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This thesis presents three investigations of the magnetic and electronic proper-
ties of manganese oxide materials. The investigations are performed using a variety
of neutron scattering and x-ray scattering techniques.

The electronic ground-state of Pr(Sr0.1Ca0.9)2Mn2O7 an antiferromagnet with
CE-type ordering, is determined using neutron spectroscopy, as opposed to the
more usual approach of using diffraction. The Zener polaron model of the elec-
tronic ground state of the CE-type magnetic phase is shown to be unsuitable for
this material. The ground-state is shown to agree well with the electronic ground
state proposed by Goodenough in the 1950’s, but without significant Mn3+/Mn4+

disproportionation.
The distribution of the magnetisation density within the unit cell of the CE-type

antiferromagnet La0.5Sr1.5MnO4 is determined from a polarised neutron diffraction
experiment by analysing the results with the maximum entropy method. The ma-
jority of the magnetisation density is found to be located at the Mn site. The
investigation shows tentative evidence of a small magnetic moment on the in-plane
O site. However, a larger moment is observed at both the La/Sr site and the
out-of-plane O site.

The magnetic structure of the magnetoelectric multiferroic DyMn2O5 is inves-
tigated using resonant magnetic x-ray scattering. The magnetic structure is shown
to be similar to other members of the RMn2O5 series of multiferroics, but with
the key difference that the magnetic moments are closely aligned parallel with the
crystallographic b-axis, in contrast to the usual observation of the moments being
close to parallel with the a-axis. This study also shows evidence that the electrical
polarisation has a significant contribution from the valence electrons of the O ions,
agreeing with previous work.
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Chapter 1

Introduction to the Physics of

Manganites

Many of the challenges of human society seem to be easily solvable, if only there

were an unlimited variety of materials that could display any physical property

required of them. Materials with zero resistivity could help solve the world’s energy

needs. Materials with certain magnetic memory properties could revolutionise the

computer industry. Incredibly light weight, but extremely strong materials would

open up many new possibilities for construction and transportation. Although these

materials may not currently exist in any commercially viable manner at the moment,

all of the properties mentioned have been observed in real materials.[1, 2, 3]

Understanding the physics of the systems that do show some of the aforemen-

tioned properties, is the most logical way to develop new materials that work under

normal conditions. The case of superconductivity is perhaps the best documented.

Before the mid-1980’s, superconductivity was thought to be an interesting physical

phenomenon, but the extremely low temperatures (< 20K) that were required to

reach the superconducting state meant that it could only have very limited practical

applications. The discovery of the superconducting cuprates,[4] where the super-

conducting state exists above the boiling point of liquid nitrogen (77K), altered

that outlook. Although superconductivity has still not been observed at a normal



2 Chapter 1. Introduction to the Physics of Manganites

temperature for an environment on earth or in any material that is easy to manufac-

ture, the progress that has been made by studying the physics of superconductors

has made the goal of one day having zero resistance electricity transfer seem more

attainable.[5]

All of the effects listed above arise from unusual quantum mechanical effects.

The study of materials that display these effects is the study of the quantum mechan-

ics of systems with large numbers of electrons and nuclei. For example, although

magnetic materials have been known since ancient times,[6] the quantum mechanics

that lead to magnetic effects are not understood for all materials. Magnetism plays

a role in the daily life of many people, in their computer’s memory or in the credit

cards in their wallets. Developing the understanding of magnetism in materials

could open new technologies that can be part of everyday life in the future.

Complicated magnetic systems are some of the most interesting materials for

future applications.[2, 7] The complexity of these systems is due to competing quan-

tum mechanical interactions. One particularly interesting group of materials is the

manganese oxides, or manganites. These materials have been the source of some im-

portant discoveries in condensed matter physics since,[8] but a true understanding

of the quantum mechanics of these systems has still not been attained. All of these

reasons mean that magnetic manganites are a fascinating area of research. The long

history of manganite research has left many unanswered questions, meaning there

is interesting physics still to be discovered and perhaps even technological benefits

in the not too distant future.
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1.1 Why Manganites?

Interest in manganites goes back at least 24,000 years when paleolithic humans used

MnO2 as a pigment in cave paintings.[9] The same cave paintings also contained

the ferromagnetic material hematite (Fe2O3), so it might be argued that correlated

electron physics has been a relevant subject to mankind since at least the last ice age.

In the field of condensed matter physics, manganites tends to refer to complicated

crystals containing manganese ions, often in a magnetic state. The manganese sites

are usually linked by oxygen ions, with other cations, such as alkaline earth ions or

rare earth ions filling in the gaps in the Mn-O structure.

In modern physics, manganites are probably most famous for the subset of

materials showing colossal magnetoresistance,[10] which manifests as a very large

reduction in the resistance of a material when a magnetic field is applied. Beyond

this important discovery, the number of concepts that find there origins in mangan-

ites is impressive. The Jahn-Teller polaron,[11, 12] Zener double-exchange[13, 14]

and even the naming system for cubic antiferromagnetic structures[15] all originate

from work on manganite materials. More recently, there was a resurgence in the

field of magnetoelectric multiferroics when a large coupling between the magnetic

ordering and electronic ordering was observed in TbMnO3.[16]

A trait of Mn that helps enable all of the aforementioned effects is its ability to

exist in a range of chemical states, with compounds observed with Mn ions in any

valence state from 3− to 7+, but of particular importance are the Mn3+ and Mn4+

ions. The majority of these ionic states contain unpaired electrons in the d-orbitals,

meaning that Mn ions usually have a large magnetic moment. The variety of d-

orbital occupancy also means that the different valence ions have different electron

distributions. Materials where more than one type of Mn valence exists, where the
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Mn ions are surrounded by a variety of O environments results in a huge range

of complicated and connected electronic and magnetic states.[15, 17] These can be

manipulated in such a way that small environmental changes can have large effects

on the physical properties of the materials.[10]

The complexity of these materials and the fact that many of the features of

manganites are not yet fully understood, means that there are a large number of

unanswered questions. The aim of this thesis is to explore a few of these questions.

The main investigative work described is on three separate problems in the field

of correlated electron manganites. Firstly, what is the electronic state of the com-

plicated CE-type antiferromagnetic phase? This magnetic phase is seen in many

manganese oxides, particularly ones related to the colossal magnetoresistance man-

ganites. Secondly, what is the role of the oxygen ion in the CE-type antiferromag-

netic phase? In particular, the magnetic state of the O ions was investigated. The

third investigation is on the poorly understood magnetic structure of a multiferroic

manganite that shows a particularly large electrical polarisation.

These three investigations are presented in chapters 3-5. Chapter 2 covers the

theoretical and technical aspects of the main experimental techniques used in the

work, namely neutron scattering and resonant magnetic x-ray scattering. The

present chapter offers a brief introduction to some of the concepts of condensed

matter physics that have particular relevance to the work presented here.

1.2 Chemical Environments and Crystal Fields

The three projects presented in this work are on different manganese oxide materials,

with a variety of structures, but they all have some common features. In each, the

positively charged Mn ions are surrounded by negatively charged O ions. The crystal
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structure is completed by rare-earth ions (RE) with a charge of 3+ (La,Pr,Dy),

alkaline earth (AE) ions with a charge of 2+ (Ca,Sr) or a mixture of the two.

Although the RE/AE ions are not thought to contribute directly to the magnetism

in the Mn ions, changing the ratio of RE to AE has a significant effect on the

charge of the Mn site. For example, in the frequently studied perovskite-structured

material LaMnO3 the Mn ion has a charge of +3, but as the material is chemically

altered to La1−xCaxMnO3 the positive charge on the Mn increases until at x = 1

and the Mn ion has a charge of +4.

It should be noted at this point that in many cases it is difficult to attribute

a truly integer charge to any ion in a manganite, with the most challenging often

being the Mn. Transition metal oxides often show a degree of covalency in the

nature of the bonds between ions. However, for simplification the charges are often

presented as having integer values in discussions of the physics of these types of

materials. This will also be the case in this work, unless otherwise stated.

The precise arrangement of the O ions and interactions between the Mn and O

ions has a significant effect on the charge of the Mn, the orbital arrangement of the

Mn and subsequently the magnetic interactions between Mn ions. At the simplest

level, in a material such as DyMn2O5 where the average charge for the Mn ions is

+3.5, (see chapter 5) half of the Mn ions are surrounded by an octahedron of 6 O2−

ions at the vertices and the other half are surrounded by a square-based pyramid

with 5 O2− at the vertices. The Mn ions on the two different sites show a different

valence, the Mn in the octahedra is in a 4+ state and the Mn in the square-based

pyramid is in a 3+ state.

The situation is more complicated when all of the ions have the same environ-

ment, for example when all of the Mn ions are surrounded by an O octahedron,

such as in perovskites. To develop the idea of the effect the environment has on the
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Mn ions, a basic discussion of crystal fields is useful. A combination of the magnetic

properties of the Mn ions and the crystal fields can lead to the Jahn-Teller effect,

which is observed in the manganites studied in chapters 3 and 4.

1.2.1 Crystal Fields

Crystal field theory describes the effect a local environment has on the energy-levels

in an ion. The most simple way to explain the concept is to illustrate the effect on an

ion in a simple environment. The energy levels of a transition metal ion, such as Mn,

are altered when the ion is surrounded by an octahedron of O2− ions, see Fig. 1.1(a).

The five different d-orbital energy levels vary in shape and lose their degeneracy in

such an environment. The main reason for this is the electrostatic force. Occupied

transition metal 3d-orbitals are negatively charged, as are the surrounding O2− ions,

therefore the energy of the system is reduced when the d-orbital electrons are as far

from the O ions as possible. For this example, the energy of the dxy, dxz and dyz

are all reduced, because the orbitals lie between the O2− ions, whereas the energy

of the d3z2−r2 and dx2−y2 is increased because of their proximity to the O2−. This

is illustrated in Fig. 1.1(b) with the dxy and dx2−y2 orbitals as an example. In the

diagram it is clear that the negatively charged lobes are kept further apart for the

dxy orbitals. The three low energy states are called the t2g states and the two high

energy states are the eg states. These labels represent the symmetry of the different

states.

This is a simplified example of crystal fields, but it is useful to illustrate the point

of how a local environment can effect the energy levels of an ion. An introduction

to crystal fields is presented by Blundell.[18] This can be generalised to many other

systems, by a mathematical treatment using the Stevens operators.[19]
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Figure 1.1: (a) A qualitative energy level diagram of the d-orbital states for a
Mn3+ ion in different environments (also illustrated). (b) An example of the crystal
field effect for the dxy and dx2−y2 orbitals in an MnO6 octahedra, viewed along the
z-direction.

1.2.2 Jahn-Teller Effect

The occupation of the d-orbitals of the transition metal ion can affect the ions local

environment. Again using the simple model of the Mn ion surrounded by an O2−

octahedra, it is possible to consider a large number of different d-orbital occupations.

Mn can exist in a number of ionic states and the ion Mn3+ is of particular interest

in this case. There are four d-orbital electrons in Mn3+ and these are placed into

the energy levels according to Hund’s rules, one electron in each of the three lower
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energy t2g and one in the higher energy eg levels. In this configuration, the energy

of the whole MnO6 structure can be reduced if the octahedron becomes distorted.

The distortion reduces the energy of one eg orbital and raises the energy of the

other, but since only one of these is occupied, the energy of the entire system is

decreased. This is known as the Jahn-Teller effect[20] and it is effectively a trade-

off between the electrostatic energy and the elastic energy of the crystal structure.

The Jahn-Teller process is illustrated in Fig. 1.1(a), showing a distortion causing

an elongation of the octahedron along the z-direction, which reduces the energy of

the d3z2−r2 orbital and raises the energy of dx2−y2 orbital.

Mn3+ can be described as a Jahn-Teller ion and this characteristic of Mn3+ is

important in some of the effects discussed later in this chapter and throughout this

thesis.

1.3 Charge Ordering

The scenario described earlier for DyMn2O5 could be described as charge ordering,

with Mn3+ and Mn4+ both being present in a crystal but located on different sites in

a regular arrangement. However, for the purposes of this thesis, charge ordering will

be considered as an effect where Mn ions on sites that are symmetrically equivalent

at one temperature, are in different valence states after going through a phase

transition. Of particular relevance is the case of Mn3+ and Mn4+ charge ordering

in a two-dimensional square lattice, connected by O ions.

1.3.1 Charge Order in Manganites

In certain manganese oxide systems, there exists two dimensional planes of MnO2.

A square lattice of Mn ions is shown in Fig. 1.2(a); the O ions lie halfway between
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Figure 1.2: (a) A diagram of the 2D lattice of only the Mn3.5+ ions in a MnO2 plane
of a half-doped manganite. The O ions would lie between the nearest neighbour
Mn ions. (b) The charge ordered phase in the half doped manganite and (c) the
orbital ordered phase, showing the alignment of the d3z2−r2 orbitals in the crystal
MnO2 plane.

each nearest neighbour Mn ion, but are not shown for simplicity. If the system is

chemically doped in such a way that there is a non-integer number of electrons per

Mn ion, the system finds the lowest energy solution to distribute these electrons.

The case of 3.5 electrons per Mn site is simple to illustrate and is often referred to

as half-doping. At high temperatures in a system such as La0.5Sr1.5MnO4 each Mn

site in the MnO2 plane has the same charge, averaging out to Mn3.5+. However, as

the temperature is lowered a phase transition occurs such that the charge on each

Mn ion becomes ideally integer, with half of the sites being Mn3+ and the other

half being Mn4+.[21] In this particular case each ion of one charge is surrounded by

ions of the other charge, shown in Fig. 1.2(b).

As mentioned earlier, there is an uncertainty over the degree of charge ordering

that exists in half-doped manganites, i.e. whether the ions become strictly Mn3+

and Mn4+ or if it is some other mixture of Mn+3.5+δ and Mn+3.5−δ. However, for

the purposes of this introduction it will be assumed that the charge ordering has

δ = 0.5.

This is a very simple illustration of charge ordering. Much more complicated
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charge-ordered systems exist in other materials, for example in copper oxides.

Charge ordering also happens in systems that have a different doping from the

one presented here and therefore a different number of electrons per site, resulting

in much more complicated ordering patterns.[22]

1.3.2 Orbital Order in Manganites

In the case of the charge-ordered MnO2 plane, with Mn3+ and Mn4+ ions, the Jahn-

Teller effect must be considered. In half-doped materials, the Jahn-Teller effect

causes the 3d3z2−r2 orbital be an energetically favourable state for the eg electrons

in Mn3+ ions. These occupied 3d3z2−r2 orbitals can arrange their orientation into

an ordered super-structure, which of course implies an ordering of the Jahn-Teller

distortions. In this case, the ordering of the 3d3z2−r2 orbitals on Mn3+ ions is in

the herring bone pattern,[23] illustrated in Fig. 1.2(c).

Orbital effects can go far beyond ordering patterns and a discussion of many

aspects of orbital physics is presented in the article by Tokura and Nagaosa.[24]

1.4 Magnetic Interactions

In the materials discussed in this thesis, the magnetic effects are not those of mag-

netic ions isolated from each other within the crystal structure. The macroscopic

magnetic effects observed are a result of interactions between magnetic moments

and in some cases competing interactions on similar energy scales that mean small

external influences can have a large effect on the properties of the material. How-

ever, the interactions normally observed do not have a purely magnetic origin. The

magnetic dipole interactions are far too weak to account for magnetic ordering in

systems that order at any temperature higher than a few Kelvin. A general intro-
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duction to magnetic interactions is presented by Blundell.[18]

1.4.1 Exchange Interactions

Magnetic ordering at temperatures higher than a few Kelvin finds its origin in

electrostatic interactions at a quantum mechanical level. An exchange between two

magnetic ions with spin Si and Sj is usually described using the Hamiltonian,

Ĥ = −
∑
ij

JijSi.Sj (1.1)

where Jij is known as the magnetic exchange constant between the spins of ion i

and ion j. The magnetic exchange constant represents the strength of the magnetic

interaction. A material with strong magnetic interactions usually displays magnetic

ordering at higher temperatures. The sign of J describes whether an exchange

favours a parallel alignment of two spins, a ferromagnetic exchange (J > 0), or an

anti-parallel alignment of two spins, an antiferromagnetic exchange (J < 0).

Two types of magnetic interaction are particularly important for this thesis,

superexchange and double exchange. These are described in the following two

sections. These two exchanges are known as indirect exchanges because the two

magnetic ions concerned do not interact with each other directly, instead the inter-

action is mediated by a non-magnetic ion. In addition to indirect exchange, there

is direct exchange, where the magnetic ions do interact with each other, but this is

not a particularly strong effect in the materials discussed here.

1.4.2 Superexchange

Superexchange usually leads to antiferromagnetic ordering. This interaction be-

tween two magnetic ions is mediated by a non-magnetic ion lying directly between
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Figure 1.3: A diagram of the superexchange interaction for two single electron
magnetic ions (M) separated by an O2− ion. The excited states of the antiferro-
magnetic arrangement are allowed, but the excited states of the ferromagnetic state
are not allowed by the Pauli exclusion principle.

the two. Superexchange leads to antiferromagnetism due to a simple kinetic en-

ergy argument,[18] illustrated in Fig. 1.3 for a single electron magnetic ion. If the

moments on the magnetic ions (M) are parallel to each other (ferromagnetic), then

the possible excited states of this system break the Pauli exclusion principle, with

two electrons in the same state having the same spin. However, the excited states

of the antiferromagnetic state are allowed. Therefore, if the two magnetic ions are

aligned antiferromagnetically, the electrons on all three sites are less confined. It is

clear from the Heisenberg uncertainty principle that if the electrons are less confined

spatially they will have a lower kinetic energy, meaning that antiferromagnetism is

energetically favourable in such a system.

1.4.3 Double Exchange

Double exchange is an interaction most relevant in mixed valence materials, such

as manganites that contain both Mn3+ and Mn4+ ions. A particularly relevant

example is to consider Mn3+ and Mn4+ ions surrounded by oxygen octahedra, as
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Figure 1.4: For mixed valence materials the double exchange mechanism can be
important. Ferromagnetism is favoured in such a system because the eg electrons
can only hop to neighbouring sites if they are ferromagnetically aligned, due to
Hund’s rules. The antiferromagnetic arrangement would break Hund’s rules if such
hopping occurred.

discussed earlier. In such an arrangement, the crystal field causes the d-levels to

split into the eg and t2g levels. The lone electron in an eg level may move into the eg

levels of the neighbouring ion, only if the two sites are ferromagnetically aligned in

accordance with Hund’s rules, see Fig. 1.4. If the sites were antiferromagnetically

aligned, the electron could only transfer sites if the spin of the electron was flipped,

otherwise Hund’s rules are broken, costing energy. Therefore, the less spatially

confined state that allows for a lower kinetic energy, is for the two neighbouring

ions to be aligned ferromagnetically.

1.5 Magnetic Order

All materials show one of three types of magnetic behaviour when a magnetic field

is applied. Every material is diamagnetic, meaning that when a magnetic field is

applied the electrons move in such a way as to set up a field that opposes the ap-

plied field. Diamagnetism is a very weak effect and in some materials it cannot

be observed due to a much stronger type of magnetism. One of the other types is

paramagnetism, which occurs in materials that have unpaired electrons with mag-
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netic moments that interact too weakly to order. When a magnetic field is applied

to such a material the magnetic moments align with the applied field. Finally, the

third type of behaviour is magnetic ordering.

1.5.1 Types of Magnetic Order

There are a number of types of magnetic ordering that occur in materials. Simplest

to describe is ferromagnetism, in which all of the magnetic moments in the material

point in the same direction, giving the entire material a net magnetic moment (this

is not always apparent due to magnetic domains, which are not discussed here). In

antiferromagnetic materials the alignment of the magnetic moments is ordered, but

in such a way that all of the moments cancel each other out and there is zero net

magnetic moment. A ferrimagnet is similar to an antiferromagnet in that not all of

the spins point the same direction, but the net moment of all of the spins is not zero.

A simple ferrimagnet can be though of in the same way as an antiferromagnet, but

with the oppositely aligned moments having a different magnitude. More complex

types of magnetic order can occur, such as helical order, where layers of magnetic

moments are rotated from each other, with a constant angle of rotation between

the layers.

1.5.2 Antiferromagnetic Structures

All of the materials discussed in this work are antiferromagnets. There are a number

of different types of antiferromagnetic structure and some of these will be discussed

later in this thesis. Some examples of structures that can exist on a simple cubic

lattice are shown in the upper half of Fig. 1.5.[15] The only structure where there is

an anti-parallel alignment between every ion is the G-type magnetic structure. The

A-type structure has ferromagnetic layers that are coupled antiferromagnetically,
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Figure 1.5: Some examples of magnetic structures. All of these were originally
observed in a cubic lattice by Wollan and Koehler.[15] Only one layer of a CE-
type magnetic structure is shown. The magnetic structure is super imposed on
the charge-orbital structure discussed earlier. The dotted line marks one of the
ferromagnetic zigzag chains that runs through the CE-type structure.

while C-type was ferromagnetic rods that are coupled antiferromagnetically. Also

shown is the ferromagnetic structure, which was referred to as B-type in the original

work by Wollan and Koehler.[15]

Much more complicated antiferromagnetic structures do exist. One with par-

ticular relevance is the CE-type magnetic structure. This structure appears in

MnO2 layers of half-doped manganites. In a system that displays the charge-

ordered/orbital-ordered shown in Fig. 1.2, ferromagnetic double exchange occurs

along the zig-zags of the ordered 3d3z2−r2 , while antiferromagnetic superexchange

occurs between the zigzags. This CE-type structure is shown in lower part of Fig.

1.5.
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1.6 Magnetic Excitations

At non-zero temperatures, magnetic structures have excitations. These are anal-

ogous to the excitations of a crystal lattice, i.e. phonons. The excitations of the

lattice propagate through the crystal obeying a material dependent dispersion re-

lationship. In magnetic structures, the excitation is a magnon, a magnetic spin

reorientation that moves through the lattice as a spin wave.

1.6.1 Spin Waves

Figure 1.6: The left panel shows an example of a one-dimensional ferromagnet and
the right shows a magnon in this system (circled).

