, clearly demon-
strates the presence of an incommensurate CDW at 150 K. However, the CO:CO9o=1:4
crystal growth atmosphere they used which is close to the 1:5 gas ratio we initially
implemented and caused a complete phase break down, provides some uncertainty to
their claims of a 2D-CDW. This fact, as well as a complete absence of magnetization
data shown in their recent publication, leads to the fair assumption that the origin of
the CO may not be due to charge density waves, but rather off-stoichiometry. Where
fine tuning the oxygen content may provide the correct oxygen environment for 3D CO

peaks to arise.
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Figure 4.27: Single Crystal X-ray Diffraction Comparison below 150 K
a) Single crystal x-ray diffraction of YbFeoOy, (b) synchrotron x-ray diffraction of YbFeqOy.
(b) was reproduced from Ref (50).

To further support the CO process in this system, Md&ssbauer spectroscopy was
performed on YbFesO4 powdered single crystal grown in CO:CO9=1:3, shown in figure
4.29b. Previous studies on Mossbauer spectra performed at 77 K and 4.2 K by Tanaka
et al. (46), are in good agreement with our current YbFeoO4 Mossbauer results. The
spectra taken at 4.2 K of single crystal YbFesOy, shown in figure 4.28, shows a lower
peak intensity at ~4 mm, compared to that of our powdered YbFeoO4 spectra, shown
in figure 4.29. This difference in the single crystal and powder data can be attributed to
the spin direction parallel to the c-axis, which can be obtained with correct alignment
of the single crystal. The data taken from the powdered single crystal grown in the
C0O:C0O2=1:3, shows a direct correlation between the peak shape, position and hyperfine
splitting of that seen by Tanaka et al..

A recent Mossbauer spectroscopy measurement performed on a LuFesO4 powdered
single crystal of good stoichiometric quality, (Figure 4.29b) by Xu et al., also provides
a good basis of comparison to our data obtained for YbFesOy4 (77). On cooling below
340 K, the LuFesO,4 data exhibits one central peak, which relates to the isomer shift.
A splitting in the spectra begins to emerge at 320 K indicating quadrupole splitting,
where the same splitting is seen at 250 K in the YbFey;O4 data. This peak shape
relates to the valence splitting of Fe?* and Fe3*t, where Xu et al. were able to fit their

data using a Blume-Tjon model (78) for the Fe?* and Fe3* relaxation. They found
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Figure 4.28: Mossbauer Spectra of ®’Fe in RFe;O4 and RFeMO,
(a) YbFeyOy single crystal, incident v ray is parallel to the c-axis, (b) YbFesO4 powder and
(¢) LuFeCoOy4 powder. Reproduced from Ref (46).
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that individual fits of the spectra revealed two Arrhenius processes, which is clearly
indicated by the temperature dependence of the hopping frequency of electrons, with
a best fit constraint of 33 %. No fits were made to the YbFe,O4, Mossbauer data,
however based on the structure of this system, the data analyzed in figure 4.29a for the
LuFesO4 system, provides an initial insight into the valance splitting within YbFeyOy.
No temperatures were measured below the magnetic ordering temperature of LuFe,Oy,

but hyperfine splitting is seen at 150 K in the YbFeyO4 data.
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Figure 4.29: LuFe;O4 and YbFesO4 Mossbauer data
(a) Mossbauer spectra of LuFe;O4 and alternative best fit, with a constraint of 33% of hopping
electrons, (b) Mdossbauer spectra performed on powdered single crystal of YbFeoOy4 grown in
C0O:C0O2=1:3. (a) was reproduced from Ref (77).
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To investigate the changes in stoichiometry which occur in YbFeyOy, a third crys-
tal was grown in a slightly more oxidizing gas ratio of CO:CO9=1:3.5. Powder x-ray
diffraction of a selection of crushed crystals from the molten tip end of the boule uncov-
ered the presence of an FeO phase through Jana refinement, which was not present in
the data from the crystal grown in CO:CO9=1:3. Further indication of other magnetic
phases was tested with the use of a permanent magnet to see if there was any attraction
to the magnet. The increase of the oxygen partial pressure mixture by 0.5 caused a
small phase break down, exhibiting an FeO impurity, but no existence of any composite
Yb3+ phases. This can be explained based on the melting point of Yb, which is 1097
K compared to that of Fe which is 1811 K and the partial pressure at the temperature
of growth for this compound.

Magnetization measurements performed under the same condition as all previous
measurements, provide a curve which is almost identical to that of the crystal grown
in the CO:CO2=1:3 (refer to section (4.4)). There is a slight difference in the sharp-
ness of the transitions present, with a temperature shift of approximately 3-5 K for
each transition. To better understand the magnetic behavior at these transitions, a
thermo-remanent magnetization measurement was performed and provides an initial
insight into any spin glass behavior. The thermo-remanent magnetization data shown
in section (4.4.1) contains both cooling, which was measured with an applied field of
5 T from 300 K down to 10 K, and warming, where the field was removed and the
magnetization was measured from 10-300 K. The curve on warming exhibits a high
magnetization at 30 K, which corresponds to the broad hump in the magnetization
data. The magnetization decreases on increasing temperature, showing two more inter-
esting features; a broad hump around 140 K and a double peak at 218 K. These three
features seen on the thermo-remanent curve, show that the electron spins on cooling in
a high field retain a memory of position, and on warming remain in this coordination,
which is a clear indication of a glassy state. The magnetization on warming drops to
zero as it approaches the ferrimagnetic ordering temperature. To further investigate
the spin glass features present in the thermo-remanent magnetization, a.c susceptibility
was performed and shown in figure 4.30a. Recent investigations into the possibility of
a magnetoelectric multiglass state in polycrystalline samples of YbFeaOy4 by Sun et al.

(79), provide similar data to that obtained for YbFesO4 grown in CO:CO2=1:3.5, see
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figure 4.30.
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Figure 4.30: A.c Susceptibility Comparison for YbFeyOy
(a) A.c susceptibility of YbFe;O4 grown in CO:CO5=1:3.5, (b) a.c susceptibility of polycrys-
talline YbFe;O4. Both measurements were performed on warming at at five different applied
frequencies. (b) was reproduced from Ref (79).

The synthesis of polycrystalline YbFeoOy4 by Sun et al. was completed without the
use of an oxygen partial pressure environment, but heated in an evacuated quartz tube
at 1100°C for 48 H. The black curve in their data, representing d.c susceptibility, is
shown in figure 4.30. The curve does not exhibit the same sharp transitions seen in
the lower temperature transitions present in our data, but also a complete absence of
the small peak at 218 K present in our magnetization data. However the frequency
dependence correlates well with our a.c susceptibility measurements, showing an onset
of frequency dependence at 150 K. The one contrast between the two sets of data,
is the small sharp peak just before 250 K present in our data and exhibits a distinct
frequency dependence. An explanation for this small feature may stem from a similar
transition to that discovered in LuFesO4, the magnetostructural transition, which may
not originate at the freezing temperature, T ;=80 K, but exist also at 250 K, based on
off-stoichiometry. As the magnetization data from the crystal grown in CO:CO9=1:3
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possesses sharper transitions with no impurities, an a.c susceptibility measurement of
this crystal my provide a better insight into the true onset of frequency dependence.
An absence of powder refinement data of the polycrystalline sample used in their a.c.
susceptibility measurements, as well as a coherent magnetization measurement, it makes
it difficult to determine whether the polycrystalline sample produced by Sun et al. is
single phase containing no impurities. Despite this, the data sets do corroborate well
with each other and provide the first insight into possible spin glass states below the

main Néel temperature at 250 K.

Neutron scattering is the final key to uncovering the type of magnetism and CO
which exists at the transition temperatures seen in the magnetization and specific heat
data, however, at present, there is no published neutron data on YbFe,O4 based on the
difficulty of synthesis and off-stoichiometric effects. A single crystal of 60 mg isolated
from the YbFesOy4 single crystal, grown in CO:CO2=1:3.5 was measured at DNS-FRM
II. Magnetization of the crystal selected for DNS showed very smeared out transitions
(refer to section (4.9.1)) compared to that shown in figure 4.24, which indicates the
large variations in stoichiometry that can occur within one single crystal growth. The
experimental results obtained from the measurement time at DNS highlighted 2D dif-
fuse magnetic scattering along the (1/3, 1/3, 1) line and (2/3, 2/3, 1) line, similar to
the LuFeoO4 with non ideal stoichiometry. The spin flip polarization data was taken
at 255, 199, 100 and 3.65 K corresponding to the transition temperatures seen in the
magnetization data. Despite only seeing the presence of 2D magnetic order, it is clear
that the count rate below Ty is approximately 100 times higher at 100 K than at 255
K. Therefore it seems logical, that with the same counting time used for the 60 mg
sample of YbFeoQy, the smaller crystal of 3.5 mg with sharp features in the magnetiza-
tion data, which is only 10 times smaller, should produce clear magnetic peaks below
Ty, with the expected presence of 3D magnetic order. The existence of 3D magnetic
order in a stoichiometric YbFeyOy4 single crystal will show a direct correlation to the
recently published data by Groot et al., group on LuFesOy4, where they see sharp CO
and Magnetic peaks along the (1/3, 1/3, 1) line (65).
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4.4 Stoichiometry, Magnetism and CO