Quantum mechanically, a spin wave is a flipped spin in the magnetic lattice,

shown in Fig. 1.6 for a simple 1D ferromagnet. This spin can disperse throughout

the lattice from its original position. The energy to cause this excitation is related to

the magnetic exchange constant J in equation 1.1. If the entire spin wave dispersion

of a magnetic structure can be measured, it is possible to determine the strength

of the magnetic interactions present in the material. A discussion of spin waves in

both ferromagnets and antiferromagnets is given by Kittel. [25]

1.7 Colossal Magnetoresistance

The most dramatic effect in the physical properties of manganites is known as colos-

sal magnetoresistance (CMR). Magnetoresistance is the change in the resistance of a

material when a magnetic field is applied, but is usually quite a small effect, chang-
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ing the resistance of the material by a few percent. However, the complex magnetic

and electronic properties of doped perovskite-structured manganites creates an en-

vironment in which a much larger magnetoresistance effect can be observed. In

the complex magnetic phases observed in materials with intermediate doping, an

applied magnetic field forces all of the magnetic moments to align. This forces the

interactions between neighbouring magnetic ions to favour aligning with each other,

meaning that double exchange is now the energetically favoured exchange interac-

tion. As discussed earlier, double exchange allows for increased electron mobility

and therefore a lower resistance. When CMR is observed in manganites, what is

occurring is a phase change from an antiferromagnetic insulator to a ferromagnetic

metal. The two states are energetically similar and the applied magnetic field is

enough to shift the balance between the two.

The problem is not quite as simple as this for a number of reasons. The charge

carriers in these materials are not simple electrons. When an electron transfers

between two Mn sites in CMR manganites, it can change an Mn4+ ion to an Mn3+

ion. As mentioned earlier, Mn3+ ions are Jahn-Teller ions and therefore, when an

electron moves in the material, a lattice distortion moves with in. This combination

of an electron and lattice distortion moving together through a material is usually

referred to as a polaron, and it is the polaron that complicates the understanding of

the electronic properties of the material. The complexity of the antiferromagnetic

insulating phase is not entirely understood and it is not clear how valid double

exchange is for describing the metallic state. These key components of the theory

of CMR manganites means that this is still an important topic of research. There

are many reviews on CMR which give summaries of the experimental[7, 8] and

theoretical[26, 27] discoveries so far, as well as the many outlying questions in this

field.[10]



18 Chapter 1. Introduction to the Physics of Manganites

1.8 Multiferroics

Multiferroics are a class of material that exist with more than one type of ferroic

ordering. Typically this refers to a material being both magnetically ordered and

spontaneously electrically polarised, the latter of which is called ferroelectric. There

are other types of ferroic ordering, such as ferroelasticity, but these are not relevant

to this discussion. The field of multiferroics has been of much interest recently, due

the discovery of materials that display a much higher degree of interaction between

the magnetic and electronic ordering than had been previously observed.[16, 28]

Multiferroics are usually categorised by their ferroelectric properties, usually

being classified as proper or improper ferroelectrics.[2] Proper ferroelectrics are ma-

terials where the electrically polarised state is energetically favourable and the main

driving force for the ferroelectric state to occur. Most known proper ferroelectrics

are not magnetic (therefore not multiferroic). The polarisation mechanism in a

proper ferroelectric material such as BaTiO3 is due to the non magnetic Ti ion’s

empty d-orbitals bonding with neighbouring O ions. This causes the Ti to shift in

the crystal structure, leading to a polarisation. This mechanism does not allow for

any magnetism in the system, as it only occurs because the d-orbitals are empty.

An example of a multiferroic material that is a proper ferroelectric is BiMnO3, but

here the ferroelectricity is caused by a displacement of the Bi 6s electrons, whilst

the magnetism appears on the Mn sites. Therefore, in materials such as BiMnO3,

the magnetism and electrical polarisation are effectively decoupled physical effects

occurring at different locations in the structure.

Multiferroics that are improper ferroelectrics tend to display a much higher con-

nection between the magnetism and ferroelectricity. An improper ferroelectric is one

that polarises as a secondary effect of another feature in the system. An introduc-
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tion to the most important of these is discussed in the review articles by Cheong et

al.[28] and Khomskii.[2] One such effect that can lead to an improper ferroelectric is

a structural transition that induces a polarisation (such as in hexagonal RMnO3)[29]

or a charge-ordering transition, where the charges order in a non-symmetric fashion,

inducing an electrical polarisation in a material, as propoesd for LuFe2O4.[30]

One other class of improper ferroelectric multiferroic is one where the electrical

polarisation is induced by the magnetic ordering.[16] The discovery of this class of

multiferroic has stimulated the recent resurgence of research in this field. One type

of magnetic ordering that can lead to an electrical polarisation is a magnetic spiral

or cycloidical state. In such states, the inverse Dzyaloshinskii-Moriya interaction

between two neighbouring spins can cause a slight displacement to a neighbouring

O ion, inducing a polarisation.[31] Another magnetic interaction that can induce

polarisation is exchange-striction.[32] In complicated magnetic structures, it is pos-

sible for the exchange interaction to cause a displacement of the magnetic ions, if it

will reduce the energy of the system. This displacement of ions in a non-symmetric

way again leads to the electrical polarisation in the materials.

It is for multiferroics in which the magnetism induces the ferroelectric ordering

that the largest coupling between these two degrees of freedom is observed. Re-

gardless of the precise mechanism that causes the polarisation, it is clear that this

phenomenon only exist in materials with a very complicated magnetic structure,

and so it is essential to have a good understanding of the magnetic properties of

these materials in order to establish the interactions that lead to the multiferroic

behaviour.
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1.9 Structure of the Remainder of this Thesis

This thesis contains three separate studies into materials that are connected to the

physical effects mentioned in this chapter. The experimental techniques used in

the course of these projects are introduced in chapter 2. This covers the basic the-

ory and important experimental considerations of neutron scattering and resonant

magnetic x-ray scattering, the two techniques that were used for the majority of

the experimental work in this thesis.

The first of the three studies is presented in chapter 3 and is a neutron scatter-

ing investigation of the bilayered-manganite Pr(Sr0.1Ca0.9)2Mn2O7. This material

shows the CE-type magnetic structure that is observed in many half doped mangan-

ites. A number of theories exist as to what is the true electronic ground-state of the

CE-type magnetic structure. Theoretically, the different electronic structures give

different spin wave spectra, therefore the full inelastic neutron scattering spectrum

for Pr(Sr0.1Ca0.9)2Mn2O7 was measured and analysed to determine which electronic

ground state is present in the CE-type magnetic structure of this material.

In chapter 4 a polarised neutron scattering study of a half-doped single layered

manganite is presented. This investigation explores a slightly different aspect of

the electronic and magnetic structure of the CE-type magnetic phase, whether the

O site within the MnO2 layer is magnetic, which would imply that the O ions do

not have the expected charge of -2. A detailed study of the determination of the

crystal structure of two samples of LaxSr2−xMnO4 is presented, the results of which

are used to investigate the magnetic structure factor of the samples. The magnetic

structure factor was determined using the method of flipping ratios. The results

of the experiment were analysed using the maximum entropy method to determine

the magnetisation distribution in the samples of LaxSr2−xMnO4.
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The final chapter of this thesis presents a study of the magnetic structure of the

multiferroic DyMn2O5 using resonant magnetic x-ray scattering. DyMn2O5 shows a

particularly large electrical polarisation for a magnetoelectric multiferroic material,

the largest observed in a manganite, but the magnetic structure of this material

in the ferroelectric phase is poorly understood. Therefore two resonant magnetic

x-ray scattering experiments, one using hard x-rays and the other using soft x-rays,

were performed to examine this magnetic structure.





Chapter 2

Experimental Techniques -

Neutron Scattering, Resonant

Magnetic X-ray Scattering and

Bulk Property Measurements

The range of experimental techniques used in studies of condensed matter physics is

large and ever expanding. A selection of these techniques were used in the research

presented in this thesis. The majority of the experiments in chapters 3 and 4 of

this thesis use neutron scattering, a now very well developed and well understood

technique that has many applications within and outside of correlated electron

physics.[33, 34] Therefore, a significant part of this chapter is an introduction to

the important aspects of neutron scattering that are relevant for the rest of this

thesis. A newer technique was used as the main part of the final chapter in this

thesis, resonant magnetic x-ray scattering. X-ray scattering has been used in a

variety of fields for some time, but only relatively recently has it been used to

directly research magnetism [35]. The interaction between x-rays and magnetic

moments is very weak, but new techniques involving both energy resonances in



24
Chapter 2. Experimental Techniques - Neutron Scattering, Resonant

Magnetic X-ray Scattering and Bulk Property Measurements

the magnetic materials and intense x-ray sources have made studying magnetism

with x-rays a reasonable alternative to neutron scattering. The second part of this

chapter will cover the important aspects of x-ray scattering, including resonant

magnetic x-ray scattering. Finally a number of measurements have been made of

the bulk properties of the materials studied in this thesis and the techniques used

for bulk measurements are explained in the final part of this chapter.

2.1 Introduction to Neutron Scattering Theory

The neutron was discovered by James Chadwick in 1932 [36] and as early as 1936 it

was shown [37, 38] that thermal neutrons had a wavelength similar to that of inter-

atomic distances in condensed matter. Large numbers of free neutrons were being

produced in the world’s first nuclear reactor by 1942 and the earliest neutron scat-

tering experiments, usually by crystallographers, were being performed on research

reactors not long after this.[34] Neutron sources dedicated to providing neutrons for

scattering experiments were later built as it was realised how many different useful

measurements could be performed using this technique.

Neutron scattering as a technique is dependent on the way that a neutron in-

teracts with matter and there are a number of properties of neutrons that make

it a useful particle for such scattering experiments.[33] Neutrons traveling at the

velocities used in the experiments described in this thesis tend to have a wavelength

similar to that of the interatomic spacing meaning it is well suited to detecting these

features. Neutrons, as suggested by their name, are electrically neutral, meaning

that neutrons will not interact with the electrons or the electrical charge of nuclei

when they are passing through a solid, allowing them to penetrate quite far into

a material. This means that neutron scattering is a probe of the bulk of a mate-
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rial, instead of just the surface, as is the case in an electron diffraction experiment.

However, the neutron does have a magnetic moment. This means the neutron has

two ways of interacting with matter, via the strong nuclear force when it comes

close to nuclei or by the electromagnetic force when the neutron interacts with a

magnetic moment within the material, such as that arising from the spin of an un-

paired electron. The magnetic moment of the neutron is what makes it a vital tool

in understanding the magnetic characteristics of materials at the atomic scale.

To characterise the interaction between a neutron and what it is scattering from,

it is important to understand the concept of the scattering cross-section. There are

three important cross-sections. The first is known as the total scattering cross-

section, defined as

σtot =
(total number of neutrons scattered per second in all directions)

Φ0
(2.1)

where Φ0 is the flux of the incident neutrons. It is useful to know the number of

neutrons incident in a certain angular direction and this is characterised by the

differential cross-section

dσ

dΩ
=

(total number of neutrons scattered per second into dΩ in the direction θ, φ)

ΦdΩ

(2.2)

where dΩ is the solid angle in the direction θ, φ, the spherical polar coordinates.

This is the cross-section that is usually measured in elastic neutron scattering (where

the neutron does not change energy during the scattering process). The final cross

section takes into account the energy of the scattered neutrons in a certain direction.
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This is called the partial differential cross-section,

dσ

dΩdEf
=


Total number of neutrons scattered

per second into dΩ in the direction θ

φ with an energy between Ef and Ef + dEf


ΦdΩdEf

(2.3)

where Ef is the final energy of the neutron after it has scattered. This cross-section

is usually measured in inelastic neutron scattering, where the neutron does change

energy during the scattering process. The calculation of these cross-sections is

essential in the analysis of data from neutron scattering experiments and the theory

of neutron scattering has accounted for these terms for every type of experiment.

Another important term in neutron scattering is known as the scattering length.

A neutron is thought of as a plane wave with the wave function,

ψi = eikz (2.4)

where the neutron’s wavenumber k is related to its wavelength λ by k = 2π/λ.

After the neutron interacts with a nucleus via the strong nuclear force, its wave

function becomes a spherical wave in addition to the incident wave,

ψf ' −b
eikz

r
+ eikz (2.5)

where r is the distance from the nucleus and b is the scattering length. There

is a negative sign in this equation so that the majority of scattering lengths for

the different elemental nuclei have a positive value of b. The scattering length

cannot be calculated without a complete theory of the strong nuclear force, so it

has to be determined empirically. If the scattering length is complex, this means
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the nucleus can absorb neutrons. It should be noted that different isotopes of

the same element can have completely different values for b. This idea can be

expanded to include magnetic scattering, which arises from the interaction between

the magnetic moment of the neutron and the magnetic moment distribution of an

unpaired electron, giving a magnetic scattering length.

When a neutron undergoes a scattering event, the energy and momentum of the

scattering system must remain the same. The energy transferred from the neutron

to the scatterer, sometimes given as the angular frequency ω,

ET = ~ω = Ei − Ef (2.6)

and momentum (p) transferred (expressed here as the wavevector i.e. k = p/~),

kT = Q = ki − kf (2.7)

where i refers to the initial state of the neutron and f its final state. The momentum

transferred is usually denoted, Q and referred to as the scattering vector. Scattering

can be classified as one of two types depending on whether ET = 0, when ET equals

zero there is elastic scattering and when ET is non-zero there is inelastic neutron

scattering.

2.1.1 Elastic Neutron Scattering

In elastic neutron scattering, | ki |=| kf | and the scattering vector Q has to be

equal to a reciprocal lattice vector of the sample, H for constructive interference

in a perfect crystal. The reciprocal lattice vector is often defined in terms of the

Miller indices h, k and l such that, H = ha∗ + kb∗ + lc∗, where a∗, b∗ and c∗ are

the unit vectors of the reciprocal lattice. It can be shown that,[33]
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|Q| = 2|ki| sin θ (2.8)

where 2θ is the scattering angle. This is most commonly known as Bragg’s Law

and can also be expressed in the familiar form,

nλ = 2d sin θ (2.9)

where n is an integer, λ the neutron wavelength and d the distance between two

atomic layers in the material (d = 2π/|Q|).

The total cross-section for elastic scattering, of all types, can be expressed as a

sum of the intensities,[39]

σ = Inuclear + Imagnetic + Iinterference + Ichiral (2.10)

where the first term is the contribution from a lattice of nuclei, the second term is

from the magnetic moment distribution in the lattice, the third term is the magnetic-

nuclear interference term and the final term is known as the chiral term, which is

only non-zero for certain complicated magnetic structure, e.g. a helicoidal magnetic

structure. The third and fourth terms are only relevant in polarised neutron scat-

tering experiments and the third term will be discussed in a later section. The

fourth term is outside the scope of this thesis as no chiral magnetic structures have

been studied.

2.1.2 Elastic Nuclear Scattering

In equation 2.10, the nuclear term only refers to the coherent scattering from a

nucleus and it is this term that is of interest in a measurement of the crystal structure
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of a material. The neutron can also scatter incoherently giving rise to an isotropic

background in the data. For some nuclei the incoherent term can be very large

giving a high background. One such example is vanadium, where the scattering is

almost entirely incoherent, giving a nearly isotropic elastic scattering signal. This

makes it useful for calibrating detectors.

Coherent elastic scattering in crystals only occurs when the scattering vector

is equal to a reciprocal lattice vector, as this is the requirement for constructive

interference in the scattering. The coherent nuclear elastic differential cross-section

for a given scattering vector is,

dσ

dΩ
= N0

(2π)3

V0

∑
H

δ(Q−H)|FN (Q)|2 (2.11)

where N0 is the number of unit cells the neutrons interact with, V0 is the volume

of a unit cell and the nuclear structure factor,

FN (Q) =
∑
j

bje
iQ.rje−Wj(Q,T ) (2.12)

which sums over all the atoms j in the unit cell, with rj the position of atom

j, bj the scattering length of atom j and e−Wj(Q,T ) the Debye-Waller factor of

the atom j. The Debye-Waller factor is a function of temperature and scattering

vector and it takes into account the small thermal fluctuations in the position of

an atom. The Debye-Waller factor represents the probability that the atom will be

in its equilibrium position during the scattering process. Derivations and further

discussion on these equations is given in many books on neutron scattering.[33]
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2.1.3 Elastic Magnetic Scattering

The second term in equation 2.10 is due to the interaction of the magnetic moment

of the neutron with the magnetic moment arising from unpaired electrons in the

sample. Since the magnetic ions form a lattice superimposed on the nuclear lattice,

there are a number of similarities between the two cross-sections. The main differ-

ences arises from the fact that the magnetic moment of an electron in a material has

a large distribution of its scattering potential, unlike a nucleus which only scatters

when the neutron is very close to it. Another difference is that a neutron only scat-

ters from a magnetic moment when that moment is aligned perpendicular to the

scattering vector Q. The differential cross-section for elastic magnetic scattering is

written as,

dσ

dΩ
= Nm

(2π)3

V0

∑
H

δ(Q−H)|FM⊥(Q)|2 (2.13)

where Nm is the number of magnetic ions, V0 the volume of the sample, the delta

function is zero unless the scattering vector Q is equal to a reciprocal lattice vector

of the magnetic lattice H and,

FM⊥ = Q̂× FM × Q̂ (2.14)

where FM is the magnetic structure factor, which in the dipole approximation is,

FM = γr0
∑
j

fj(Q)µje
iQ.rje−Wj(Q,T ) (2.15)

with γ = 1.9132 the gyromagnetic ratio, r0 = 2.8×10−15m the classical radius of the

electron and µj the magnetic moment of the jth ion. These two equations demon-

strate that scattering from a magnetic ion only occurs when there is a component
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of the magnetic moment perpendicular to the scattering vector.

The magnetic structure factor is the Fourier transform of the magnetisation

density (M) in a unit cell.

FM (Q) =

∫
M(r)eiQ.rdr (2.16)

with the integral performed over the entire magnetic unit cell. This means that at

Q = 0, F(0) =
∫

M(r)dr, the total magnetic moment of the unit cell.

2.1.4 Polarised Neutron Scattering

Elastic polarised neutron scattering can be used to measure magnetic densities with

better accuracy than normal methods. The polarisation of a neutron is defined as

the direction that the neutron spin is pointing. If a neutron beam has a mixture

of n+ neutrons in a spin up state and n− neutrons in a spin down state, then the

polarisation of the beam is given as,

P =
n+ − n−
n+ + n−

(2.17)

Therefore, for a fully polarised beam P = ±1, whereas for an unpolarised beam

P = 0. This definition of P is only meaningful in an experiment where there is only

one polarisation axis. Experiments can be performed with polarisation in all three

cartesian directions, but this is outside the scope of this thesis.

High accuracy measurements of ferromagnetic ordering can be performed with

just one polarisation axis by the method of measuring flipping ratios. Magnetic

Bragg peaks from ferromagnetic structures appear at the same scattering vector as

nuclear peaks; this means the intensity of these features is the sum of the nuclear

scattering intensity, magnetic scattering intensity and the nuclear-magnetic inter-
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ference term, or simply the first, second and third terms from equation 2.10. The

fourth term, the chiral term, is also relevant for certain magnetic structures, but no

such structure was studied in this thesis and this term is ignored.

If the incident beam is fully polarised, Pi = ±1, for example, along the z-

axis, then the flipping ratio, or the ratio of the intensity of scattering for incoming

positively polarised neutrons to the intensity of scattering for incoming negatively

polarised neutrons,[40]

R =
I+z
I−z

=
FNF

∗
N + FM⊥.F

∗
M⊥ + (FNF

∗
M⊥z + F ∗NFM⊥z)

FNF ∗N + FM⊥.F
∗
M⊥ − (FNF ∗M⊥z + F ∗NFM⊥z)

(2.18)

Here FM⊥z is the component of FM⊥ parallel to the z-axis. This can be simplified

under the following conditions, both of which are relevant for this thesis. Firstly,

if the crystal structure is centrosymmetric then all of the terms of equation 2.18

are real. Secondly, if the magnetisation (and therefore FM ) is fully aligned along

the z-axis then FM⊥, FM⊥z and FM are connected by the angle α between the

scattering vector and the z − axis by the equations,

FM⊥z = FM sin2 α, (2.19)

|FM⊥|2 = |FM |2 sin2 α. (2.20)

These results mean that,

R =
F 2
N + 2FNFM sin2 α+ F 2

M sin2 α

F 2
N − 2FNFM sin2 α+ F 2

M sin2 α
. (2.21)

Measurements made in this thesis are all obtained with α ∼ 90◦, which leads to

further simplification and R can be written as
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R =
(FN + FM )2

(FN − FM )2
. (2.22)

It is now very easy to see the advantage of this method of measuring FM in a

ferromagnet with a known FN . There is a much higher sensitivity to FM using

polarised neutrons compared to a measurement with unpolarised neutrons. For

example, if FM = 0.1FN and a measurement of FM is performed using unpolarised

neutrons,

I = F 2
N + F 2

M = F 2
N + (0.1× FN )2 = 1.01F 2

N . (2.23)

However, measuring the flipping ratio with polarised neutrons gives,

R =
(FN + 0.1FN )2

(FN − 0.1FN )2
=

1.21F 2
N

0.81F 2
N

. (2.24)

This means the difference in measured signal between FM being present or not in the

unpolarised neutron measurement is 1%, but using polarised neutrons to measure

the flipping ratio the difference is 49%.

This method only works for ferromagnets, where there is interference between

the magnetic and nuclear scattering. However, it is possible to induce a ferro-

magnetic moment on an antiferromagnetic or paramagnetic material by applying a

large magnetic field, allowing this method to be used to study the magnetisation

distribution in these types of materials.

2.1.5 Inelastic Neutron Scattering

It is possible for scattering to occur such that ET 6= 0 and this is known as inelastic

scattering. One possible mechanism for this is for the neutron to exchange energy
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into the crystal lattice and create a quantum of vibrational energy, known as the

phonon. It is also possible for the neutron to absorb a phonon and therefore take

energy from the lattice. However, the process of neutron absorbing a phonon is

much less likely than the process of it creating one; this is due to the number of

phonons of energy ω,

nj(ω) =
1

eβ~ωj − 1
, (2.25)

where β = 1
kBT

, being low for any experimentally realistic temperature.