New investigations into the varying stoichiometry of YbFesO,4 has uncovered new tran-
sitions not reported previously. Growing YbFe2O,4 in three different oxygen partial pres-
sure environments; CO:COs=1:5, CO:CO2=1:3.5 and CO:CO2=1:3.5, has provided the
first real insight into how YbFesOy4 acts in oxygen rich and oxygen reduced atmospheres.
Initial powder diffraction experiments highlighted a complete phase decomposition, for
the crystal grown in the more oxidizing gas ratio CO:COy=1:5. Powder diffraction data
from YbFeyOy4 grown in CO:CO5=1:3 was refined as single phase. However diffrac-
tion data taken from the crystal grown in CO:CO35=1:3.5 exhibited an FeO impurity
and could only be refined using this secondary phase, as well as the main YbFeoOy
phase. Obtaining large single crystals from the crystals grown in CO:CO3=1:3 and
C0O:C0O2=1:3.5 was difficult, due to the large number of domains present. Small single
crystals of mass 3-5 mg were used for all the macroscopic measurements. There is a
distinct difference in the magnetization data from both crystals, where the features
exhibited by the (1:3) crystal are sharper and more defined than that of the (1:3.5)
crystal. Both sets of specific heat data on each crystal show the same, sharp CO peak
at ~304 K but a drop in the overall specific heat is seen in the (1:3.5) crystal. Single
crystal x-ray diffraction of the crystal grown in the CO:CO2=1:3 gas atmosphere, ex-
hibited only strong diffuse scattering, which was also seen in the DNS data, as well as
the appearance on 2D magnetic order. The a.c susceptibility highlighted the presence
of spin glass states below the main Néel temperature, which are in good agreement
with (79). A valance splitting of Fe?* and Fe3* as well as electric dipole and magnetic
quadrupole splitting which is seen in Mdssbauer spectra for the powdered crystal in
CO:C0O2=1:3.5, but is yet to be fit to a suitable model. The Mossbauer data shows
an almost identical peak splitting to that seen in (46). It seems that from all the
macroscopic investigations, the crystal grown in CO:CO9=1:3 is of a slightly better
stoichiometric quality than that of the crystal grown in CO:CO5=1:3.5, where slight
increases in the oxygen content beyond CO:COs=1:3 cause small phase decompositions
of the initial single phase YbFeyO,4. Unlike LuFesOy, the use of the CO:CO2=1:5 gas
atmosphere during the crystal growth of YbFeoO4 promotes a total phase break down.
This is based on the mass of the Yb atom which is less than the Lu atom and ionic

the distancing between the Yb-O ligands is less than that of the Lu-O. Therefore the
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use of a more oxidizing gas ratio, which was stable for the crystal growth of LuFesQOy,
will create a complete instability in YbFeoOy4 structure, due to it’s inability to support
the excess oxygen atoms. The use of the more reducing oxygen partial pressure envi-
ronments: CO:CO2=1:3 and CO:CO2=1:3.5 provides more stability between the Yb-O
and promotes stronger magnetic and CO correlations throughout the crystal unit cell.
Further investigation into different oxygen partial pressures may provide a spectrum of
poor to good stoichiometric crystals, highlighting a specific gas ratio which forms the

best stoichiometric (quality) crystals.
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Conclusion

A study investigating both the magnetic and CO characteristics of LuFeoQy4 single
crystals grown in CO:CO2=1:3 and CO:CO2=1:5 and YbFesO4 single crystals grown
in CO:CO9=1:3, CO:C0O2=1:3.5 and CO:CO5=1:5 have been presented.

The single crystals measured of LuFesOy4, exhibited quite contrasting behavior based
on off-stoichiometry. Evidence of 3D CO and sharp magnetic transitions were seen in
the magnetization, specific heat and single crystal x-ray diffraction measurements per-
formed on the (1:5) crystal. Conversely, the (1:3) crystal exhibited only 2D CO through
single crystal x-ray diffraction, where only a single broad transition was featured in the
magnetization data and supported by smeared transitions at both the main Néel tem-
perature and the onset of CO in the specific heat data. On measuring the specific heat
of the (1:5) crystal, the temperature was taken to 400 K, which caused a noticeable
change in the FC data during a remeasure of the magnetization, highlighting a change
in the oxygen stoichiometry. Based on the collection of macroscopic data, the LuFe,Oy
crystal grown in CO:CO2=1:5 seems to exhibit magnetic and CO characteristics com-
parable to recent publications by deGroot et al. (65), (66), and therefore currently the

closest possibility to the correct stoichiometry.