2.1.6 Magnetic Inelastic Neutron Scattering

A neutron can also cause an excitation to an ordered magnetic lattice, called a

magnon. In this case the neutron generates a magnetic excitation, such as one

of the spins in the lattice to flip, see section 1.6. The number of magnons in the

ground state at low temperatures, by the same reasoning as equation 2.25, means

that the neutron almost always loses energy to create a magnetic excitation, rather

than to absorb energy from one. Mapping out the excitations of the magnetic

structure gives important information on the strength of the interactions between

two magnetic ions. Magnons typically have an excitation energy similar to the

energy of a thermal neutron (although this can vary), meaning neutron scattering

is a suitable tool for measuring the excitation spectrum of a magnetic lattice.

The partial differential cross-section for magnetic inelastic scattering may be

written in the dipole approximation as,

dσ2

dΩdE
= (

γr0
2

)2f2(Q)e−2W (Q,T ) ki
kf
S(Q, ω) (2.26)

where S(Q, ω) is known as the response function, which is given by,
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S(Q, ω) =
∑
αβ

(δα,β − Q̂αQ̂β)Sαβ(Q, ω) (2.27)

where α and β refer to two of the cartesian axes x, y and z, and Sαβ(Q, ω) the

space and time Fourier transforms of the time-dependent spin correlation function.

The time-dependent spin correlation function is simplified when only the excitations

created are considered, it can be expressed as,

Sαβ(Q, ω) =
∑
λ

〈0|Sα†(Q)|λ〉〈λ|Sβ(Q)|0〉δ(~ω − E0 − Eλ) (2.28)

where |0〉 is the ground state of the system, with energy E0, the sum is over all

possible eigenstates |λ〉, with energy Eλ and Sα(Q) is the Fourier transform of

the α-component of the spin Sαj . It is the response function that contains the

information of the spin wave model of the system.

2.1.7 Absorption

Measuring the intensity of the neutrons reaching the detector does not necessarily

give an accurate measurement of intensity of the neutron scattering. Before or after

a neutron has scattered it is possible for it to be either absorbed by a nucleus or for it

to incoherently scatter, thus reducing the intensity of the scattered beam.[34] These

two effects have a similar effect on the diffracted signal and are usually referred to

as the absorption. Absorption is characterised by the equation,

I = I0e
−µr (2.29)

where I is the intensity of the neutrons that have passed through a material with

absorption coefficient µ, for a length r and I0 the beam intensity at r = 0. The
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absorption coefficient for a sample containing n different elements is,

µ = N
n∑
i=1

ciσai (2.30)

where N is the number of atoms per unit volume, ci is the fraction of the ith

element and σai is the sum of the absorption cross-section of the element i and the

cross-section of the absorption due to incoherent scattering.

In practice the absorption is usually determined when fitting the data from a

diffraction experiment. For small crystals, usually less than 1mm, absorption can

generally be ignored.

2.1.8 Extinction

Extinction is another effect which can cause the reduction of the measured neu-

tron beam intensity.[34] The mechanism causing extinction and the effect it has on

diffraction patterns are quite different from those due to absorption. Extinction is

caused by the beam being more intense in the part of the crystal closest to the beam

source, because neutrons will be scattered from the first few atomic planes. There-

fore, further into the crystal, there is a lower intensity of neutrons that can scatter

from the crystal. Extinction is most noticeable on very strong peaks, where a large

percentage of the beam will be diffracted in the first few atomic layers of the crystal,

meaning the rest of the crystal has a shortage of neutrons with which diffraction

can occur. Similarly to absorption, extinction has to be treated empirically and

accounted for when fitting data.
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2.2 Neutron Scattering Experiments

To conduct neutron scattering experiments, the first thing that is required is a beam

of neutrons with the correct characteristics for the experiment. An overview of all

of these topics can be found in the book by Willis and Carlile.[34] More detailed

accounts can be found in a large number of other sources.

There are currently two main ways of producing neutron beams suitable for

neutron scattering. These are; the creation of excess neutrons during a nuclear

fission chain reaction or by the spallation of high energy protons interacting with

nuclei of heavy elements. Neutrons from these reactions have a wide range of

energies, whereas for many experiments it is better to have the majority of neutrons

to have an energy within a certain band. To achieve this, a neutron moderator

can be used to get all of the neutrons into the required temperature range. For

some experiments only one value of neutron energy is required, this can be set

by a monochromator crystal or a chopper, depending on the instrument. Another

characteristic of the neutron beam that can be modified is the polarisation of the

beam. Finally, the beam has to be measured using a detector to get information

about the experiment.

2.2.1 Neutrons from Nuclear Reactors

Nuclear reactors produce neutrons from the nuclear fission of a fissile material. An

equation for a common reaction in modern research reactors would be,

235U + n = 2.4n+ fission fragments + 192.9MeV (2.31)

where a combination of 235U (a fissile isotope) and a neutron n, gives excess neutrons

out, as well as unwanted radioactive products of lower mass and a significant amount
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of energy. The excess neutrons can cause further fission events or can escape the

reactor. In a research reactor designed to maximise the neutron flux, the reactor

is configured to allow as many neutrons as possible to leave the reactor whilst

maintaining a chain reaction. Reactor sources have been in use for many years and

their neutron output has long since been optimised. Reactors give a reliable and

steady flux of neutrons to experiments. The reactor source used for work in this

thesis is at the Institut Laue-Langevin (ILL) in Grenoble.

2.2.2 Neutrons from Spallation Sources

Spallation sources are newer than reactor sources and have the long term potential

to produce higher neutron fluxes. The mechanism for producing neutrons involves

a high energy proton entering a target made of a heavy metal. The proton interacts

with nuclei in the target by going through a cascade reaction, where it briefly joins

a nucleus and is then ejected and able to interact with more nuclei in the same

way. After the proton has left the nucleus, the nucleus is in an excited state and

to return to its ground state it undergoes neutron evaporation, where low energy

neutrons leave the nucleus. A single incident proton can produce 20-40 neutrons

through a series of cascade and evaporation events.

There are number of methods that can be used to create the high energy pro-

tons used in spallation. The experiments in this thesis that were performed at a

spallation source, were all conducted at the ISIS facility at the Rutherford-Appleton

Laboratory in Oxfordshire, so the method used here will be described in further de-

tail. An ion source produces H− ions, which are accelerated in a linear accelerator

injector towards an alumina foil, where the ions are stripped of their two electrons,

leaving a proton. The protons are then injected into a synchrotron, where they ro-

tate in pulses. Protons are extracted from this ring and directed towards the target,
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a series of tantalum discs, where the spallation occurs. The protons are produced

in short, intense pulses at 50Hz, allowing time of flight measurements to be made

between pulses.

Alternatively, by using a cyclotron instead of a synchrotron (such as at SINQ,

at the Paul Scherrer Institute in Switzerland), a constant stream of protons can be

produced, meaning the spallation occurs continuously and resulting in a constant

neutron beam for the experiment.

2.2.3 Moderators

Typical energies of neutrons leaving a neutron source tend to be in the range of

1MeV, whereas for most experiments they should have an energy around 0.1 to

100meV. to achieve this a neutron moderator must be used. A moderator is main-

tained at a constant temperature and neutrons enter thermal equilibrium with the

moderator as they pass through it. Typical experiments are performed with mod-

erators at room temperature, around 300K. However, to access longer wavelengths,

it is preferable to use a cold moderator, such as liquid hydrogen kept at 20K. For

shorter wavelengths a hot moderator can be used, such as a block of graphite kept

at 2400K.

2.2.4 Monochromators

The simplest method of getting a monochromatic beam is simply to diffract the

polychromatic neutron beam from a single crystal sample at an angle θ, such that

only wavelengths that satisfy the Bragg equation nλ = 2d sin(θ) will diffract. This

can leave multiple orders of wavelengths satisfying different values of n and diffrac-

tion orders other than the required one must be suppressed, such as by use of

resonant absorbers.
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2.2.5 Choppers

There are a number of different types of choppers used at neutron sources around

the world, but of most relevance in this work is the Fermi chopper, which were used

during experiments performed at ISIS. These choppers are useful on pulsed neutron

sources, because neutrons of different energies within a pulse travel at different

velocities. A Fermi chopper is a cylinder of neutron absorbing material with slots

of neutron transmitting material running through it. The chopper spins around its

cylindrical axis, perpendicularly to the neutron beam. When the transmitting slots

are parallel to the beam, neutrons are let through. As the chopper is spinning very

quickly, only neutrons in a narrow velocity band can actual go through the slots

while they are open, resulting in an essentially monochromatic pulse of neutrons.

2.2.6 Polarising Neutrons

Neutron beams can be polarised by using Bragg peaks in ferromagnetic crystals

where the nuclear scattering has the same strength as the magnetic scattering.

Usually a magnetic field is applied to ensure that all of the material is ferromagnetic,

overcoming domains in the sample. Using the first three terms in equation 2.10

and the condition that FN = FM for the Bragg peaks being used to polarise, the

scattering cross-section

σ = F 2
N + F 2

M − 2PiFNFM (2.32)

Therefore any neutrons which have Pi = 1 have a scattering cross-section σ = 0

and are not diffracted. Only neutrons with Pi = −1 are scattered, resulting in a

fully polarised beam.

Once a polarised neutron beam has been created, it can be manipulated to
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change the polarisation direction of the neutrons. A small magnetic field, called

the guide field, must be applied to keep the neutrons polarised along the whole

flight path. If the guide field is varied adiabatically the magnetic moment of the

polarised neutrons can be altered. A device known as a spin flipper reverses a

neutron’s polarisation; this is useful in an experiment that measures the flipping

ratio of neutrons.

2.2.7 Neutron Detectors

One of the advantages of neutrons as a probe is their ability to penetrate deeply into

most materials due to their weak interaction with matter. This has the side-effect

of making them quite difficult to detect directly. One common type of detector is a

gas detector. These detectors work by having a gas containing nuclei that readily

undergoes neutron capture reaction. One suitable nucleus is the increasingly hard

to come by 3He, which combines with a neutron to form tritium and a proton. The

electrical signal from the proton can be easily detected if the gas is confined to a

cell with proton detection electronics inside it.

Alternatively a scintillator can be used. When a neutron capture event occurs in

6Li it emits a burst of light which causes ionizing secondary particles to be formed

which are easily detected.

Beam monitors are a special type of detector designed to interact with a small

percentage of the total beam, typically < 1%. These pick up the intensity of the

incoming beam, which is important for getting accurate intensities of peaks. Beam

monitors can be a sparse medium of 235U ions that undergo fission when they

interact with a neutron and the fission products can be easily detected. Another

typical monitor is a low efficiency gas detector. A well designed monitor must let

most of the neutrons pass, or else it will decrease the intensity of the beam falling
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on the sample.

2.3 Neutron Instruments

Neutrons are a very versatile tool for probing matter, so many different types of

instruments have been developed for the variety of experiments that can be per-

formed. In this section the most relevant instruments to this thesis will discussed.

Much of the information about the instruments can be found in references about the

example instruments mentioned in this chapter. The book by Willis and Carlile,[34]

covers a number of the instrument types discussed here.

2.3.1 Two-Axis Diffractometer

A very simple diffractometer that is suitable for some measurements is a two axis

diffractometer.The sample must be mounted with the scattering plane to be inves-

tigated in the plane of the neutron beam and detector. The first axis controls then

incoming wavelength and the second axis controls the scattering angle by changing

θ (sample rotation) and 2θ (the scattering angle). A diffractometer similar to this is

D3 at the ILL, which has a large magnet mounted around the sample axis. The only

difference is that the detector on D3 can be lifted out of the scattering plane by a

small amount, this means that the detector position in the plane of the experiment

is not actually 2θ. Two new angles are introduced, ω, the angular position of the

detector to the experimental plane and γ, the angle the detector is lifted out of the

plane. A diagram showing D3 is shown in Fig. 2.1
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Figure 2.1: An overhead plan of the instrument D3 at the ILL. This instrument
is designed to provide beam of polarised neutrons incident on the sample. In this
set up the sample is inserted in a cryostat and a large magnetic field can also be
applied.

2.3.2 Four-Circle Diffractometer

A standard instrument for monochromatic diffraction experiments is the four-circle

diffractometer. As the name suggests these instruments have four different axes of

rotation, shown in Fig. 2.2. The three rotations θ, χ and φ are coupled, with φ

sitting on χ, which in turn sits on θ. Together these three angle form an Eulerian

cradle. The angle 2θ is the diffraction angle and is independent from the other three

rotations, usually it is the position of the detector. By manipulation of the sample

alignment using the first three angles it is possible to measure diffraction peaks in

most of reciprocal space.

Two four-circle neutron diffraction instruments were used in the course of this

study, instruments D9 and D10 at the ILL. The only small variation on these

instruments from the standard four-circle diffractometer is that they have a small

two-dimensional detector. This has the advantage of making peaks slightly easier
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Figure 2.2: A sketch of a typical four circle diffractometer, showing the four rota-
tions available. These are the φ, χ, θ and 2θ rotations.

to find and the ability to measure a true integrated intensity of the entire peak as

opposed to measuring a line across the maximum intensity.

2.3.3 Time-of-Flight Diffractometer

A different way of measuring a diffraction signal can be used at a pulsed neutron

source, making use of the fact that neutrons of different energies travel at different

velocities. The crystal is mounted such that the scattering plane to be investigated

is in the same plane as the beam and the detector. When a pulse of white neutrons

is incident upon the crystal, neutrons can scatter from every possible scattering

wave vector. This is similar to a simple Laue method experiment, with the main

difference that the time of arrival of the neutron at the detector gives information

on the neutron wavelength. Since the neutron position and wavelength are known, a
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full picture of the scattering plane can be constructed easily. This technique can be

used to observe scattering vectors that are not observed at Bragg positions. With

the previous methods, it is hard to build up a picture of the whole scattering-plane

using a point detector or a small area detector. An instrument of this type used for

neutron diffraction in this way for work in this thesis is the now decommissioned,

PRISMA at ISIS.

2.3.4 Time-of-Flight Spectrometer

A time-of-flight spectrometer can also be used to measure the energy spectrum of

excitations in crystals. These instruments work by measuring the time of arrival of

a neutron at the detector after a pulse has interacted with the sample. An incoming

pulse of white neutrons is made monochromatic by use of a Fermi chopper. The

monochromatic pulse of neutrons then interacts with the sample and the neutrons

are scattered. Any neutrons that cause an excitation in the sample, such as a

phonon or magnon, will have lost energy and therefore travels more slowly. By

measuring the time and position that a neutron reaches a detector, the energy and

the momentum of the excitation it caused can be calculated.

Normally spectrometers meeting this description, such as MAPS at ISIS (shown

in figure 2.3), are built with very large detector banks so that large parts of reciprocal

space can be measured simultaneously. This is important because the neutron flux

at the detectors is quite low; therefore it is advantageous to run the experiment for

a relatively long counting time and map out a large part of reciprocal space.

2.3.5 Alignment Instruments

In laboratories such as the ILL and ISIS there are alignment instruments where

crystals can be looked at on a simple instrument to check the crystal orientation
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Figure 2.3: A sketch of the MAPS spectrometer at ISIS with some of the most
important components labeled.

or to co-align a few crystals for an experiment. At ISIS the alignment instrument

is ALF. Crystals can be mounted on an Eulerian cradle for orientation and the

white-beam is diffracted into a two dimensional detector bank.

Another advantage of alignment instruments (for example the neutron Laue

instrument at the ILL, Orient Express) is that they can be used to check the quality

of samples that are thought to be single crystals. It is often hard to know for sure

whether a sample does have more than one crystal grain in it, since most lab based

procedures to test this involve x-rays, which only probes the surface of the sample.

2.4 X-ray Scattering

X-ray scattering and neutron scattering share many similarities, the goal of any

experiment is still to measure intensity of x-rays scattered into a solid angle, there-

fore the definition of the differential cross section is the same as in equation 2.2.
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X-rays, as a form of electromagnetic radiation, mainly interact with the charge of

the electrons in a material, but can also weakly interact with the magnetic moment

of any unpaired electrons. The first part of this section will cover the normal inter-

action between x-rays and crystals. A good introduction to this and many parts of

the theory of x-ray physics is given in the book by Als-Neilsen and McMorrow.[35]

The second part of this section covers, the anomalous scattering due to resonance

effects when the energy of an x-ray is equal to that of an atomic transition, which

can enhance the intensity of magnetic features in a crystal. A good theoretical

introduction to this technique can be found in the paper by Altarelli.[41]

2.4.1 X-ray Scattering Theory

When an x-ray phonon interacts with a charged particle, its plane wave electric

field causes the particle to oscillate. The oscillating particle can then act as a

source for the emission of another x-ray. The strength of the emission is polarisation

dependent. If the emission is in a plane parallel to the polarisation of the incoming

x-ray, then the intensity of the emitted x-rays is reduced, the full oscillation of the

charged particle is not observed from the scattering point. In this case the intensity

is reduced by a factor of sin(Ψ) in this type of scattering, where Ψ is the angle from

the direction of the charged particle oscillation to the scattering direction. However,

if scattering is in a plane perpendicular to the polarisation of the x-ray, then the

full oscillation of the particle can always be observed.

In a similar argument for an incoming plane wave of neutrons being scattered

into a spherical wave with a scattering length b, the ability of a charged object

to scatter an x-ray is usually expressed in terms of the scattering length r. For a

charged particle, the scattering length,
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r =
Q2

4πε0mc2
(2.33)

where Q is the charge of the particle, m is the mass, ε0 the permittivity of free

space and c the speed of light. For electrons the scattering length is known as the

Thomson scattering length r0 = 2.82× 10−15m. It is clear from this equation that

scattering from electrons will always be much stronger than that from protons or

nuclei, since the mass of an electron is orders of magnitude smaller than that of a

proton or nuclei. For a more complex arrangement of charges, such as the electrons

in an atom, the distribution of the electron density ρ(r) has to be considered to

determine the total scattering length of the atom, known as the atomic form factor,

f0(Q) =

∫
ρ(r)eiQ.rdr (2.34)

where the contribution from the volume element dr at position r contributes to the

scattering with a phase factor eiQ.r, for scattering wavevector Q.

Equation 2.34 is the classical atomic form factor, but of course the electrons in

an atom behave quantum mechanically and sit in discrete energy levels. One effect

of this is that the oscillation of the electrons might be restricted in their response

to the incoming field, reducing the scattering length by f ′(~ω). This is mainly an

energy dependent phenomenon and if the x-ray photon energy is much higher than

the binding energy then f ′ is taken to be zero. There is also a phase lag between

the incoming x-ray and the emitted one from the oscillating electron, this gives rise

to another energy dependent component to the form factor if ′′ and this gives the

full atomic form factor as,

f(Q, ~ω) = f0(Q) + f ′(~ω) + if ′′(~ω) (2.35)
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Further expanding these ideas from an atomic level to a crystal structure, the

structure factor away from an energy resonance is written,

F (Q) = −r0fD
∑
rj

fj(Q)eiQ.rj
∑
Rn

eiQ.Rn (2.36)

The first sum is over the unit cell of the lattice containing atoms j and the

second term is the sum over the whole lattice and only has a meaningful value if

Q.Rn = 2π×integer, where Rn is a lattice vector. The term fD is the Debye-Waller

factor, which has the same meaning for x-rays as it does for neutrons.

It is possible to directly observe magnetic scattering using x-rays, but the am-

plitude of magnetic scattering is reduced by a factor of ~ω/mc2 compared to the

Thomson scattering length, making it a very weak effect. Magnetic x-ray scatter-

ing was first observed in 1972 [42] using lab based x-ray apparatus and very long

counting times, it is now much simpler to measure magnetic peaks due to the very

high intensity x-ray sources provided by a synchrotron. This appears in the full

expansion of the term f0 in 2.35 and is given by Blume et al.[43].

fmagneticnon−res = ir0(
~ω
mc2

)fD[
1

2
L(Q).A + S(Q).B] (2.37)

with L and S the orbital and spin magnetic densities respectively. The terms A

and B are complicated terms involving the incoming and scattered wavevectors and

polarisation vectors,[44]

A = 2(1− k̂.k̂′)(ε̂′ × ε̂)− (k̂× ε̂)(k̂.ε̂′) + (k̂′.ε̂′)(k̂′.ε̂) (2.38)

B = (ε̂′ × ε̂) + (k̂′ × ε̂′)(k̂′.ε̂)− (k̂× ε̂)(k̂.ε̂′)− (k̂′.ε̂′)× (k̂.ε̂) (2.39)

where k and k′ are the incoming and scattered wave vectors respectively and ε and
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ε′ are the incoming and scattered polarisations respectively, with hats denoting unit

vectors.

2.4.2 Resonant X-ray Scattering

Resonant x-ray scattering occurs when the energy of the x-rays approaches that of

the electronic transitions in atoms. There is an enhancement to the magnetic signal,

which can be considered similar to the classical damped, driven simple oscillator,

where there is an increase in the amplitude of the oscillation when the driving

frequency is close to the natural frequency of the oscillator. Quantum mechanically,

resonance features are understood by the second order perturbation of the full x-ray

and matter interaction Hamiltonian, the details of which are given in the paper by

Altarelli.[41]

Before continuing with the discussion of resonant x-rays, it is worth mentioning

the notation used to describe the electronic transitions that resonant x-ray experi-

ments probe. The principle quantum number, n = 1, 2, 3 and 4 is usually expressed

as a shell denoted by the letter K, L, M and N respectively. The l (orbital) and s

(spin) quantum numbers give the total magnetic quantum number j = l+ s. The l

and j quantum numbers can be denoted lj and are then designated by numbers, for

example s1/2 = 1, p1/2 = 2, p3/2 = 3, etc.(often this number is written in Roman

numerals). Thus the transition from the quantum state 2p1/2 can be written as L2.

The transitions are named after the state that they are being excited from, therefore

a K-edge transition is from the 1s core level and an L2,3-edge is from the 2p. The

level which they excite into is dependent on what sort of transition they undergo.

An electric dipole transition (which is the most common), excites an electron into

a state with l = ±1 and a quadrupole transition is with l = ±2. The upper state

denoted by this will be the lowest available state of its type. In Mn, a K-edge
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transition excites an electron from the 1s state into the 4p and in a rare earth ion a

LIII -edge is the transition from the 2p-orbital to the 5d-orbital. It should be made

clear that the transitions discussed are not true atomic excitations and should be

considered as a virtual process with instantaneous absorption and emission of the

x-ray.

At an energy resonance, the terms in the x-ray atomic form factor, equation

2.35, f ′ and f ′′ become more significant. The details of these terms depends on

what the relevant atomic transition is, for the work in this thesis only the electric

dipole transitions will be considered, these are the l = ±1 transitions. The form

factor for an electric dipole becomes,[44]

fres = (ε̂.ε̂′)G0 − i((ε̂′ × ε̂)).µ̂jG1 + (ε̂′.µj)(ε̂.µj)G
2 (2.40)

where µj is the magnetic moment of ion j, ε and ε′ are the incoming and outgoing

polarisations, respectively, and the G terms are factors containing details about

the spherical harmonics of the transitions which can be considered to be constants.

The first term in this equation is just a resonant enhancement to the diffraction

peaks due to Thomson scattering. The second term is a true magnetic term being

dependent on the on the moment µj and this creates the first magnetic satellite

peaks in a resonance experiment. The final term is also magnetic and can generate

second harmonic magnetic satellites. The second term in the equation is the most

relevant for work in this thesis. It is possible to work at quadrupole transitions

(l = ±2) and even higher multipoles, but this thesis will be restricted to dipole

transitions.

From equation 2.40, it is clear that the polarisation of the incoming and out-

going x-rays is important for understanding magnetic resonant x-ray scattering.
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Although the x-rays can be linearly polarised in any direction, or circularly and el-

liptically polarised, there are two types of linear polarisation which are of particular

importance, these are denoted as σ and π for the incoming x-ray and σ′ and π′ for

the outgoing x-ray. For σ polarisation the x-ray is polarised orthogonally to the

scattering plane and therefore σ = σ′. For π polarised light, the x-ray is polarised

within the scattering plane, therefore π 6= π′. The angular difference between π and

π′ is 2θ, the scattering angle. These polarisation states are illustrated in Fig. 2.4.

For resonant x-ray scattering coming from the second term in 2.40, it can be

shown that scattering of σ → σ′ is forbidden, so strong magnetic signals are found

in the σ → π′ and π → σ′ channels and as well as the π → π′. One way of writing

this is in a matrix representation for the second term in 2.40,

fres = −iG1

∣∣∣∣∣∣∣
σ → σ′ π → σ′

σ → π′ π → π′

∣∣∣∣∣∣∣ =

∣∣∣∣∣∣∣
0 µ1 cos θ + µ3 sin θ

µ3 sin θ − µ1 cos θ −µ2 sin θ

∣∣∣∣∣∣∣ (2.41)

where θ is the scattering angle and (µ1, µ2, µ3) is the magnetic moment lying in the

cartesian direction Û1, Û2 and Û3, which are defined by the experimental geometry.

The definition of the directions are, Û3 = −Q̂, where Q̂ is the unit scattering vector,

Û2 is perpendicular to the scattering plane and Û1 is perpendicular to Û3, but in

the scattering plane. These directions are also illustrated in Fig. 2.4.

One advantage of resonant x-rays is that it is a somewhat element specific probe.

When probing the magnetic moment µ, it should be possible to excite electrons

directly in to the atomic shell containing the unpaired electrons and the signal

measured comes almost entirely from those electrons. However, due to a number of

reasons, it is not always possible to find a resonance that meets this requirement, for

example the correct energy might not be available on the instrument being used. It
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Figure 2.4: The polarisation and the axes labeling for the scattering in a polarised
x-ray experiment. The lines marked ki and kf show the directions of incoming and
outgoing x-rays, respectively. These are shown on the axes U1, U2 and U3 which are
defined in the text. Incoming σ or scattered σ′ polarised light are both polarised
parallel to U2 and the polarisation direction for both are equal. The incoming π
and outgoing π′ polarised light have different directions of polarisation, but both
direction lie in the scattering plane. The scattering angle θ is also marked.

is still possible to observe a magnetic signal from resonance into a different energy

level. All of the states that are available for an electron to be excited into are at a

similar energy and there is expected to be some hybridisation of these states. This

means that the magnetism is still apparent at resonances other than the one that

would excite an electron into the magnetic state. If there is more than one species

of magnetic ion in the unit cell, then they will all contribute to the resonant x-ray

signal with varying amounts. It is also important to consider the type of orbital

that the magnetic electrons are sitting in, for example a d-orbital is spatially quite

spread out and it could be expected that it overlaps with orbitals in other ions, but

an f -orbital tends to be spatially confined and less likely to have an overlap. These

points are discussed in the work by Johnson et al.[45] where, during a similar study

on TbMn2O5, it was observed that there was contribution from the manganese

Mn4+ magnetic structure at the Dy LIII-edge.
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2.4.3 Azimuthal Scans

One type of experiment that can exploit the polarisation relationships to investi-

gate the magnetic structure of a material is a scan of the azimuthal dependence

of the scattering. This type of scan is carried out in the σπ′ polarisation channel

and therefore the µ1 and µ3 components of the magnetic structure can be inves-

tigated. To perform the scan the intensity of a magnetic scattering vector Q is

measured. The crystal is then rotated around the scattering vector, with scans of

the peak intensity being measured at regular intervals. As the crystal is rotated,

the experimental axes Ûn (n = 1, 2, 3) remain the same, but different components

of the magnetic moments in the crystal are investigated. The change in scatter-

ing intensity as the azimuthal angle is altered can be fit to a magnetic structure.

Azimuthal scans have been used on a number of materials to investigate magnetic

structures.[46, 47]

2.4.4 Full Linear Polarisation Analysis

Although equation 2.40 can be simplified to give equation 2.41 to just consider the σ,

π and π′ polarisation channels, it can be generalised to any polarisation,[43, 44, 45]

which allows another type of measurement of the magnetic structure, called a full

linear polarisation analysis (FLPA). For this type of measurement the incoming x-

rays are linearly polarised at an angle χ, with χ = 0◦ being the same as σ polarised

light and χ = 90◦ being equal to π polarised light. At each value of χ in the scan,

a full analysis of the linear polarisation of the intensity of scattered light from a

magnetic reflection is performed. This is achieved by measuring the intensity of the

x-rays scattered with a linear polarisation of η, where η = 0◦ and η = 90◦ being the

same as σ′ and π′ polarised light respectively. By measuring at a range of values of
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η for each incoming polarisation angle χ, the relationship

I =
I0
2

(1 + P1 cos 2η + P2 sin 2η) (2.42)

can be mapped out. The parameters P1 and P2 are the first two Stokes parameters

and describe the polarisation of the light (see, for example, the book, Optics by

Hecht [48]). In particular, P1 is related to the linear polarisation in the σ and

π directions and P2 is related to the linear polarisation in the intermediate ±45◦

directions.

It is shown elsewhere that P1 and P2 can be defined for magnetic peaks by

using the second term in equation 2.40, which is now termed fmagres (ε̂′, ε̂, µ̂j , k̂
′, k̂) =

−i((ε̂′ × ε̂)).µ̂nG1. This gives the following formulae,

P1 =
|
∑

j f
mag
res (ε̂′σ, ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2 − |
∑

j f
mag
res (ε̂′π, ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2

|
∑

j f
mag
res (ε̂′σ, ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2 + |
∑

j f
mag
res (ε̂′π, ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2
(2.43)

P2 =
|
∑

j f
mag
res (ε̂′+45◦ , ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2 − |
∑

j f
mag
res (ε̂′−45◦ , ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2

|
∑

j f
mag
res (ε̂′+45◦ , ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2 + |
∑

j f
mag
res (ε̂′−45◦ , ε̂, µ̂j , k̂

′, k̂)eiQ.rj |2
(2.44)

where,

ε̂′σ = Û2, (2.45)

ε̂′π = − sin θÛ1 − cos θÛ3, (2.46)

ε̂′+45◦ =
1√
2

(− sin θÛ1 + Û2 − cos θÛ3), (2.47)

ε̂′−45◦ =
1√
2

(sin θÛ1 + Û2 + cos θÛ3), (2.48)
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ε̂ = sinχ sin θÛ1 + cosχÛ2 − sinχÛ3, (2.49)

k̂′ = cos θÛ1 − sin θÛ3, (2.50)

k̂ = cos θÛ1 + sin θÛ3. (2.51)

Using these equations and conducting a full outgoing polarisation analysis to

obtain the Stokes parameters for a series of incoming polarisations, it is possible to

fit a magnetic structure to the values of the Stokes parameters

2.5 X-ray Sources and Techniques

For many years x-rays were produced from small anode sources that could only

produce a relatively low intensity beam of x-rays. These are still useful for many lab

based experiments, but when it was realised that the synchrotron radiation that was

being produced at many nuclear physics experiments could provide a much higher

intensity x-ray beam a number of dedicated storage ring sources were built with the

purpose of producing intense x-ray beams. This section will cover the production

of x-rays and an introduction to the kinds of instruments used for x-ray diffraction

experiments. The final part of this section will look at the technique of producing

and analysing polarised x-rays.

2.5.1 X-ray Sources

This section will cover the production of x-rays at storage ring sources such as

ESRF, in Grenoble and Diamond Light Source, in Oxfordshire. All of the syn-

chrotron x-ray experiments discussed in this thesis were performed at these two

institutions. The idea of this technique is to produce radiation from an electron

orbiting at relativistic speeds around a storage ring. Electrons are accelerated to
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these speeds in smaller particle accelerators, usually inside the circumference of the

storage ring, and then injected into the storage ring itself. The book by Als-Nielsen

and McMorrow provides an introduction to the x-ray scattering experiments at

modern synchrotrons.[35]

The storage ring consists of long straight sections with magnets at the end of

each section. The magnets bend the electrons into the next straight section. It is

this bending of the electron beam that causes the beam to emit light as x-rays. The

bending magnet itself is simply a large static magnetic field, causing the electrons

to bend due to the Lorentz force. X-rays are emitted in the forward direction of the

electron beam with a small angular divergence. Instruments at storage ring x-ray

sources often make use of bending magnets as a source of x-rays. Light emitted at

a bending magnet varies considerably in the energy of the photon emitted, so a full

range of wavelength are available at bending magnets

An alternative way to get x-rays from the electron beam is to use an insertion

device. Insertion devices are found on the straight sections of storage rings, but

also rely on the bending of the electron beam to produce x-rays. There are two

important types of insertion device, wigglers and undulators. Both of them have a

similar design, a series of magnets with the field applied perpendicularly to the plane

of the synchrotron, but the outgoing x-rays have different properties. A wiggler is

similar to a number of bending magnets one after the other, with the electron being

bent one way then the opposite direction a number of times. Therefore the light

emitted by a wiggler is similar to that of a bending magnet in that a wide range of

wavelengths are available, but it is much more intense.

An undulator looks very similar to a wiggler, but is designed so that an x-ray of a

certain wavelength emitted at one of the oscillations in the undulator will be in phase

with an x-ray of the same wavelength emitted at the next oscillation. This means
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that for a certain wavelength of light, the undulator creates a high intensity, almost

monochromatic beam. Higher harmonics of the fundamental wavelength are also

produced because the constructive interference condition that the undulator relies

upon will also be met by any wavelength that is an integer times the fundamental

wavelength. All of the x-ray instruments discussed in this thesis were on undulator

insertion devices.

2.5.2 X-ray Instruments

The instruments used in this thesis were both variations on the four circle diffrac-

tometer described in section 2.3.2, with the four circles defined identically to those

for a neutron scattering instrument. However, one of the x-ray instruments only

had a very limited χ circle. The difference between the two instruments is the

wavelength of x-rays that they are designed to use. The first, ID20 at the ESRF, is

a hard x-ray instrument meaning the x-rays are in the shorter wavelength regime

of the x-ray part of the electromagnetic spectrum. Hard x-rays penetrate quite far

into materials and have suitable wavelengths for resonance such as the 3d transition

metal K-edges and the lanthanide L-edges. They also allow for an Ewald sphere

over a large part of reciprocal space.

The other instrument used is RASOR on the I10 beamline at Diamond Light

Source. RASOR is designed for use in the soft x-ray regime. These are x-rays

of longer wavelengths and lower energies (typically around one keV). Soft x-rays

are very easily absorbed by any matter, including air, so the entire diffractometer

must be kept at ultra-high vacuum. The vacuum chamber is the main reason that

the χ-range is limited on an instrument like RASOR, it would be very difficult to

have a vacuum large enough to allow a full χ circle. Soft x-rays are suitable for

measuring resonances such as the 3d transition metal L-edges and the lanthanide



2.5. X-ray Sources and Techniques 59

M-edges, which are useful since these resonances directly probe the magnetism in

the relevant shells. The longer wavelengths involved in these instruments result in

there being quite a small Ewald sphere, often not containing any Bragg peaks from

the lattice, meaning crystal alignment often depends on finding super-lattice peaks.

2.5.3 Polarisation

Synchrotrons produce polarised x-rays, which are linearly polarised in the plane

of the synchrotron [49]. This is because the electron acceleration is always in the

plane of the synchrotron. Above and below this plane the light becomes circularly

polarised, with a different handedness on either side of the plane. In the case of

linear polarisation, a half-wave plate made from diamond can be used into rotate

the light to any arbitrary polarisation, giving all possible incoming linearly polarised

lights, including σ and π polarisations mentioned earlier.

Polarisation analysis makes use of Brewster’s angle in a crystal for x-rays. An

analyser crystal is chosen for the experimental set up that diffracts at 45◦, therefore

only one linear polarisation will be diffracted. The reasons for this can be thought

of in terms of electrons oscillating. When an electron is excited by an electric field

it emits photons in the same plane as it was excited in and none perpendicularly to

that plane. Therefore when vertically and horizontally polarised light are incident

on an analyser crystal with a scattering angle of θ = 45◦, the light that causes an

electron to oscillate in the scattering plane diffracts, whereas the light that causes

the electron to oscillate out of the scattering plane does not. By rotating the

analyser crystal around the incoming beam it is therefore possible to detect any

incoming polarisation.
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2.6 Bulk Property Measurements

Measurements were made of two bulk physical properties of materials during the

course of this project. Magnetisation was measured using two techniques, firstly

using a superconducting quantum interference device (SQUID) and secondly by

simply using detection coils. The electrical polarisation of a multiferroic material

was by measuring the pyroelectric current.

2.6.1 Magnetisation Measurements

A SQUID measures the magnetisation of a sample by detecting the voltage imbal-

ance across a Josephson junction in a ring of superconducting material. When a

magnetised sample passes through a detection coil connected to the ring it induces

a current in the superconductor proportional to the size of the magnetisation of the

sample. If the current becomes great enough, it exceeds the critical current of the

Josephson junction, inducing a voltage that can be detected. The direction the in-

duced current flows changes for every half value of the magnetic flux quantum that

goes through the detection coil. This means the SQUID is an extremely sensitive

way of measuring the magnetisation in a sample.

2.6.2 Electrical Polarisation Measurements

A measurement of the pyroelectric current flowing to or from a material is a method

that can accurately determine the temperature dependance of the electrical polar-

isation of a material. This measurement is conducted using the following process.

An electric field is applied across the sample, parallel to the direction of the polari-

sation that is to be measured. The electric field is applied in the paraelectric phase

of the sample. The sample is then cooled into the ferroelectric phase, with the field
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still applied. The temperature is lowered to the desired starting temperature for

the measurement, which must still be in a ferroelectric phase and not in a lower

temperature paraelectric phase. The electric field is then removed. The sample is

then heated and the current flowing in to and out of the sample is measured. If

the detected current is integrated over the temperature range of the measurement,

then the polarisation of the ferroelectric phase can be determined.





Chapter 3

Determination of the Electronic

Ground State of

Pr(Sr0.1Ca0.9)2Mn2O7 Using

neutron Scattering

3.1 Introduction

The family of manganite materials with the generic formula Rn+1MnnO3n+1, where

n is an integer, has been of interest for many years due to the strong interac-

tions between the structure, charge, orbital and magnetic degrees of freedom in

these systems.[17, 15, 10] Materials with this generic formula are referred to as the

Ruddlesden-Popper series of perovskites.[50, 51] The most studied compounds in

this series for manganites are the n = 1, 2 and ∞ members of the series, which are

commonly referred to as the (single-)layered, bi-layered and cubic (or infinite lay-

ered) perovskite, respectively, see Fig. 3.1. These compounds became widely studied

after the rediscovery of colossal magnetoresistance (CMR) in 1989 [52], which is an

extreme example of the interaction of the different degrees of freedom. The details

of CMR are covered in a number of good reviews [10] and an overview is given in
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section 1.7.

Figure 3.1: The single-layer, bilayer and infinite layer or cubic perovskite mangan-
ites. Mn ions are at the centre of the purple octahedra, the O ions are red and the
yellow are the RE/AE ions.

CMR emerges from a number of competing magnetic and electronic interactions

within the manganese oxide layers in these systems. Another interesting case of com-

peting interactions is in the half-doped manganites (discussed in section 1.3)with

some half-doped systems form the complicated CE-type antiferromagnetic phase

[15] below TN , see Fig. 3.2.

The magnetic structure of the CE phase throughout the Ruddlesden-Popper

series is well established,[15, 21, 23] however, there are unanswered question about

the nature of the electronic structure of the ground state. There are two main

proposals for an electronic ground state that would lead to a CE-type magnetic

structure. The first is the historic CE-phase model predicted by the Goodenough-

Kanamori-Anderson rules for magnetic superexchange.[17, 53] This model will be

referred to as the Goodenough (GE) model in this thesis. The alternative model

is the Zener polaron (ZP) model, where two nearest neighbour manganite sites

share an extra electron in an eg orbital between the two sites, via the mechanism

of the Zener double exchange [13] discussed in section 1.4.1. This forces the two
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manganese ions to act as one magnetic unit due to the strength of the double

exchange between them and that two manganese ions share the charge evenly. This

leads to the magnetism being located in the centre of the bond between two Mn ions.

The existence of Zener polarons may result in a ferroelectric phase in half-doped

manganites.[54]

In recent years there has been an effort to establish the best model for the

electronic ground state, but so far the results have been inconclusive. Initial obser-

vations of half-doped manganites using neutron scattering [55] and resonant x-ray

scattering [56] suggested that the GE model is correct and that charge ordering ex-

ists in the half-doped manganites. However, later experiments cast some doubt on

the degree of the charge ordering,[57, 58] suggesting that there was not an integer

splitting of charge. Other neutron and synchrotron x-ray diffraction experiments

suggest the ZP model is more suitable,[59, 60] which is also supported by later x-

ray diffraction [61] and electron diffraction.[62] Theoretical calculations have also

predicted that the ZP model may be more suitable.[63, 54, 64] In recent years, new

experiments have observed little evidence of Zener polarons, such as neutron spec-

troscopy [65] and soft resonant x-ray,[66] but observations of electrical polarisation

in Pr(Sr0.1Ca0.9)2Mn2O7 are typically explained using Zener polarons.[23]

These difficulties in distinguishing between the two models arise from their mag-

netic similarity and from the difficulty in observing (the degree of) charge ordering

in the systems directly. The magnetic similarity of the two systems can be seen by

comparing figures 3.2 (a) and (b). The two models both have identical magnetic

unit cells, with the majority of the magnetic moment located in the 3d orbitals of

the Mn moments. The ZP model does predict that some of the moment will be

found between the two Mn moments, near the oxygen site. However, this would

be small and is therefore difficult to measure, see Chapter 4. Observing the degree
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of charge ordering has also proven to be difficult, with experiments offering a full

range of results from true charge ordering of Mn3+ and Mn4+, to a system of all

Mn3.5+ and seemingly any Mn3.5+δ/Mn3.5−δ in between.

Neutron spectroscopy offers a method that can distinguish between the two

models without having to face the difficulties outlined in the previous paragraph.

The GE and ZP models have very different predicted spin wave dispersions.[67] In

the ZP model the individual magnetic moments for the spin wave calculation are

thought of as arising from the two Mn sites together, with the moment centered

at the O-site between the two Mn’s in each polaron. This results in a different set

of magnetic exchange parameters for the two models. The charge ordering issue is

also incorporated into the exchange parameters as will be demonstrated later in this

chapter. The aim of the work presented here is to establish a suitable spin wave

model for the excitations in Pr(Sr0.1Ca0.9)2Mn2O7 and to measure the strength

of the magnetic interactions in the CE-type phase of a magnetic material, and to

use this model to determine the electronic ground state of a CE-phase magnetic

structure.

The CE magnetic phase has a complex structure within a single layer of MnO2

in the sample and there is an advantage to not using the true perovskite material

in which the CE phase was originally observed.[15] The infinite-layered perovskite

allows for the orbital ordering and therefore the CE-type phase to exist in 3 direc-

tions within a sample, along the x-, y- and z-directions. This is due to samples

not being true single crystals and different domains within the samples have the

CE-phase forming perpendicularly to the CE-phase in other domains. However,

in a layered material, the long axis always points in the same direction within a

sample, meaning that the layers always lie parallel to each other and that the col-

lected data will therefore be easier to interpret. Another important requirement for
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Figure 3.2: (a) The CE-structure magnetic structure for in an Mn-O plane. (b) The
Zener polaron structure in the Mn-O plane. The ellipses show the neighbouring Mn
ions that act as one magnetic moment in this structure. In both figures the dotted
square shows the structural unit cell in the plane for an undistorted perovskite, the
solid line is the in-plane unit cell in Pr(Sr0.1Ca0.9)2Mn2O7, which corresponds to
the charge-ordered unit cell and the dashed-line the unit cell of the CE magnetic
phase.

inelastic neutron scattering is to have the largest possible samples available. This

is because the inelastic neutron scattering process produces quite a weak signal at

the detector, so maximising the size of the sample will increase the signal, as long

as sample quality is not compromised. For these reasons, the bilayer manganite

material Pr(Sr0.1Ca0.9)2Mn2O7 was chosen for this experiment. The ratio of Pr to

Sr/Ca, gives a Mn valency of +3.5 and the Sr to Ca ratio in this composition allows

for large crystals to be grown.

3.2 Physical Properties of Pr(Sr0.1Ca0.9)2Mn2O7

The bilayer manganite Pr(Sr0.1Ca0.9)2Mn2O7 is studied here due to the CE-type

magnetic phase that exist at low temperatures in this system. However, this mate-

rial also goes through a number of phase transitions as a function of temperature,

showing different types of structural, charge, orbital and magnetic ordering. All of
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the structural information in this section can be found in the previous work by Toku-

naga et al.[23, 68, 69] At high temperature (> 370K), Pr(Sr0.1Ca0.9)2Mn2O7 exists

in its purely structural ordered phase, described by the orthorhombic space group

Amam, with lattice parameters a=5.410Å, b=5.462Å and c=19.277Å (at 405K).