Studies made on YbFeyOy4 show that the more oxidizing gas ratio, which provided
the optimum atmospheric conditions for LuFesO,4, do not apply to the single crystal
growth of YbFesO4. The CO:CO2=1:5 gas ratio was far too oxidizing and resulted
in a complete phase decomposition. Single crystals of YbFeoO4 were obtained using

C0O:C0O9=1:3 and CO:CO3=1:3.5 atmospheric conditions. The small increase of 0.5
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with the more oxidizing gas ratio produced an FeO impurity, where single crystal pow-
der diffraction could only be refined with a secondary phase of FeO and the main phase
YbFesO4. The magnetization data provides a detailed insight into the qualities of both
the (1:3) and (1:3.5) single crystals, where slightly sharper features and a higher overall
magnetization is seen in the (1:3) crystal. A measurement of the specific heat for each
crystal show almost identical curves, both indicating the onset of CO below 305 K,
however a slight lowering of the overall specific heat capacity is seen for the (1:3.5)
crystal. The single crystal x-ray diffraction of a small (1:3) single crystal shows diffuse
CO lines emerging at 350 K, but based on the specific heat data and the peak at 305
K, which is in good agreement with the peak seen at 314 K in the specific heat data
of the LuFepOy4 (1:5) crystal, does not exhibit 3D CO. This may not be an artifact of
the the compound itself, but rather the small crystal selected for the measurement was
of poor stoichiometric quality and further measurements with a selection of crystals
should highlight the presence of 3D CO. Measurements of a.c susceptibility provided a
more detailed look at the transitions present in the magnetization data for the (1:3.5)
crystal. The onset of a frequency dependence in the imaginary part of the a.c. suscepti-
bility highlighted the presence of a glassy state, indicating possible competing magnetic
states. Mossbauer spectroscopy presented similar results to those previously reported
on LuFesO4 by Xu et al. (77), indicating quadrupole splitting and the onset of a Fe?*
and Fe3t valence state below 310 K, with further hyperfine spitting below 230 K. The
nature of the hyperfine splitting below 230 K is yet to be fit to a model and is still under
investigation. Final investigations into the magnetic ordering of YbFe,O4 through the
use of spin polarized neutrons provided the first insight into the effects of stoichiometry
and the type of magnetism and CO. A YbFe;O4 (1:3.5) single crystal of mass 60 mg
exhibited smeared out transitions compared to the initial magnetization data from the
smaller crystal, only highlighting the main Néel transition and a broad maximum at
131 K. The large sample to sample dependence within one crystal growth is greatly
apparent from this difference, and based on the lower stoichiometric quality of this
crystal, only diffuse 2D magnetic order was seen along with weak diffuse CO. However
based on the high count rate observed during the experiment, it is safe to assume that
using the (1:3.5) smaller crystal of 3.5 mg, which exhibits very sharp transitions in the
magnetization data, could be used used for a following neutron scattering experiment,

to look for 3D magnetic and charge order. The wide range of macroscopic experiments
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performed indicate that the (1:3) crystal is of slightly better stoichiometric quality than
that of the (1:3.5) crystal, and that the magnetization data highlights transitions which
have not been previously published. It is clear that the sensitivity to oxygen stoichiom-
etry plays a large role in the magnetism and CO of YbFeyQOy, like with LuFeyOy4, and
the data presented in this thesis provides the first insight into YbFe;Oy4 single crystals

of good stoichiometric quality.

5.1 Future work

In order to investigate the true nature of the magnetic excitations and spin-charge cou-
pling in LuFes0y, a large 1.5 g single crystal grown in CO:COs=1:5 will be used in an
inelastic neutron scattering experiment, scheduled to be performed at the instrument
4SEASONS at J-Parc, Japan.

To investigate whether the stoichiometry of YbFesO4 grown in CO:CO2=1:3 pro-
duces the best magnetic and CO characteristics, a new crystal grown in CO:CO9=1:2.5
will provide us with a good cross comparison to that of the crystals already grown and
presented in this thesis. A new measurement at DNS with a crystal of better stoichio-
metric quality, exhibiting all the sharp features should highlight if 3D magnetic order

really does exist.
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