The unit cell within one plane is shown in both Fig. 3.2, showing that this structure

contains more than one Mn-O square.

Below the first charge-order/orbital-order transition temperature, TCO1 = 370K,

there appears to be a charge disproportionation between neighbouring Mn sites,

towards Mn3+ and Mn4+; the degree of this disproportionation is debated and im-

portant to the outcome of this and similar studies, but for simplicity, this short

description of the structure shall assume that there is complete charge dispropor-

tionation of Mn3+ and Mn4+ ions. As the Mn3+ ion is a Jahn-Teller ion, the oxy-

gen octahedron becomes distorted and the 3d3z2−r2 orbital becomes energetically

favourable for the highest energy electron in the eg orbitals, shown section 1.2.2.

This creates the first charge-ordered/orbital-ordered phase in this material, shown

in Fig. 3.3(a). In this phase the material takes on the orthorhombic space group

Pbnm, with lattice parameters a=5.412Å, b=10.921Å and c=19.234Å (at 330K)

and the unit cell has effectively doubled along the zigzag direction of the orbital

ordering.

Unusually for this type of material, Pr(Sr0.1Ca0.9)2Mn2O7 undergoes a second

charge-ordered/orbital-ordered transition, where the orbital ordering zigzag through

the structure appears to rotate by 90◦, shown in Fig. 3.3(b). This transition occurs

at TCO2 = 315K when cooling (TCO2 = 300K when heating). The transition in-

volves a change in space group to the orthorhombic Am2m, with lattice parameters

a=10.812Å, b=5.475Å and c=19.203Å (at 295K). The crystallographic a and b axes

have effectively been switched around, with the longer one still being in the direc-
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Figure 3.3: Showing the two charge-ordered/orbital-ordered phases in a single layer
of Pr(Sr0.1Ca0.9)2Mn2O7. The charge order is shown by colour and the orientation
of the 3d3z2−r2 is shown for the Mn3+ ions. The direction of the orbital ordering
zigzags in two phases is also shown as a black dotted line. (a) The first charge-
ordered/orbital-ordered phase showing the orbital ordering zigzag running parallel
to the b-axis. (b) The lower temperature, second charge-ordered/orbital-ordered
phase showing the orbital ordered zigzags parallel to the a-axis.

tion of the orbital ordering zigzag. This unusual rotation of the orbital ordering has

been reported in a number of papers,[23, 68, 70, 71, 72] using a variety of methods

to detect the rotation.

Below the Néel temperature TN = 153K, the material is magnetically ordered

in the CE-type magnetic structure. Along the orbital ordered zigzags, the Mn

moments are aligned ferromagnetically, with adjacent zigzags aligned antiferromag-

netically, this is shown in Fig. 3.2. The magnetic easy axis is along the b-axis,

suggesting that the magnetic moments lie in the plane and also shows that there

is some magnetic anisotrpy in the system. The structure in the second charge-

ordered/orbital-ordered phase is maintained upon the magnetic transition, with

the magnetic unit cell being doubled along the b-axis, when compared to the orbital

ordered unit cell.

There is another structural transition at TS=90K, where the system under-

goes a structural distortion to become monoclinic. This phase has not been fully

characterised as yet, but does not appear to effect the charge, orbital or magnetic
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ordering phases already present above 90K. However, a small rotation of the MnO6

octahedra occurs at this transition.

3.3 Elastic Neutron Scattering - Experimental Details

Before performing the experiments to study the magnetic excitations, a diffraction

experiment was performed in order to confirm the nature of the magnetic phases in

the crystal and to determine the ordering temperatures. Performing a diffraction

experiment under suitable conditions can also give information on diffuse scattering,

a magnetic feature of the system. Diffuse scattering is typically observed between

Bragg peaks, therefore an instrument that can measure large areas of reciprocal

space is well suited to an investigation of diffuse scattering and provide diffraction

data for checking sample quality. For these purposes, the high resolution diffrac-

tometer PRISMA at the ISIS Facility at the Rutherford Appleton Laboratory was

used, see section 2.3.3 for more details of the instrument. PRISMA was particularly

suited to studying magnetic phenomena due to the high intensity of long wavelength

neutrons available.

Large single crystals of Pr(Sr0.1Ca0.9)2Mn2O7 were grown by D. Prabhakaran

in the Clarendon Laboratory using the floating zone method, described by Prab-

hakaran et al.[73] The largest such crystal has a mass of 2.41g, with a num-

ber of other smaller crystals ranging from 0.5g to 1.5g. The largest crystal of

Pr(Sr0.1Ca0.9)2Mn2O7 was aligned on ALF, the alignment facility at the ISIS, where

it was found to be of high quality, and was then transferred to PRISMA. PRISMA

was used in diffraction mode for this experiment. In this mode it is possible to

measure a large area of reciprocal space, over a wide range of neutron wavevectors

during one measurement.
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The first part of the experiment was to measure scattering planes that are

relevant to the charge-ordered/orbital-ordered phases and to the expected magnetic

structure. The scattering plane that was measured was the (h, 0, l) plane. The

ferromagnetic zigzags are expected to lie in this plane. This scattering plane was

measured in two different Q-ranges, a small Q range of 0.5Å−1 to 7Å−1 and a large

Q range of 1.5Å−1 to 10.5Å−1. The small Q range is suited to the measurement of

the magnetic scattering, due to the magnetic form factor, whilst the large Q-range is

more suited to investigating the structure of the sample. These two measurements

of this scattering plane were performed at 5 temperatures, 380K (T > TCO1), 310K

(TCO1 > T > TCO2), 225K (TCO2 > T > TN), 175K (TCO2 > T > TN, just above TN,

where diffuse scattering might be expected) and 9K (T � TN ). A second scattering

plane was also studied, (h, h, l), which is related to the (h, 0, l) direction by a 45◦

rotation around the c-axis. This scattering plane was only studied in the small Q

range and only at the temperatures 9K, 175K and 225K.

The second part of the experiment was to measure the temperature dependence

of a number of important Bragg peaks, characteristic of the different types of or-

dering expected in this material. Temperature scans were made for peaks in both

scattering planes over a range of 9K to 330K.

3.4 Elastic Neutron Scattering - Results

The neutron scattering data for the (h, 0, l) plane are plotted below in figures 3.4-

3.13. The figures are in pairs with each pair corresponding to the sample tempera-

ture. The first figure of each pair shows the measured scattering plane at the small

Q-range measurements (0.5Å−1 to 7Å−1) and the second figure of each pair shows

the large Q-range measurements (1.5Å−1 to 10.5Å−1). The pairs are at the tem-
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Figure 3.4: Diffraction data from the (h,0,l) plane at 380K with scattering at low
Q (0.5Å−1 to 7Å−1)

Figure 3.5: Diffraction data from the (h,0,l) plane at 380K with scattering at high
Q (1.5Å−1 to 10.5Å−1)
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peratures, 380K (Fig. 3.4 and Fig. 3.5), 310K (Fig. 3.6 and Fig. 3.7), 225K (Fig.

3.8 and Fig. 3.9), 175K (Fig. 3.10 and Fig. 3.11) and 9K (Fig. 3.12 and Fig. 3.13).

The large circular features in all of these images are due to powder rings from the

Al used in the cryostat and are not relevant to the sample.

The 380K data, above any charge-ordered/orbital-ordered or magnetic transi-

tion temperatures, shows the diffraction pattern due to the crystal structure in

this scattering plane. This fundamental structure remains the same upon cooling

through the various transitions, the different phases only ever cause slight distor-

tions to the structure. If the crystal structure was tetragonal and the fundamental

unit cell was just one Mn-O square, the dotted box in Fig. 3.2, then the peaks in the

line (2, 0, l) would be the fundamental structural peaks. However the distortion to

an orthorhombic structure in this material doubles this unit cell in the Mn-O plane

and the fundamental structural peaks are the weaker series along the line (1, 0, l).

When cooled down to 310K, the data shows that the structure has changed,

with the new lines of peaks at (n + 1/2, 0, l) (where n is an integer). This sample

was now in the first charge-ordered/orbital-ordered phase so these peaks can be

attributed to the structural distortions arising from this transition and the new

larger unit cell. Although the characteristic peaks of the CE-type magnetic order

also appear in these positions, the peaks observed at this temperature are due to

structural distortions. This is apparent because the intensity of these peaks remains

strong at larger scattering vectors and because the temperature dependence of the

peak intensity shows that 310K is above TN , see figures 3.15 and 3.16. A series

of peaks due to a magnetic structure would be expected to have lower intensity at

larger wavevectors, as the magnetic form factor tends to zero with longer scattering

vectors.

Upon further cooling down to 225K, there has been another small change to the
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Figure 3.6: Diffraction data from the (h,0,l) plane at 310K with scattering at low
Q (0.5Å−1 to 7Å−1). Arrows indicate some of the weak orbital ordering peaks.

Figure 3.7: Diffraction data from the (h,0,l) plane at 310K with scattering at high
Q (1.5Å−1 to 10.5Å−1)
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Figure 3.8: Diffraction data from the (h,0,l) plane at 225K with scattering at low
Q (0.5Å−1 to 7Å−1). Arrows indicate some of the weak orbital ordering peaks.

Figure 3.9: Diffraction data from the (h,0,l) plane at 225K with scattering at high
Q (1.5Å−1 to 10.5Å−1)
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Figure 3.10: Diffraction data from the (h,0,l) plane at 175K with scattering at low
Q (0.5Å−1 to 7Å−1). Arrows indicate some of the weak orbital ordering peaks.

Figure 3.11: Diffraction data from the (h,0,l) plane at 175K with scattering at high
Q (1.5Å−1 to 10.5Å−1)



3.4. Elastic Neutron Scattering - Results 77

structure, seen in the (n+ 1/2, 0, l) lines of peaks, where now there are only peaks

for even values of l. This is an indication of the second charge-ordered/orbital-

ordered phase. If the sample were not twinned, a series of peaks in the (n +

1/2, 0, l) line would not be observed in both charge-ordered/orbital-ordered phases,

but the twinning means that both the (h, 0, l) and (0, k, l) planes are observed

simultaneously, so peaks appear in this series in both charge-ordered/orbital-ordered

phases. It is important to understand the twinning of the sample for inelastic

neutron scattering, as discussed later.

At 175K the sample is in the same phase, however there are now patches of

diffuse scattering centred along the lines (n+ 1/2, 0, l) (where n is an integer). The

patches are most intense around the points l = ±2.5, 7.5 etc. These patches are

most intense at low wavevector which is an indication that they have a magnetic

origin. Although this is above TN, this suggests that there is some CE-type magnetic

ordering already in the MnO2 planes (since this is the correct wavevector for CE-

type magnetic ordering), but only existing over a small cluster size.[74]

After cooling to 9K, T � TN , the magnetic Bragg peaks are now clearly vis-

ible at the (n + 1/2, 0, l) positions. The intensity of the peaks is highest at low

wavevector, confirming these are magnetic peaks. Examining peaks in this series

at higher wavevector shows that the intensity does not drop off completely. This is

attributed to the structural distortion into a monoclinic phase reported by Toku-

naga et al. [23]. It appears that the magnetic peaks are almost non-existent when

l is a multiple of 5, which is particularly apparent when taking a cut along the

(0.75, 0.75, l) line, shown in Fig. 3.14. The interbilayer distance d ∼ 3.8Å, is close

to 1/5 of the c-axis dimension of the unit cell at low temperatures c =∼ 19.2Å. The

3.8Å separation of the bilayer is the reason for the modulation in peak strength

along this line. The fact that the minimum values for the peak are at l=0,±5,±10,
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Figure 3.12: Diffraction data from the (h,0,l) plane at 9K with scattering at low Q
(0.5Å−1 to 7Å−1). There are peaks along the line (1/2, 0, l), but these are obscured
by the intense background feature, the nature of the peaks is similar to those shown
in the cut in Fig. 3.14.

Figure 3.13: Diffraction data from the (h,0,l) plane at 9K with scattering at high
Q (1.5Å−1 to 10.5Å−1). There are peaks along the line (1/2, 0, l), but these are
obscured by the intense background feature, the nature of the peaks is similar to
those shown in the cut in Fig. 3.14.



3.4. Elastic Neutron Scattering - Results 79

−5 0 5 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(0.5,0,l) (r. l. u,)

(I
n
te

n
s
it
y
 (

A
rb

. 
u

n
it
s
)

Al
lines

Figure 3.14: Cut along the line (0.75, 0.75, l), with a width of 0.1 r. l. u. The
cut is taken from the data at 9K. The area marked in the two rectangles should be
ignored due to it overlapping with Al powder lines arising from the cryostat.

etc, as is obvious from the cut along (0.75, 0.75, l) shown in Fig. 3.14, suggests that

there is an antiferromagnetic interaction between the two layers in a bilayer, a fer-

romagnetic interaction would have maximum values at the aforementioned values

of l.

There is still some diffuse scattering at this temperature, in the form of long bars

in the background of the signal in Fig. 3.12 or the bumps in Fig. 3.14. These are

modulated along l with the same periodicity as the Bragg peaks and they get weaker

at higher Q. This suggests that these rods also arise from the magnetic interaction

along the c-direction, perhaps an indication that there is a short correlation length

along the c-axis and a weak interaction between bilayers.

Looking ahead to the spin wave model, it is useful to know that the interaction

between two layers in a bilayer is antiferromagnetic. Also, with these results indi-

cating that the interaction between bilayers is weak, we can therefore assume that

this exchange is relatively insignificant and discard it from the model. This weak

interbilayer interaction also has implications in aligning the crystal for the inelastic

neutron experiment which will be discussed later in the chapter.
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Figure 3.15: Temperature dependency of the scattering intensity of the (0.5,0,2)
diffraction peak. The main transition temperatures in this temperature range are
marked.
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Figure 3.16: Temperature dependency of the scattering intensity of the (0.5,0,3)
diffraction peak. The main transition temperatures in this temperature range are
marked.

A measurement of the temperature dependence of the intensity of some of the

most important peaks is presented in Fig. 3.15, showing the (0.5, 0, 2) peak, and

Fig. 3.16, showing the (0.5, 0, 3) peak. The intensity at the (0.5, 0, 3) goes to zero

below TCO2, with the intensity only slowly recovering as the magnetism becomes

prevalent at this point. The magnetic ordering temperature is clearly marked by

a large increase in the intensity measured at around 155K. These main transition
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temperatures are clearly visible in these plots and agree well with the established

transition temperatures reported elsewhere [68]. This confirms that this sample is

a high quality crystal of Pr(Sr0.1Ca0.9)2Mn2O7.

The data that was obtained in the (h, h, l) scattering plane contains the other

propagation vector of the CE-type magnetic phase. However, the results of the

measurements in the (h, h, l) scattering plane does not provide any information

relevant to this study that was not already observed in the (h, 0, l) scattering plane.

3.5 Inelastic Neutron Scattering - Experimental Detail

The inelastic neutron scattering part of this study, was designed to determine the

nature of the electronic ground state of a CE-type magnetic material, by measuring

the spin wave dispersion of Pr(Sr0.1Ca0.9)2Mn2O7. The measurements were also per-

formed at the ISIS facility of the Rutherford Appleton Laboratory. The instrument

used was the time-of-flight spectrometer MAPS, which has a large area detector

designed to measure a large part of the spin wave dispersion in each measurement.

To perform a successful inelastic neutron scattering experiment, the largest pos-

sible mass of high quality crystal should be used. This is due to the scattering

process for inelastic magnetic neutron scattering being relatively weak. To use the

largest possible mass of Pr(Sr0.1Ca0.9)2Mn2O7, it was decided that it would be best

to co-align an array of crystals so that the scattering from the whole array would be

similar to that from one larger crystal. Five crystals ranging in mass from 0.79g to

2.41g (the largest mass crystal is the same one that was used in the elastic neutron

diffraction experiment) were aligned on ALF at ISIS. To have this many crystals

in the beam at one time a special sample mount had to be manufactured, shown

in Fig. 3.17, with crystals attached to it in the final alignment for the neutron
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Figure 3.17: The 5 crystals, mounted on Al mounts and wrapped in Al foil. The
crystals are co-aligned so that the crystallographic axis are in the same direction
for each crystal. This is the sample arrangement that was inserted into the MAPS
spectrometer. The crystal on the mount marked 5 in panel (a) is the one closest to
the bottom of the image in panel (b), this crystal was studied in the elastic neutron
scattering part of this experiment.

spectroscopy experiment.

The process of alignment was as follows. The largest crystal was aligned in the

desired orientation, as close to the centre of the array as possible. The process

becomes more complicated at this point as the crystals must be aligned to have

precisely overlapping Bragg reflections. Each crystal must fit in to the array without

getting in each others way or altering their alignment, so the problem of aligning

the crystals in reciprocal space becomes a problem in real-space as well. It is

beneficial for the crystals to be as close as possible to the centre of mass and centre

of rotation of the sample mount. A smaller sample volume has two benefits, it

allows the instrument’s beam defining aperture to be as small as possible. This

means that the highest percentage of neutrons are incident on the sample, reducing

the background. The second reason is to minimise the effects of the resolution
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arising from the sample, which will be discussed later in the chapter.

After the alignment was completed, each of the samples had the crystallographic

c-axis and the (twinned) ab-axes orientated in the same direction. The sample array

is shown in Fig. 3.17. The mosaic spread of a diffraction peak of the array was 1.6◦,

which compares favourably with the mosaic of each single crystal which was typically

around 1.2◦. The total mass of the coaligned sample was 7.0g.

With the crystals coaligned on the sample mount, they were placed into the cryo-

stat for the MAPS experiment. In a time-of-flight neutron spectroscopy experiment

such as the one described here, the objective is to measure the magnetic excitation

spectrum over as large a part of reciprocal space as possible. In a single crystal

experiment (here the coaligned crystals are treated as a single crystal), the spec-

trum is a function of energy (ω) and three components of momentum (Qx, Qy, Qz).

The scattered neutrons are recorded as a function of flight time and position on the

detector, and which can be converted to energy and momentum transfer through a

transformation. As only three characteristics of the neutron are detected, only three

of the parameters (ω and the three components of momentum), can be obtained

independently. The fourth variable is determined by the other three.

If the three momentum components are set to be parallel to the three crystal-

lographic directions in Pr(Sr0.1Ca0.9)2Mn2O7, there is a choice of which of these

three is dependent on the other parameters. In this experiment Qa, Qb and ω were

set to be the three independent variables and Qc was determined from these. This

is convenient in a quasi-two dimensional material such as Pr(Sr0.1Ca0.9)2Mn2O7,

where there is almost no magnetic coupling between bilayers, as seen in the elastic

neutron experiment described earlier. There is a variation in the neutron scattering

intensity with Qc, a sinusoidal modulation due to the bilayer structure (discussed

earlier), but this variation can be taken into account in a spin wave model, which
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will be covered later.

With the crystals coaligned and the c-axis aligned with the incident neutron

beam, the sample was cooled to ∼ 3.5K. At this temperature, the entire spectrum

was measured at a number of different neutron incident energies from 18meV to

200meV, with suitable chopper frequencies for each incident energy. There are a

number of reasons for choosing to measure over so many different energies. It is im-

portant to check that the entire magnon dispersion is measured, so it is necessary to

check over a wide range of incident energies for any features. High incident energies

can map the entire magnon dispersion. However, increasing the incident energy de-

creases the resolution, so to study the lower parts of the dispersion accurately, low

incident energy measurements must also be made. MAPS is designed with some

gaps between detector banks, therefore it is necessary to take some overlapping

energy ranges to ensure that interesting parts of the dispersion are not hidden by

an unfortunate coincidence with a detector gap at that position and energy. As

only three independent parameters are measured, the fourth parameter (Qc) be-

comes dependant upon the incident energy of the neutrons, affecting the intensity

of the neutrons at different parts of the dispersion. Measuring a number of incident

energies ensures that the effect of Qc on the intensity can be accurately determined.

Long measurements of 4000−7000µA hr (the microamp hour is the measurement

of the total charge of protons that are accelerated at ISIS and is therefore propor-

tional to the number of neutrons available during a scattering experiment) were

taken at most of these incident energies at this temperature, ensuring that there

were adequate counts to perform a meaningful analysis. Shorter measurements of

around 2000µA hr were made at higher temperatures. These were at 260K and

317K, both of which were only measured at an incident energy of 140meV and a

chopper frequency of 400Hz.
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3.6 Inelastic Neutron Scattering - Results

The spin wave dispersion measured on MAPS at ∼ 3.5K, is shown in Fig. 3.18,

which are slices through reciprocal space. The slices are taken along the direction

(h, 0), demonstrated by the rectangle shown in Fig. 3.19. The two slices show dif-

ferent energy ranges but both are along the same direction, parallel to the magnetic

zigzag. The constant momentum slices are made from sections with varying incident

energies, as marked in the relevant sections of each slice.

A few data handling techniques have been used to aid in visualisation of the

dispersion in Fig. 3.18 and in the later figure, Fig. 3.37. Like the diffraction sample,

the array of samples is twinned and therefore the measured signal has four-fold

rotational symmetry around the (0,0,l) axis, as seen in the elastic energy cut Fig.

3.19(a). Therefore the dispersion could be symmetrised, i. e. all of the data was

folded into one quarter of reciprocal space, Fig. 3.19(b), this improves the counting

statistics. Although the signal has four-fold symmetry, the detector does not, but

this is taken into account in the calculation. In both panels of Fig. 3.19, the large

rings towards the edge of the images are aluminium powder rings from the cryostat

and sample mount. The data has also been corrected for an energy dependent

background, with the background always calculated in a part of the spectrum where

no magnetic scattering is expected or measured. For the purposes of these plots,

the measured intensity of each pixel has been multiplied by a factor tending to

the energy transfer at high energy transfers. This is purely for visualisation and

compensates for the reduction of intensity in the higher energy transfer parts of the

spectrum. The multiplication factor f for a given energy transfer E is,

f(E) =
E/E0

1− e−E/E0
(3.1)
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Figure 3.18: The neutron spectrum measured as a slice along the (h,0) direction.
This images are composed of sections taken from different neutron incident energy
runs. The incident energies of each section are marked on the corresponding parts
of the figure. (a) Shows the detail of the low energy part of the dispersion . (b)
Shows the full bandwidth of the dispersion.
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Figure 3.19: Elastic scattering from PCSMO, measured on MAPS at 3.5K, (a)
The full data, (b) the data symmetrised into one quarter. In both figures the black
rectangle shows the direction of the energy slices presented in Fig. 3.18



88
Chapter 3. Determination of the Electronic Ground State of

Pr(Sr0.1Ca0.9)2Mn2O7 Using neutron Scattering

−0.5 0 0.5

−0.4

−0.2

0

0.2

0.4

0.6

(h,h,0) (r. l. u.)

(k
,k

,0
) 

(r
. 

l.
 u

.)

 

 

−0.5 0 0.5

−0.4

−0.2

0

0.2

0.4

0.6

(h,h,0) (r. l. u.)

 

 

−0.5 0 0.5

−0.4

−0.2

0

0.2

0.4

0.6

(h,h,0) (r. l. u.)

 

 

0 0.5 1
0

50

100

(h,0,0) (r. l. u.)

E
n

e
rg

y
 (

m
e

V
)

 

 

0 0.5 1
0

50

100

(h,0,0) (r. l. u.)

 

 

0 0.5 1
0

50

100

(h,0,0) (r. l. u.)

 

 

In
te

n
s
it
y
  

(a
rb

. 
u

n
it
s
)

0

2

4

6

8

10

12

14
(a) (b) (c)

(d) (e) (f)

Figure 3.20: Simulations of the neutron scattering spectrum using the GE model
with some test parameters. The test parameters were similar to the final best
fit parameters. Panels (a), (b) and (c) show a constant energy slice through the
spectrum at 2 meV, while panels (d), (e) and (f) all show a slice along the (h, 0)
direction. (a) and (d) show the spectrum from twin 1, (b) and (e) the spectrum
from twin 2 and, (c) and (f) the two twins plotted together.

where E0 = 10meV. This means that f(E)→ 1 for E � E0 and f(E)→ E/E0 for

E � E0. All neutron intensities in this chapter, unless explicitly stated otherwise,

have the units of millibarn per steradian per millielectronvolt per Mn ion multiplied

by f(E) (mb sr−1 meV−1 Mn−1 × f(E)).

These slices are meant to give an overview of the data, but also contain many

of the important features of the spectrum, which had to be accounted for in the

spin wave models used to describe these results. The following can all be read with

reference to Fig. 3.18. There is a low energy band emerging from the magnetic

Bragg peak at (0.5, 0), with a maximum energy of 7 meV at (0, 0). An upper band

disperses from (0, 0) point at 7 meV and reaches a maximum energy at 85 meV. The

upper band has an energy gap between 35 and 55 meV, that extends throughout

the entire dispersion. The intense features near the elastic line are Bragg peaks and
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are also observed in Fig. 3.19. The high intensity around the point (0, 0) in Fig.

3.18 (a), is from the (1, 1) Bragg peak; this part of the dispersion has been folded

into the first Brillouin zone.

Although the cut is in the direction of the magnetic zigzag, twinning results

in some of the data in this section arising from the direction perpendicular to the

zigzag, demonstrated in Fig. 3.20(a-c). Preliminary analysis with the GE spin wave

model (discussed in the following section) showed that the low energy band emerging

from the magnetic Bragg peak at (0.5,0) and meeting (0,0) at about 7 meV is from

the direction perpendicular to the FM zigzag. All of the dispersion over 7 meV is

in the same direction as the FM zigzag. This is shown in Fig. (3.20) (d-f), where

(d) shows one twin, (e) the other and (f) both together.

Figure 3.21 shows some examples of shows cuts through the spectrum at constant

Q, along the energy axis, showing the intensity. The cuts are made at a number

of different Q values and each cut is taken from an appropriate neutron incident

energy. Figures 3.21(a)–(c) contain data on the lower band, and (c)–(f) on the upper

band. Cut (a) shows that there is a small energy gap of about 2 meV at (0.5, 0),

(d) and (e) show the lower and upper limits of the gap in the upper band, and (f)

is a cut through the top of the dispersion at (1, 0). The small gap at the magnetic

Bragg peak (0.5,0) (Fig. (3.21)(a)), is an indication of anisotropy in the system.

This is also apparent in the magnetisation data, which show that the b-direction is

the magnetic easy axis.[23]

At an early stage in the data analysis, it became apparent that the resolution

was an important factor in understanding this data. Not only does the resolution

broaden the signal, but in extreme cases it can significantly change the position and

shape of the peaks in the data. In the case of Pr(Sr0.1Ca0.9)2Mn2O7, resolution

was particularly important when dealing with low energy transfer features (relative
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Figure 3.21: These constant Q cuts are shown as an example of the type of cuts
used to find the dispersion, by the method described in the main body of the text.
They also contain some of the most important points in the dispersion and their
position is indicated in each panel; (a) the minimum of the dispersion, (b) half
way along the lower dispersion, (c) the dispersion at (0,0), (d) the bottom of the
gap in the dispersion, (e) the top of the gap in the dispersion, (f) the maximum of
the dispersion. In each figure, the solid line shows the preliminary fit with the GE
model.

to the incident energy of the neutrons). Since measurements were made at many

incident energies, most of the dispersion could be measured with good resolution

and only the very low energy parts of the dispersion were strongly affected.

To resolve the resolution issue at low energy transfers and to fit the data to a

model a suitable correction for the resolution had to be made. This was achieved by

using the program Tobyfit, from the ISIS facility, which is designed to fit spin wave

models with resolution considered for the spectrometers at ISIS. There are various

sources of resolution broadening on MAPS. The moderator and the chopper, used

as a monochromator, both result in an energy broadening of the neutron energy at

the sample. As both the moderator and the chopper are finite in size, there is also a
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spatial consideration for the resolution, related to which part of these components

the neutrons travel through. Sample size is also important, especially in the case

of a co-aligned array of samples such as Pr(Sr0.1Ca0.9)2Mn2O7, where neutrons are

scattering from different parts of the large volume of the sample. On top of this,

beam divergence must also be considered. All of these effects must be accounted

for in any good resolution correction. These effects and others are all taken into

account in Tobyfit.

It is possible to use Tobyfit to fit a model spectrum to an entire data set,

simultaneously with inclusion of resolution. However, this is impractical in this

case as the amount of computational time required is far too much for the resources

available. Each pixel in the data is fitted for resolution individually and an entire

spectrum includes a vast number of pixels (> 40000) taken over 2000 time steps.

Instead, an alternative scheme to fit the data was adopted, which is described below.

In summary the process is as follows; a number of constant energy and constant

momentum cuts (> 50 in this study) are made through the observed spectrum. A

preliminary model for the magnetic spectrum is then chosen and fitted to each cut

separately. The purpose of this is simply to obtain an approximate description of

the dispersion in the vicinity of the cut. The effects of resolution could then be

quantified by fitting each cut in Tobyfit, which folds the spectrometer resolution

function with the model dispersion. From the fit parameters for these cuts, each

cut can now be simulated, resulting in a simulated cut that is resolution-corrected.

Finally, these resolution-corrected peak positions from each cut are plotted as a

dispersion and can be used to test various spin wave models.

This procedure was conducted as follows for Pr(Sr0.1Ca0.9)2Mn2O7. The Goode-

nough model (the model described in detail in the following section) was used as the

preliminary model for Pr(Sr0.1Ca0.9)2Mn2O7 and, after some trial simulations, this
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Figure 3.22: The dispersion found by analysing cuts through the neutron spectrum,
each point represents a fit to one cut. This dispersion is in both the direction parallel
to and perpendicular to the ferromagnetic zigzag in the sample, due to the nature
of the twinning. The error bars are only shown if they are larger than the marker.

model was found to give a good qualitative description of the measured spectrum.

To constrain the parameters of the Goodenough model, the model was fitted to cuts

taken at 6 key symmetry points (those shown in Fig. 3.21) using the parameters

of Senff et al. [65] which gave a reasonable overall description of the spectrum.

The model dispersion was then refined for each of the > 50 cuts separately, by

allowing the dominant exchange parameter to vary while fixing the ratios of smaller

parameters to the dominant one. The other free parameters were an independent

amplitude and width for each cut and, where necessary, a constant background.

By taking the parameters of each independent fit and simulating them sepa-

rately, the peak position can for each of the individual cuts can now be obtained,

giving a dispersion with the resolution accounted for. The dispersion obtained in

this manner for Pr(Sr0.1Ca0.9)2Mn2O7 is shown in Fig. 3.22. One way to test how

suitable the Goodenough model is as a preliminary model is to examine the fitted

amplitudes of the peaks. The peak amplitudes are determined in the model by a

pre-factor in the spin wave cross section. If the model fits the data well the pre-

factor should be the same for each individual cut. The prefactors determined from
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the fits are shown in Fig. 3.23 as a function of energy transfer. The pre-factor is

relatively constant, with perhaps a small decrease at high energy transfers. An-

other test of the quality of the fit of the Goodenough model is to examine the peak

width. If the resolution is being dealt with correctly by the program, the intrinsic

peak width should be proportional to the energy transfer of the neutrons. The peak

width is plotted against the energy of the cut in Fig. 3.24. These two plots con-

firm that the Goodenough model was a suitable model for retrieving the resolution

corrected dispersion from the data and that it should be a suitable model for the

whole dispersion.

The resolution-corrected dispersion, shown in Fig. 3.22, has been obtained as

described above using the Goodenough model as the means to correct for the reso-

lution. However, any model that correctly describes the dispersion in the vicinity of

each cut would have been able to produce the same resolution-corrected dispersion

from the data, though only a model that provides a reasonable description of the

whole dispersion would have a constant pre-factor for the intensity, as found here

for the Goodenough model, see Fig. 3.23.

The dispersion is now corrected for resolution and completely independent of

the preliminary model used to obtain it. The experimental dispersion can now be

fitted to any model one wishes to test. The models tested in this study are described

in the next section, along with the results of the fits to these models.

It is useful to compare the dispersion measured here to the one measured

for La0.5Sr1.5MnO4 by Senff et al.[65] Both materials are CE-type antiferromag-

nets, the main difference being the La0.5Sr1.5MnO4 has a single Mn-O layer and

Pr(Sr0.1Ca0.9)2Mn2O7 has bilayers. The two dispersions do show some similarities.

Below 40meV the dispersions are very similar, however, there is no gap in the dis-

persion measured by Senff et al. and the upper part of the dispersion is entirely
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different. It is possible that there is a gap and a higher energy part of the dispersion

in La0.5Sr1.5MnO4 and it has not been shown in the previous work.

3.6.1 High Temperature Results

In figures 3.25 and 3.26, the spin wave spectrum parallel to the ferromagnetic zigzags

is measured above TN at 260K (in the second charge-ordered/orbital-ordered phase)

and at 317K (in the first charge-ordered/orbital-ordered phase), respectively. Both

measurements were made at an incident energy of 140 meV. The same display tech-

niques are used here as were used for the low temperature spectrum, such as sym-

metrising the data and multiplying by the intensity by the incident energy. The

high temperature dispersion shows a similar overall shape to the low temperature

dispersion with the same periodicity and rising to a peak at roughly the same energy

of around 80 meV. However, there is no indication of the low energy dispersion or of

the gap in the dispersion. Instead the dispersion is characteristic of a simple ferro-

magnet. As this is above the magnetic ordering temperature, this suggests that only

a nearest neighbour ferromagnetic interaction is important at these temperatures.

This is in general agreement with the work of Senff et al.[74], whose measurement

show signs of magnetic clusters forming in La0.5Sr1.5MnO4.

3.7 Spin Wave Models

Initially two spin wave models were considered in relation to the measured dis-

persion. These were the aforementioned Goodenough (GE) model and the Zener

Polaron (ZP) model. A model that is best thought of as a hybrid model of these two

models, termed the Dimer (DI) model, was developed after testing of the first two

models. The three models were written by Olga Sikora and Toby Perring. All three
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Figure 3.23: The fitted amplitude (i.e. intensity pre-factor) for the spin-wave cross-
section obtained from fits to each cut. The colour represents the incident energy of
the neutrons for the cuts.
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Figure 3.24: The fitted inverse lifetime for each cut. The colour determines the
incident energy of the neutrons for that cut.
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Figure 3.25: The dispersion parallel to the ferromagnetic zigzag at 260K, in the
second charge-ordered/orbital-ordered phase.
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Figure 3.26: The dispersion parallel to the ferromagnetic zigzag at 317K, in the
first charge-ordered/orbital-ordered phase.
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Figure 3.27: Out of plane exchanges considered in all of the spin wave models
discussed here. These are the interbilayer interaction, Jbi and the intrabilayer in-
teraction, J⊥. Jbi is at least an order of magnitude smaller than J⊥.

spin wave models are constructed from the Heisenberg Hamiltonian for the interac-

tion between two spins at sites i and j, H = −
∑
〈i,j〉Ji,jSi · Sj. The three models

differ in the in-plane interactions, all three have the same out of plane interactions,

shown in Fig. 3.27. In each case Jbi is assumed to be zero, since it is believed to be

negligible. This is implied in the diffraction data and the diffuse scattering observed

parallel to the ab-plane in the elastic scattering results already presented. Using

these models the partial differential cross-section for neutron scattering can then be

calculated and fitted to the measured spectrum by use of linear spin wave theorem,

see section 1.6. The following subsections give the results of the fits for each model

separately and a discussion of the results for each fit.

3.7.1 The Goodenough Model

The GE model is similar to the model described by Senff et al.[65] and is based

on the principles of charge-ordered antiferromagnetic superexchange proposed by

Goodenough [17] and Kanamori [53]. The spin wave model is based on the magnetic
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Figure 3.28: The magnetic interactions in a single MnO2 layer for the GE model.
The dashed box shows the magnetic unit cell.

interaction between ions (Si,j) arranged in the CE-phase magnetic structure. The

exchanges within the MnO2 layer are shown in Fig. 3.28 and the out of plane

exchange parameters are shown in Fig. 3.27. The 4 in plane exchanges are the

nearest neighbour (nn) ferromagnetic (FM) interaction JF1, the nn-AFM interaction

JA, the next nearest neighbour (nnn) FM interaction between two Mn4+ sites JF2

and the nnn-FM interaction between two Mn3+ sites JF3. There is also the nn-AFM

interaction to the next layer in a bilayer J⊥. A single ion anisotropy (D
∑

i(S
z
i )2) is

added to the Hamiltonian to account for the gap observed between the dispersion

and ET = 0. The magnitude of the spin on each Mn site is assumed to be the same.

It became apparent early in the analysis process that the GE model would be

suitable for describing the dispersion, hence it was used to obtain the resolution

corrected dispersion described in the previous section. Therefore it came as no

surprise that a good fit of this model to the measured dispersion was achieved,

shown in Fig. 3.29. The exchange parameters found from this fit were as follows,

JF1 = 11.39 ± 0.05meV, JA = −1.50 ± 0.02meV, JF2 = 1.35 ± 0.07meV, JF3 =

−1.50 ± 0.05meV, J⊥ = −0.88 ± 0.03meV and an anisotropy = 0.073 ± 0.001.
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Figure 3.29: The complete dispersion fitted using the GE model, in the direction
parallel to the ferromagnetic zigzag, showing all modes.
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Figure 3.30: The dispersion fitted using the GE model, showing only the modes
with an intensity greater than 10% of the maximum calculated intensity. This is
dispersion in the direction parallel to the ferromagnetic zigzag.

Although there are 32 magnetic ions in the true magnetic unit cell, for the purposes

of the model, this could be reduced to 8, the number of ions in one layer. Therefore

there are 8 modes calculated in this model (which are degenerate with the three

other sets of 8 that would exist in the true 32 mode dispersion). The structure factor

for the dispersion is also calculated, so to make the picture clearer, only the modes

that have an intensity > 10% of the maximum calculated intensity are plotted in

Fig 3.30.

The striking feature of this fit is the dominance of the nn-FM interaction, almost

an order of magnitude larger than any other exchange. One unusual feature of the
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Figure 3.31: The dispersion fitted using the alternative GE model discussed in the
text, showing only the modes with an intensity greater than 10% of the maximum
intensity calculated. This is dispersion in the direction parallel to the ferromagnetic
zigzag.

fit is that one of the nnn-FM interactions fits as an AFM interaction, suggesting

that for this model to be correct there must be some frustration in the magnetic

ground state.

It is possible for either JF2 or JF3 to be the AFM interaction, the two num-

bers can simply be swapped to get an equally good fit (JF2 = −1.50meV and

JF3 = 1.35meV), giving two models that seemingly indistinguishable in the fit.

The dispersion found by the alternative set of exchange parameters is shown in Fig.

3.31 for comparison. The only difference observed is the dispersionless mode ap-

parent at the top of gap in Fig. 3.30, appears at the bottom of the gap in Fig. 3.31.

This difference is due to the a change in the structure factor of these mode between

the two models. The dispersionless mode is not clearly observed at either of the

these positions, see Fig. 3.18(b). For the remainder of this chapter the original GE

model (JF2 > JF3) will be referred to simply as the GE model and the second GE

model (JF3 > JF2) as the alternative GE model.
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Figure 3.32: The magnetic interactions in a single MnO2 layer for the ZP model.
The dashed box represents the magnetic unit cell.
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Figure 3.33: The complete dispersion modeled with the ZP model. The black
squares show the data and the three coloured lines show the different test models
that are discussed in the text, showing only parts of the calculated dispersion that
have an intensity greater than 10% of the maximum calculated intensity.

3.7.2 The Zener Polaron Model

In the case of the Zener polaron model, the same Hamiltonian is used except the

spins (Si,Sj) in the Hamiltonian refer to the Zener polaron, rather than an individ-

ual Mn ion. The Zener polaron describes two magnetic moments that are effectively

bound together by the Zener double exchange to such an extent that they are treated

as one magnetic moment spread out over two Mn sites and centred at the point ex-

actly between them. Treating the moment as being evenly distributed around the
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central point is a simplification, as most of the moment should still reside near the

Mn sites. However, it is useful to consider this extreme case of the ZP model. This

results in a model with only three in-plane magnetic exchanges, the nn-AFM inter-

action between two dimers, JA and two nn exchanges reflecting the zigzag structure,

labeled JFU and JFD. These three exchanges are illustrated in Fig. 3.32. The out

of plane exchange J⊥ shown in Fig. 3.27 is again fitted in this model.

The spin wave model used here does not correctly handle the magnetic form

factor for the Zener polaron system, which relates to how the model considers

the distribution of the magnetic moment. In the model there is assumed to be

a distribution of the moment around the central point between the two Mn sites,

however, in reality the majority of the moment will still be located on the Mn site,

with only a small fraction delocalised. This issue is not important in this discussion

as the magnetic form factor only affects the intensity of the neutron scattering,

it does not change the dispersion. In this work, only the dispersion of the Zener

polaron model has been calculated, not the entire spectrum.

In previous work by Sikora et al.[67, 75] it was shown that there are three stable

models for the magnetic exchanges. These three models are described as either one

dominant ferromagnetic exchange, two ferromagnetic exchanges stronger than the

antiferromagnetic exchange or a dominant antiferromagnetic exchange. The dis-

persions predicted by these three models are shown in Fig. 3.33 and are described

by the following exchange parameters: the dominant single ferromagnetic exchange

model, shown in red (dashed line), has the exchange parameters JFU = 5meV,

JFD = 1meV, JA = −2.5meV and J⊥ = −1meV; the model with two higher ferro-

magnetic exchanges shown in green (dot-dash line), has the exchange parameters

JFU = 4meV, JFD = 2meV, JA = −1meV and J⊥ = −1meV; the antiferromagnetic

dominant model (blue, dotted line), has the exchange parameters JFU = 0.5meV,
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JFD = 0.5meV, JA = −10meV and J⊥ = −1meV. In each case, only parts of the

dispersion that have an intensity greater than 10% of the maximum calculated in-

tensity are plotted. These exchange parameters all represent simulations describing

the models, these are not fits. These sets of parameters were chosen to reproduce

the observed magnon bandwidth and to be representative of each class of Zener

polaron model. Many other models are obviously possible, but all the physically

meaningful ones fall into one of the three classes described here. Each of these three

classes can be shown to be unsuitable for fitting the dispersion, as described in the

following paragraph.

As with the GE model, the plots only show the dispersion when the calculated

intensity is > 10% of the maximum calculated intensity of the dispersion. It is

clear from the plots that these three models are unable to describe the measured

dispersion. The Zener polaron has no mechanism to create a complete gap in the

dispersion in the 35 meV to 55 meV range, as observed experimentally. The Zener

polaron model does not have the correct periodicity for the dispersion along the

direction of the ferromagnetic zigzags. This is because the distance between two

magnetic moments in this direction is larger than the distance between two magnetic

ions. The periodicity of the dispersion suggests that the strongest ferromagnetic

interaction must be between nearest-neighbour Mn ions, not between two nearest-

neighbour pairs of Mn ions, as the Zener polaron model requires. As a further

check, a large part of parameter space was also tested for suitability as a spin

wave model for Pr(Sr0.1Ca0.9)2Mn2O7 and none were able to replicate the observed

dispersion. The Zener polaron model is therefore unsuitable for describing the spin

wave dispersion in Pr(Sr0.1Ca0.9)2Mn2O7 and this casts doubt on its viability as an

electronic groundstate in CE-phase manganites.
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3.7.3 The Dimer Model

Figure 3.34: The magnetic interactions in a single MnO2 layer for the DI model.
The dashed square represents the magnetic unit cell.

The DI model is similar to the GE model in that the spins in the Hamiltonian

arise from individual manganese sites, but it allows two different values for nn-

ferromagnetic interaction. Therefore, a Mn3+ site can have a stronger interaction

to one nn-FM Mn4+ site than it does to the other one. This allows for the effect of

a double exchange between a Mn3+ and a Mn4+, without implementing the Zener

polaron idea of the two ions acting as one magnetic moment. The exchange param-

eters involved in this model are shown in Fig. 3.34. The important interactions in

this case are the two nn-FM interactions JFB and JFS , the nn-AFM interaction JA

and yet again the intrabilayer interaction J⊥.

The fit of this model to the measured dispersion is shown in Fig. 3.35. The

fitted parameters are JFB = 14.2± 0.08meV, JFS = 8.43± 0.06meV, JA = −1.52±

0.01meV, J⊥ = −0.92±0.03meV and a fitted anisotropy = 0.073±0.001. The fit of

the DI model is also shown in Fig. 3.36 where only the modes with intensity greater

than 10% of the maximum calculated intensity are displayed. The Dimer model fits

the dispersion very well. It is obvious when comparing the two dispersions, that the
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Figure 3.35: The complete dispersion fitted using the DI model, in the direction
parallel to the ferromagnetic zigzag.
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Figure 3.36: The dispersion fitted using the DI model, showing only the modes
with an intensity greater than 10% of the maximum intensity calculated. This is
dispersion in the direction parallel to the ferromagnetic zigzag.

GE and DI models fit an almost identical dispersion, the only difference being that

the dimer model predicts a dispersionless band at both the bottom and the top of

the energy gap in the dispersion.

3.8 Determining the Best Model

One of the key reasons for ruling out the ZP model is that there is no mechanism

for creating a gap throughout the dispersion between ∼35meV and ∼55meV. When

considering the Dimer and the Goodenough models, there are three possible mecha-
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nisms that allow for the creation of this large gap in the dispersion. One of the mech-

anisms is charge disproportionation, i.e. how many electrons are on the Mn3+ and

Mn4+ sites. As mentioned, all of the fits were conducted with an equal spin/charge

on each site. Assuming that the charge state of the Mn ions is proportional to the

spin, with S = 2 associated with Mn3+ and S = 3/2 with Mn4+, the calculated the

spin wave spectrum for the GE model requires the charge states of Mn2.84+ and

Mn4.16+, which is unrealistic in the context of previous experiments.[57, 58]

The two other mechanisms are intrinsic properties of the Goodenough and dimer

spin models. In the Goodenough model, the gap appears when the values of the

next-nearest-neighbour interactions JF2 and JF3 are non-zero. To get the size of gap

correct, the two exchanges must have opposite interactions. Considering that the

these two interactions exist between moments which are ferromagnetically aligned

means that a degree of frustration must exist for the GE model to correctly describe

the system. In the dimer model the gap merely originates from the difference in

magnitude between the nearest-neighbour FM interactions JFB and JFS , neither of

which have to be frustrated. By this argument the dimer model seems to present the

more elegant solution and requires fewer parameters to achieve an equally good fit.

The dimer model, allowing for a broken symmetry between the interaction of the

two nearest neighbour manganese ions in a ferromagnetic chain, incorporates the

effects observed in other experiments in this regard, without imposing the need for

complete charge and spin sharing between two nearest neighbour Mn ions implied

by the Zener polaron model.

The high temperature data, Fig. 3.25 and Fig. 3.26, can give some insight to

the behaviour of the system. The high temperature data show a spectrum with a

similar shape to the T ∼ 3K data presented elsewhere in this chapter, but without

a gap in the dispersion. This means that the dominant nn-FM term is still apparent
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at this temperature, but the mechanism for creating the gap is not strong enough

to affect the dispersion here. This means, that in the GE scenario, the nnn terms

are too incoherent to allow for a magnetic excitation or in the DI scenario, that

the inequality of the two nn Mn ions in the FM zigzags is non existent in this

phase. In the latter case this could go against this model, because both of the

high temperature datasets are below TCOO1 and therefore any imbalance due to

the charge ordering or orbital ordering would already be present and the gap would

start forming.

None of these arguments offer a definitive answer as to which is the best model

and it is hard to distinguish between the Goodenough model and the Dimer model

using only the dispersion. Both are able to fit the measured dispersion equally well.

To try to overcome this problem the full neutron scattering spectrum was calculated

using both models. This is shown in the series of figures from Fig. 3.37 to Fig. 3.43.

These figures show simulations of various slices through the data, described in the

following paragraph.

The energy versus wavevector slices shown in Fig. 3.18 are plotted again in

Fig. 3.37 (a) and (b) respectively. Below each of these is a simulation using the

GE model, (c) and (d), and the DI model, (e) and (f) at the same part in the

dispersion. The neutron incident energy is shown for plots (a) and (b) in each

marked section, and the plots directly below these two have the same composition

of incident energies. The next six figures are all constant energy slices through the

spectrum; (a) is the data (with a constant background subtracted), (b) the GE

model simulation and (c) the DI model simulation. Each figure is at a different

energy transfer ET and neutron incident energy Ei. The figures are at the following

energies; for Fig. 3.38 ET = 5meV with Ei = 25meV, for Fig. 3.39 ET = 11meV

with Ei = 25meV, for Fig. 3.40 ET = 17meV with Ei = 50meV, for Fig. 3.41
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ET = 35meV with Ei = 70meV, for Fig. 3.42 ET = 60meV with Ei = 100meV and

for Fig. 3.43 ET = 75meV with Ei = 140meV.

Both simulations are very similar to the observed spectrum and both give excel-

lent fits to the dispersion. When comparing the two models, the intensity predicted

by both is almost identical in all the slices presented. There is a slight difference

in both Fig. 3.41 at ET = 35meV and Fig. 3.42 at ET = 60meV, which are located

just below and just above the gap in the dispersion, respectively. In these slices,

the GE model gives a better simulation of the data than the DI model. This is the

most convincing evidence available and the conclusion must be made that the GE

model is a superior model of the spin wave spectrum than the DI model.

There are, however, two competing GE models, depending on which of JF2 and

JF3 is negative and which is positive. Examining constant energy simulations just

above and below the gap in the dispersion rules out the alternative GE model. Fig.

3.44 shows the data and simulations for constant energy slices at 35 meV (panels

(a)-(c))and 60 meV (panels (d)-(f)). The data has been corrected for a constant

background. The simulations allow a comparison of the two GE models, calcuations

using the GE model (panels (b) and (e)) show an excellent agreement with the data,

where as those performed with the alternative GE model (panels (c) and (f)), do

not describe the data well. It is clear that the original GE model provides the better

simulation of the data and the alternative GE model may be discarded.

3.9 Conclusion

This measurement of the spin wave dispersion of Pr(Sr0.1Ca0.9)2Mn2O7, clearly

demonstrates that the Zener polaron model is not a suitable candidate for the elec-

tronic ground state in CE-type magnetic phase of this system. The dispersion can
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Figure 3.37: Spin wave dispersion in Pr(Sr0.1Ca0.9)2Mn2O7 showing energy slices
are along the (h, 0, l) direction. parallel to the ferromagnetic zigzag. Each plot is
split in to sections depending on the incident neutron energy for that section, the
values of the incident energy are shown in (a) and (b) and remain the same for the
figures directly below in each column. (a) The low energy dispersion data (b) the
high energy dispersion data (c) the low energy simulation with the DI model (d)
the high energy simulation with the DI model (e) the low energy dispersion of the
GE model (f) the high energy simulation of the GE model.
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Figure 3.38: A constant energy slice through the dispersion between 4.5 and
5.5 meV taken at an incident energy of 25 meV. (a) A slice of the measured spec-
trum (b) the spectrum simulated using the GE model (c) The slice simulated using
the DI model.
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Figure 3.39: A constant energy slice through the dispersion between 10.5 and
11.5 meV taken at an incident energy of 25 meV. (a) A slice of the measured spec-
trum (b) the spectrum simulated using the GE model (c) The slice simulated using
the DI model.
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Figure 3.40: A constant energy slice through the dispersion between 16 and 18 meV
taken at an incident energy of 50 meV. (a) A slice of the measured spectrum (b)
the spectrum simulated using the GE model (c) The slice simulated using the DI
model.
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Figure 3.41: A constant energy slice through the dispersion between 34 and 36 meV
taken at an incident energy of 70 meV. (a) A slice of the measured spectrum (b)
the spectrum simulated using the GE model (c) The slice simulated using the DI
model.
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Figure 3.42: A constant energy slice through the dispersion between 58 and 62 meV
taken at an incident energy of 100 meV. (a) A slice of the measured spectrum (b)
the spectrum simulated using the GE model (c) The slice simulated using the DI
model.
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Figure 3.43: A constant energy slice through the dispersion between 73 and 77 meV
taken at an incident energy of 140 meV. (a) A slice of the measured spectrum (b)
the spectrum simulated using the GE model (c) The slice simulated using the DI
model.
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Figure 3.44: A series of constant energy slices. The top row of panels show slices
at 35 meV, with (a) showing the data, (b) a slice using the GE model and (c) a slice
using the alternative GE model. The bottom row shows slices at 60 meV, with (d)
showing the data, (e) a slice using the GE model and (f) a slice using the alternative
GE model

be described by the traditional CE-type electronic ground state originally proposed

by Goodenough, even without any significant charge ordering. However, this does

require some frustration within the ferromagnetic chain. The dispersion can also

be described by a dimer model, somewhat similar to the Goodenough model, but

having a broken symmetry in the nn-FM interaction within the FM chain. The DI

model and an alternative version of the GE model can both be ruled out by simu-

lations of the neutron scattering spectrum, leaving the GE model with JF2 positive

and JF3 negative as the only model that describes the observed neutron scattering

spectrum. It is demonstrated that the electronic ground state can produce this spin

wave dispersion, even with equal charges on the Mn sites.

The values for the exchange parameters found as a result of the fit with the GE

model, such as the nn-FM interactions, agree well with work on similar manganites

which shows A-type antiferromagnetism, like the bilayer manganite La2−2xSr1+2xMn2O7.[76]
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The dominance of the FM term being almost an order of magnitude greater than the

other interactions, shows that this material is close to having a magnetic structure

with ferromagnetic layers, agreeing with the traditional view of colossal magnetore-

sistance.





Chapter 4

The Magnetisation Distribution

in La0.5Sr1.5MnO4

4.1 Introduction

One of the most striking phenomena in manganites is the wide variety of magnetic

phases that can exist with relatively small changes in the chemical composition, par-

ticularly changes inR in the generic formulaRn+1MnnO3n+1. In the La1−xSrxMnO3

at least five different magnetic ordering regimes are present as the material is doped

from x = 1 to x = 0.[77] The most complex of these phases is perhaps the charge-

exchange (CE) magnetic phase, shown in Fig. 4.1.[15, 17] The exact composition of

the electronic ground state in the CE phase has long been debated, as discussed in

the previous chapter.

Theories explaining the different types of magnetic ordering observed in RMnO3

materials have mainly focused on the Jahn-Teller effect and the consequent appear-

ance of orbital ordering.[17, 78] The orientation of the ordered orbitals in relation

to each other determines the dominant magnetic exchanges between Mn ions, me-

diated by O ions in a Mn-O-Mn configuration. However, these explanations have

always relied on charge ordering of the Mn sites into Mn3+ and Mn4+ ions, a picture

that is not entirely consistent with experimental results.[59, 60]
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Figure 4.1: The CE-type magnetic structure superimposed upon conventional pic-
ture of the orbital ordering.

A measurement of the O K-edge electron energy loss spectra,[79] indicated that

the charge carriers in La1−xSrxMnO3 had the character of O p-orbitals. This is

in contrast to the earlier theoretical work, which assume that oxygen was in an

unpolarised O2− state. Ferrari et al conducted an ab initio electronic structure

calculation of the cubic manganite La0.5Ca0.5MnO3,[63] and the results suggested

that there was magnetic polarisation on the oxygen site, in the Mn-O-Mn bond in

a layer of the CE-magnetic phase. The results of this calculation are reproduced

in Fig. 4.2 and demonstrates the electronic ordering expected on the oxygen site

in this material. Also shown is the expected magnetic polarisation of the O site,

antiferromagnetic to the nearest neighbour Mn ions.

A number of studies have since investigated the electronic state of the O ion

in La0.5Ca0.5MnO3 and closely related materials.[80, 81, 82, 83] There is a reason-

able but not conclusive agreement that the charge of the O-site is not strictly 2−.

However, only the study by Grenier et al.[80] has tested the magnetism of O site,

using resonant x-ray scattering at the O K-edge, but that measurement was not

performed on a half-doped material. Therefore the prediction of Ferrari et al.[63]

that the O is antiferromagnetically aligned with the neighbouring Mn ions is as yet
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Figure 4.2: Magnetisation density distribution within a layer of La0.5Ca0.5MnO3.
This figure is adapted from the work presented by Ferrari et al.[63] Positive density
is represented by full lines and negative density is represented by broken lines.
Reprinted figure with permission from Ferrari et al.[63] Copyright (2003) by the
American Physical Society.

untested for the CE-type magnetic phase.

This investigation examines the magnetisation distribution in the unit cell of

the CE-phase in the manganite material La0.5Sr1.5MnO4 using a measurement of

the flipping ratios in a polarised neutron scattering experiment to determine the

magnetic form factor. The magnetisation distribution is found from the magnetic

structure factor using the maximum entropy method.[84]

This study is performed on the single-layered material La0.5Sr1.5MnO4, instead

of a cubic perovskite, for a number of important reasons. La0.5Sr1.5MnO4 is the n =

1 member of the Ruddlesden-Popper series and has a similar chemical composition

to La0.5Ca0.5MnO3. In particular the number of electrons per Mn ion is the same

in both materials, giving an average Mn valency of +3.5. It has been shown in a

number of previous studies that La0.5Sr1.5MnO4 shows the same magnetic CE phase

at low temperatures that La0.5Ca0.5MnO3 displays and that this magnetic structure

seems to be induced by the same charge order/orbital order.[21] These orderings are

also observed in the n = 2 member of the series, including one discussed in Chapter
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3.

One advantage of La0.5Sr1.5MnO4 over La0.5Ca0.5MnO3 in a single crystal neu-

tron experiment is the relative simplicity of the twinning problem in the layered

material (twins in this case are the possible energy equivalent arrangements of the

MnO2 planes in the CE-type magnetic phase). In La0.5Ca0.5MnO3 the planes of

the CE phase can have six possible orientations, two twins (rotated 90◦ from each

other) in each of the three crystallographic directions. In La0.5Sr1.5MnO4 there

is only one orientation of the MnO layers and therefore only two twins for the

CE-phase, making the experimental results much easier to interpret.

As the MnO2 layers interact weakly, La0.5Sr1.5MnO4 can be considered as a

quasi-two-dimensional system. The single layered perovskite manganites have been

shown to have very stable magnetic states within the layers, which are not altered

until very high magnetic fields are applied.[85] This is essential in this study due

to the large magnetic fields which are applied in the polarised neutron scattering

experiment (discussed later).

4.1.1 Bulk properties of LaxSr2−xMnO4

The series of manganites LaxSr2−xMnO4 for (0 ≤ x ≤ 0.6) have the tetragonal

I4/mmm space group symmetry at room temperature, with La0.5Sr1.5MnO4 having

the lattice parameters a = 3.86Å and c = 12.42Å at room temperature (precise

values of a and c vary with x).[86] At all temperatures, La0.5Sr1.5MnO4 displays

a crystal structure that is close to having the same I4/mmm symmetry and for

convenience all scattering vectors discussed in this chapter are referenced in this

unit cell. The crystal structure of a unit cell of LaxSr2−xMnO4 is shown in Fig. 4.3,

showing the MnO layers in purple with La/Sr site in between these layers, in yellow

and the room temperature unit cell shown by the black box.
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Figure 4.3: The I4/mmm crystal structure of LaxSr2−xMnO4 purple circle are Mn
ions, which are surrounded by an octahedron of O ions. The yellow circles are the
La/Sr sites. The black lines show the crystallographic unit cell.

On cooling La0.5Sr1.5MnO4 goes through two significant phase transitions. There

is a charge-order/orbital-order transition at TCO−OO = 217K.[21] The charge-

order/orbital-order phase results in a small distortion to the crystal structure, with

structural superlattice Bragg peaks appearing at (h + 1/2, k + 1/2, l) positions.

La0.5Sr1.5MnO4 undergoes a magnetic transition at TN = 110K, below which CE-

phase antiferromagnetism is observed. The magnetic unit cell is rotated 45◦ around

the c-axis from the structural unit cell and has the dimensions 2
√

2a×2
√

2a×2c.[21]

Measurements of the magnetisation of the LaxSr2−xMnO4 materials are im-

portant for this study both for sample characterisation and for determining the

magnetic form factor. For this reason it is convenient to compare this work with

the previous work of Morimoto et al.[87] shown in Fig. 4.4, where measurements

of magnetisation versus temperature on samples with doings from 0 ≤ x ≤ 0.7 is

shown. However, it is thought that the measurement of the sample at x = 0.5 in Fig.

4.4 is unreliable (this is the crucial value for this experiment). Later measurements

for x = 0.5 have been produced by Senff et al.[74] (shown in Fig. 4.5) and Arao et

al.[88] which agree with each other and disagree with Moritomo et al. These later
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Figure 4.4: The magnetisation temperature dependencies of various compositions of
LaxSr2−xMnO4 with a magnetic field of 1T applied parallel to the c-axis. Reprinted
figure with permission, from Morimoto et al.[87]. Copyright (1995) by the American
Physical Society.

results are thought to be more reliable for the x = 0.5 sample.

4.2 Experimental Overview

The aim of this study was to determine the distribution of the magnetic moment

within a unit cell of La0.5Sr1.5MnO4 and in particular that of the moment localised

on the oxygen site within an MnO2 layer. To determine this, a measurement of

the flipping ratios in a polarised neutron diffraction experiment was used to find

the magnetic form factor. The details of this technique are discussed in section

2.1.4. The method of flipping ratios is used to determine a ferromagnetic magneti-

sation. Since La0.5Sr1.5MnO4 is an antiferromagnet, a large magnetic field (around
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Figure 4.5: The magnetisation temperature dependence of La0.5Sr1.5MnO4,
Reprinted figure with permission from Senff et al.[74] Copyright (2008) by the Amer-
ican Physical Society.

9T) was applied to induce a ferromagnetic moment in the sample. To accurately

determine the distribution of magnetic moment within the unit cell in a sample of

La0.5Sr1.5MnO4 by use of this method, an analysis technique known as the maxi-

mum entropy method [84, 40] was used to convert the magnetic form factor into a

real space distribution of the magnetic moment. This a multiple step process and

will be presented as such over the following sections.

All of the samples used in this study were grown in the Clarendon Laboratory

by D. Prabhakaran. High quality single crystals were grown using the floating

zone method.[89] Two samples were found to be of suitable quality to allow for the

determination of the distribution of the magnetic moment. A similar experimental

procedure has been carried out for each sample. Both samples were characterised

using a number of experimental methods, to determine both the quality of the

sample and its precise composition. These measurements are presented in section

4.3.

To determine the magnetic structure factor using this method, the nuclear struc-

ture factor needs to be modeled accurately. The determination of the crystal struc-

ture of the samples used in this study is presented in section 4.4. As part of the

crystal structure determination, it is essential to have characterisation of the neu-

tron absorption and extinction of the sample. These values are sample dependent
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and are considered as part of the crystal structure determination.

The final experiment is the actual measurement of the flipping ratios and the

determination of the detailed magnetic form factor of the samples. This was again

performed for both samples and is presented in section 4.5.

4.3 Sample Characterisation and Bulk Properties

The physical properties of La0.5Sr1.5MnO4 are well known through a number of

studies.[87, 21, 86, 74] For this study, a high quality sample of a material with the

correct stoichiometry is required. A number of samples were available for these

experiments, and the procedures described in this section allowed the best ones to

be chosen for the measurement of the magnetic structure factor of La0.5Sr1.5MnO4.

4.3.1 Experiments

Growing high quality single crystals of La0.5Sr1.5MnO4 with the precise stoichiom-

etry is a difficult procedure. It was important to perform a series of checks on

samples to ensure the best possible quality and to find the samples that are closest

to being half doped, i. e. when x = 0.5 in LaxSr2−xMnO4. If the stoichiometry

is correct (x = 0.5), then the sample should be in the CE-type magnetic phase

below TN and testing for this magnetic phase is a good indication of the sample

composition.

Crystal quality was examined using a x-ray Laue system at the Clarendon Lab-

oratory at the University of Oxford. A number of the crystals were shown to have

multiple crystalline grains, with important Bragg peaks overlapping. This makes

the crystal unusable when precise measurements of peak intensities are necessary.

X-rays do not probe the bulk of the material, whereas neutrons do; therefore suit-
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able crystals were also scanned on the neutron Laue instrument, Orient Express, at

the ILL, Grenoble. Some crystals that appeared to be of high quality on the x-ray

Laue were shown to have multiple grains on the neutron Laue.

To determine the crystal composition, and to get an accurate value for x in

LaxSr2−xMnO4 for the available samples, magnetisation measurements were made

using a Superconducting Quantum Interference Device (SQUID), described in sec-

tion 2.6.1, in a Quantum Designs Magnetic Properties Measurement System (MPMS).

The magnetisation of samples was measured with a magnetic field of 1000 Oe (0.1T)

applied parallel to the crystallographic c-axis and was measured over a range of tem-

peratures, 2 ≤ T ≤ 300K.

High quality samples were examined using neutron diffraction on the four-circle

diffractometers D9 (hot neutrons) and D10 (thermal neutrons), at the ILL, Greno-

ble. The samples were glued to an aluminium pin and were mounted in a He cryostat

allowing a wide range of temperatures, from 10 < T < 300K. On D10 measurements

were made using a graphite monochromator and a wavelength of λ = 2.3587Å.

The instrument D9 also used a graphite monochromator, with a wavelength of

λ = 0.837Å. The other orders of λ are suppressed by the guide mirrors on both

instruments. A variety of measurements were made on these instruments, check-

ing for such phenomena as charge ordering, orbital ordering and magnetic ordering

(particularly the CE-type antiferromagnetic ordering) in a number of samples and

checking the temperature dependence of some important peaks.

Both D9 and D10 use an area detector for measuring the intensity of the scat-

tered beam; this allows the true integrated intensity of the peaks to be measured.

The peak is aligned in the detector and then a θ-scan is performed through the peak.

The peak intensities were found using Racer,[90] a program specifically designed to

accurately determine peak intensities on 2D multidetectors.
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Figure 4.6: The magnetisation vs temperature of crystal A (identified as being
close to La0.5Sr1.5MnO4). The red circles show the field cooled measurement and
the blue squares the zero field cooled measurement. A magnetic field is 0.1T was
applied parallel to the c-axis.

4.3.2 Results and Discussion

After running all of the characterisation experiments, it was found that two of the

crystals were of higher quality than the other samples; these will be referred to as

crystal A and crystal B. These two samples were both shown to be high quality

single crystals when examined by both neutron and x-ray Laue diffraction.

Magnetisation temperature dependencies of the two high quality samples is pre-

sented in Fig. 4.6 and Fig. 4.7. Both crystals are shown with a field cooled and

a zero field cooled measurement. These can be compared to previous work on

LaxSr2−xMnO4, shown in Fig. 4.4 and Fig. 4.5 [87, 74], although it should be noted

that these figures both show measurements made at 1T, 10 times higher than the

measurements made in this study. Nonetheless, the measurements can be used to

get an estimate for the sample composition.

Although crystal A shows a local maximum at 240K, roughly TCO, a charac-

teristic of the half-doped, CE-type magnetic phase observed by Senff et al. and
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Figure 4.7: The magnetisation vs temperature of crystal B. The red circles show the
field cooled measurement and the blue squares the zero field cooled measurement.
A magnetic field is 0.1T was applied parallel to the c-axis.

shown in Fig. 4.5,[74] the low temperature maximum is much higher than would

be expected in an x = 0.5 sample of LaxSr2−xMnO4. The fact that characteristic

features of both an x = 0.5 crystal and an x < 0.5 crystal, are apparent in the same

sample suggests that the doping level throughout the sample is inhomogeneous.

This probably means that part of the sample is La0.5Sr1.5MnO4 and another part

has a slightly lower value of x. This sample is the highest quality single crystal

available that has a composition close to x = 0.5.

The magnetisation temperature dependence of crystal B, Fig. 4.7, shows a con-

stant increase of magnetisation with decreasing temperature. There is a slight bump

between 200K and 250K and below 100K the magnetisation curve gets much steeper.

When comparing these features of the magnetisation of crystal B, with the previous

magnetisation measurements on LaxSr2−xMnO4 in Fig. 4.4, the steep increase in

magnetisation on cooling below 100K is similar to materials with x = 0.2, 0.3 or

0.4, although the measurement on crystal B shows a steeper slope. The larger mag-

nitude of the rate of change of the magnetisation with temperature apparent in the
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crystal B results might be due to the fact that it was measured with a lower applied

magnetic field. The bump near 200K is most similar to the x = 0.5 composition.

As mentioned earlier, it is believed that the x = 0.5 crystal measured by Moritomo

et al.[87], probably had a true value of slightly less than x = 0.5.

Both samples were examined on D10 as a further test of the chemical composi-

tion of each. Crystal B was tested for the characteristic diffraction peaks expected

with the CE-type magnetic phase at 20K, which should be well below TN, such as the

(h+ 1/4, k + 1/4, l/2) peaks. A detailed diffraction experiment on La0.5Sr1.5MnO4

is presented by Sternlieb et al.[21], where a list of the characteristic Bragg peaks in

this material is presented. No evidence of CE-type ordering was observed in this

experiment on crystal B, a further indication that the composition of this sample

does not allow for the existence of the CE phase. The magnetisation data available

suggests that crystal B has a character similar to that of La0.4Sr1.6MnO4; however,

this might not be due to an incorrect La/Sr ratio, a similar effect could arise from

having too much oxygen in the system. Either one of these issues would increase the

electron content of MnO2 layer, resulting in a material similar to La0.4Sr1.6MnO4.

The same checks for the characteristic Bragg peaks found by Sternlieb et al.[21]

were performed on crystal A and all of the peaks expected in the CE magnetic phase

were present at 20K, below TN. A full temperature dependence of the intensity of a

characteristic magnetic- and orbital-ordered peak, as well as a structural peak was

performed on this sample on D9. The three temperature dependencies are shown in

Fig. 4.8. The wavevectors examined are the (0.75,−0.25, 0.5) for the magnetic CE-

phase, (0.25, 1.75, 0) for the orbital ordering and (0, 2, 0) for the main structural

peak. The two temperatures marked in Fig 4.8 were established in the previous

study by Sternlieb et al.[21] and the results measured here agree well with this

previous study. The charge-order/orbital-order in crystal A does appear to exist
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Figure 4.8: Temperature dependence of the integrated intensity of Bragg peaks that
are indicative of different ordering phases in crystal A. The blue circles represent
the (0.75,−0.25, 0.5) magnetic peak, the red squares represent the (0.25, 1.75, 0)
orbital ordering peak and the black triangles represent the (0, 2, 0) structural peak,
showing a transition at the charge ordering temperature. All of the intensities have
been normalised to the maximum intensity of the charge ordering reflections. The
temperatures marked are the previously measured values for the Neel temperature
and the charge-order/orbital-order transition.[21]

to a slightly higher temperature than expected, but the difference is quite small.

Therefore it can be confirmed that at least part of crystal A has the composition

La0.5Sr1.5MnO4.

These two high quality single crystals, with slight differences in their composition

are good candidates for measuring the magnetisation distribution within a unit

cell. The two different doping levels available allow for a wider study than was

initially hoped for and should improve the sensitivity of the analysis to any unique

features of the antiferromagnetic CE-phase. The rest of this chapter concerns the

measurement of the magnetisation distribution in the unit cell in these two crystals

of LaxSr2−xMnO4, crystal A and crystal B.
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4.4 The Crystal Structure LaxSr2−xMnO4

To measure the magnetic form factor of the two samples of LaxSr2−xMnO4 using

polarised neutron diffraction, it is important that the intensity of the diffraction

signal can be accurately measured for all peaks, requiring the nuclear structure

factor to be determined. It is particularly important to get accurate extinction

and absorption corrections for the samples under the same condition that they

will be subjected to in the polarised neutron experiment. Neutron absorption and

extinction are described in sections 2.1.7 and 2.1.8, respectively. Ideally the samples

would have a isotropic extinction for all Bragg peaks, which requires a spherical

sample. Both of the samples used were too small to allow such shaping, as the mass

would have to be reduced below a practical level for the experimental time frame.

This section describes the experiments conducted to get an accurate model of the

structure of the two samples, as well as good absorption and extinction corrections

for both samples. All scattering reflections are referred to in the I4/mmm reciprocal

space units discussed in the first section of this chapter.

4.4.1 Experiment

The two samples of LaxSr2−xMnO4 were measured by a neutron diffraction ex-

periment on D9, at ILL, Grenoble. D9 is a hot neutron four circle diffractometer

that allows the same neutron wavelength and sample temperature conditions that

are available at the polarised neutron measurement used in this study (D3, also

at ILL). Hot neutrons also allow for a short wavelength and a large Ewald sphere,

which gives access to many Bragg peaks. Measuring a large number of peaks will

enable a better fit to the data to be achieved and therefore more accurate measure-

ments of the extinction and absorption. Both samples were glued to aluminium
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pins and then mounted in a He cryostat. As mentioned in the previous section,

D9 has an area detector and peak intensities are measured using a θ-scan and then

calculated using Racer.[90]

A number of measurements were made on each crystal, at various temperatures

and wavelengths. For crystal A, at a wavelength of λ = 0.837Å, 747 peaks were

measured at the temperatures 20K and 120K, while 558 peaks were measured at

250K. One measurement was also made at 20K with λ = 0.511Å, covering 446

peaks. With crystal B, measurements were made at 20K with 545 peaks measured

for λ = 0.837Å and 653 peaks measured with λ = 0.511Å. At higher temperatures

all measurements were made with λ = 0.837Å, 683 peaks were measured at 120K

and 582 peaks were measured at 250K.

4.4.2 Results

The lists of peak intensities were fitted separately for each sample, temperature

and wavelength to a model of La0.5Sr1.5MnO4 using CCSL. This work was mainly

performed by Anne Stunault. The fitted model was then used to generate the

calculated peak intensities, which can then be compared to the observed peak in-

tensities. The comparison of the fitted intensities to the data for the various data

sets measured are shown in figures 4.9-4.16.

The measurements on crystal A (figures 4.9-4.12) show an excellent fit to the

data with most peaks having very similar observed and calculated intensities. The

results of the fit are presented in table 4.1. Due to the quality of the fit (as illustrated

by the low χ2 values) for crystal A, which includes an extinction and absorption

correction, it can be assumed that the structure of this crystal is well known at a

range of temperatures and can be used to determine the magnetic structure factor

for this crystal (as described in the following sections).
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Figure 4.9: Comparison of the calculated peak intensities for crystal A (using the
model described in the text) compared to the measured intensities at 20K. The
wavelength used was λ = 0.837Å. Equivalent reflections are plotted separately.
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Figure 4.10: Comparison of the calculated peak intensities for crystal A (using
the model described in the text) compared to the measured intensities at 20K. The
wavelength used was λ = 0.511Å. Equivalent reflections are plotted separately.
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Figure 4.11: Comparison of the calculated peak intensities for crystal A (using the
model described in the text) compared to the measured intensities at 120K. The
wavelength used was λ = 0.837Å. Equivalent reflections are plotted separately.
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Figure 4.12: Comparison of the calculated peak intensities for crystal A (using the
model described in the text) compared to the measured intensities at 250K. The
wavelength used was λ = 0.837Å. Equivalent reflections are plotted separately.
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Figure 4.13: Comparison of the calculated peak intensities for crystal B (using
the model described in the text) compared to the measured intensities at 20K. The
wavelength used was λ = 0.837Å. Equivalent reflections are plotted together.
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Figure 4.14: Comparison of the calculated peak intensities for crystal B (using
the model described in the text) compared to the measured intensities at 20K. The
wavelength used was λ = 0.511Å. Equivalent reflections are plotted together.
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Figure 4.15: Comparison of the calculated peak intensities for crystal B (using the
model described in the text) compared to the measured intensities at 120K. The
wavelength used was λ = 0.837Å. Equivalent reflections are plotted together.
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Figure 4.16: Comparison of the calculated peak intensities for crystal B (using the
model described in the text) compared to the measured intensities at 250K. The
wavelength used was λ = 0.511Å. Equivalent reflections are plotted together.
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Table 4.1: The structural parameters for crystal A with λ = 0.837Å at 20K,
120K and 250K, presented in the tetragonal I4/mmm space group. The lattice
parameters are given in Å, Uab are the anisotropic temperature factors and the z-
position of the Sr/La and O(2) sites are presented as a fractional length along the
c-axis of the unit cell. Absorption, µ,is given as an inverse distance, representing the
exponential decay of the intensity. The extinction is determined using the Becker
and Coppens Lorentzian model[91] with domain radius given in Å and mosaic in
1/radians.

20K 120K 250K

a = b (Å) 3.8652 3.8652 3.8615

c (Å) 12.4611 12.4611 12.4615

Mn U11/22 (10−4Å2) 17.8(1.4) 13.5(1.9) 16.6(3.4)

U33 (10−4Å2) 47.3(3.1) 20.4(2.5) 50.9(5.3)
La/Sr z-position 0.3581(1) 0.3581(1) 0.3581(1)

U11/22 (10−4Å2) 55.3(1.2) 36.5(1.3) 57.7(1.6)

U33 (10−4Å2) 69.0(1.8) 34.2(1.5) 49.2(2.4)

O(1) U11 (10−4Å2) 81.9(1.5) 64.2(2.2) 81.5(2.8)

U22 (10−4Å2) 84.6(1.0) 84.9(2.1) 84.2(2.9)

U33 (10−4Å2) 79.5(1.5) 64.1(2.2) 82.3(3.03)
O(2) z-position 0.1607(1) 0.1607(1) 0.1607(1)

U11/22 (10−4Å2) 116.9(1.0) 88.3(1.5) 115.8(2.2)

U33 (10−4Å2) 90.7(1.4) 78.8(2.4) 91.3(3.0)
Absorption µ (mm−1) 0.00986 0.00986 0.00986
Extinction Domain (nm) 500 500 500

Mosaic (rad−1) 10.08(0.17) 10.22(0.30) 16.07(0.46)
χ2 13.7 43.6 40.5

The measurements on crystal B (figures 4.13-4.16), do not show a good agree-

ment between calculated and observed intensities, with particularly severe problems

at high intensity peaks. The results of the fit are presented in table 4.2. The poor

quality of the fit is evident in the much higher χ2 observed in the fits of this crystal

compared to those for crystal A.

The reasons for the poor fit with crystal B are not well understood, but may

be linked to an observation of double peaks at some of the reflections, meaning two

scattering peaks were observed in the area detector at the same time separated by

an angle smaller that expected for La0.5Sr1.5MnO4. This could be a problem with a
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Table 4.2: The structural parameters for crystal B with λ = 0.837Å at 20K,
120K and 250K, presented in the tetragonal I4/mmm space group. The lattice
parameters are given in Å, Uab are the anisotropic temperature factors and the z-
position of the Sr/La and O(2) sites are presented as a fractional length along the
c-axis of the unit cell. Absorption, µ,is given as an inverse distance, representing the
exponential decay of the intensity. The extinction is determined using the Becker
and Coppens Lorentzian model[91] with domain radius given in Å and mosaic in
1/radians.

20K 120K 250K

a = b (Å) 3.8471 3.8471 3.8471

c (Å) 12.6104 12.6104 12.6104

Mn U11/22 (10−4Å2) 31.7(54.3) 18.9(22.7) 46.0(24.3)

U33 (10−4Å2) 40.3(69.1) 11.6(29.6) 40.2(28.9)
La/Sr z-position 0.3583(1) 0.3583(2) 0.3583(2)

U11/22 (10−4Å2) 31.8(12.5) 30.1(10.9) 67.7(14.1)

U33 (10−4Å2) 26.3(24.6) 32.5(55.9) 19.6(14.4)

O(1) U11 (10−4Å2) 74.4(11.7) 86.2(17.7) 130.1(21.5)

U22 (10−4Å2) 102.2(16.8) 100.1(17.5) 112.2(20.2)

U33 (10−4Å2) 79.5(28.4) 1.4(15.4) 54.8(15.3)
O(2) z-position 0.1645(2) 0.1647(3) 0.1643(3)

U11/22 (10−4Å2) 121.6(10.7) 135.9(14.0) 171.6(16.5)

U33 (10−4Å2) 161.3(21.9) 104.7(18.9) 136.5(19.0)
Absorption µ (mm−1) 0.00957 0.00957 0.00957
Extinction Domain (nm) 100 100 100

Mosaic (rad−1) 7.8(4.1) 12.8(2.6) 11.7(2.7)
χ2 91.1 194 217

contamination of some other material in the sample or two crystals of the same ma-

terial within the sample, aligned so that there is a small angular difference between

the two. Either of these could lead to problems with measuring peak intensities due

to an overlap of multiple scattering peaks. However, this does not explain why only

a selection of particularly intense peaks seem to be affected. Measurements at 20K

at the two different wavelengths suggest that the lower wavelength measurement

gives a slightly better fit for the more intense peaks, compare figures 4.13 and 4.14,

although there is almost no difference in the χ2 of both fits (λ = 0.511Å fit is not

shown). Such a wavelength dependence of the results suggests that the problem
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Figure 4.17: Magnetisation in Bohr magnetons per crystallographic unit cell versus
applied magnetic field for crystal B at 20K, 120K and 260K measured on both the
PPMS (blue circles) and MPMS (black squares).

could be extinction in the sample. Extinction tends to be most problematic in large

high quality samples, but crystal B is both smaller and of worse quality that crystal

A, so extinction does not seem likely in this case.

The structural data on crystal B is not perfect, but the model does describe the

majority of the peaks well. Therefore polarised neutron scattering experiment to

measure the flipping ratios was performed with both samples.

4.5 The Magnetic Structure Factor of LaxSr2−xMnO4

Measuring the magnetic structure factor for both samples of LaxSr2−xMnO4 used

in this study required two different experimental techniques. Most of the results

are obtained by use of polarised neutron scattering, and the method of measuring

flipping ratios to determine the magnetic structure factor. This technique is covered

in section 2.1.4 and the experiment is covered in 4.5.2. To measure the Q = 0
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Figure 4.18: Magnetisation in Bohr magnetons per crystallographic unit cell versus
applied magnetic field for crystal A at 20K (top), 120K (middle) and 250K (bottom)
is shown with blue circles. The dashed lines show a linear extrapolation of the
maximum (minimum) applied field measurements to 9.6T (-9.6T) marked with a
black square.
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point of the magnetic structure factor, a measurement of the magnetisation of the

sample must be performed. The magnetic form factor can be thought of as the

magnetisation of the sample under spatially varying magnetic fields and therefore

a magnetisation measurement with a spatially homogenous magnetic field can be

considered to be the Q = 0 point of the magnetic form factor, this is discussed in

section 2.16. These magnetisation measurements are covered in section 4.5.1. The

last two parts of this section present all of the magnetic structure factor results on

firstly crystal A and then crystal B.

4.5.1 Magnetisation Measurements

The magnetisation measurements used to determine the Q = 0 point in the mag-

netic form factor were measured using the same Quantum Design MPMS SQUID

that was discussed earlier in this chapter. This instrument has a maximum applied

magnetic field of 7T, but the polarised neutron measurements were performed at

9.6T for crystal A and 9T for crystal B, applied parallel to the crystallographic c-axis

in both cases. Therefore the data taken using the SQUID had to be extrapolated to

this point, using a linear extrapolation. To confirm that a linear extrapolation was

an acceptable approximation, the magnetisation of La0.5Sr1.5MnO4 at 20K was also

measured on a Quantum Design Physical Property Measurement System (PPMS).

A comparison of the magnetisation measured with varying magnetic field applied

parallel to the c-axis, for crystal B at 20K, 120K and 250K is shown in Fig. 4.17.

This figure shows that the PPMS and MPMS do not give the same values of the

magnetisation, but that they do show the same trend. The MPMS SQUID is regu-

larly calibrated and thought to give the more reliable measurement of the magnetic

field and therefore a linear extrapolation of the SQUID measurement to the ap-

plied field used for the polarised neutron experiment, is used instead of the PPMS
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Figure 4.19: Magnetisation in Bohr magnetons per crystallographic unit cell versus
applied magnetic field for crystal B at 20K (top), 120K (middle) and 250K (bottom)
is shown with blue circles. The dashed lines show a linear extrapolation of the
maximum (minimum) applied field measurements to 9.6T (-9.6T) marked with a
black square.
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measurement at the same field.

The measurement of the magnetisation in crystal A versus the magnetic field

is shown for 20K, 120K and 250K in the top, middle and bottom panels, respec-

tively, of Fig. 4.18. The equivalent measurement for crystal B are shown in Fig.

4.19. All of the figures show the linear extrapolation of the magnetic field from the

maximum and minimum points in the measurement. The linear extrapolation is

evaluated at the magnetic field that was applied in the polarised neutron experiment

for each sample. The mean value of the magnitude of the positive and negative ex-

trapolations is used for the results. The relevant results from these extrapolations

that are to be used for the magnetic form factors are summarised in the tables 4.3

and 4.4. The results at 5T for both samples at 20K, are the average of all of the

magnetisation measurement made at 5T for that sample.

Table 4.3: Summary of the magnetisation measurements on crystal A that are used
as the Q = 0 points of the magnetic form factors presented in section 4.5.3.

Temperature (K) Field (T) Magnetisation (µB per unit cell)

20 9.6 1.185(2)
20 5.0 0.707(1)
120 9.6 1.030(2)
250 9.6 1.049(3)

Table 4.4: Summary of the magnetisation measurements on crystal B that are used
as the Q = 0 points of the magnetic form factors presented in section 4.5.4.

Temperature (K) Field (T) Magnetisation (µB per unit cell)

20 9.0 1.921(8)
20 5.0 1.334(2)
120 9.0 1.408(3)
250 9.0 0.678(1)

4.5.2 Polarised Neutron Scattering

The polarised neutron scattering experiment was performed at the ILL, using the

hot neutron diffractometer, D3. This is a two axis diffractometer and both sam-
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ples were mounted on Al pins in a He-cryostat with the c-axis aligned parallel to

the diffractometer axes. This gives a scattering plane allowing all reflections with

l = 0. However, the detector on D3 is mounted on a lifting arm, allowing measure-

ments to be made a few degrees above and below the l = 0 scattering plane. Both

samples were mounted such that a magnetic field could be applied parallel to the

c-axis. This induces a ferromagnetic moment along the c-axis and since neutrons

only interact with a magnetic moment perpendicular to the scattering vector, the

magnetic moment induced by the applied field is the only moment that the neutrons

are sensitive to (see section 2.1.3). The instrumental setup is discussed further in

section 2.3.1.

The neutrons were polarised using the (111) reflection from a Heusler crystal.

The two incoming polarisation channels measured, spin up (I+) and spin down (I−),

were set using a superconducting Nb flipper. The flipping ratio,

R =
I+
I−

=

(
FN + FM
FN − FM

)2

=

(
1 + γ

1− γ

)2

(4.1)

where FN is the nuclear structure factor, FM the magnetic structure factor and γ =

FM/FN . With the detailed knowledge of FN already obtained, FM can calculated

accurately for each peak. This is discussed in section 2.1.4.

All of the measurements were performed at a wavelength of either λ = 0.825Å

or λ = 0.52Å, similar to the wavelengths used to determine the structure of both

samples (precisely the same wavelengths are not available on D9 and D3). The

magnetic structure factor measurements were made at three temperatures for each

sample. The measurements of the magnetic phase were performed at 20K, which

is below TN and the close to maximum of the magnetisation of La0.5Sr1.5MnO4,

meaning that the magnetic moment induced parallel to the c-axis is at its maximum.
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Figure 4.20: Magnetic form factor of crystal A, shown against sin(θ)/λ, measured
at a temperature of 20K. Blue circles show the form factor measured at λ = 0.825Å
with an applied magnetic field of 9.6T. Magenta triangles show the measurement
at an applied magnetic field of 9.6T, but with λ = 0.52Å. The red squares show
λ = 0.825Å, but with a field of 5T.

The measurements at 20K were performed at both wavelengths and at two different

applied fields, 5T and 9.6T for crystal A, 5T and 9T for crystal B. By testing both

values of field and wavelength, it is possible to see if the measured signal has any

unexpected dependence on either one. Further measurements were performed at

120K, just above TN , and 250K, above TCO−OO. For both samples only λ = 0.825Å

and an applied field of 9.6T or 9T were used at the two higher temperatures.

Peak positions are defined in sin(θ)/λ and flipping ratios were only measured up

to a maximum of sin(θ)/λ = 0.8. For each peak (h, k, l), all of the available equiv-

alent positions (±h,±k,±l) were measured and analysed together. The number of

inequivalent peaks in each scan varies from 10 to 47.
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4.5.3 The Magnetic Structure Factor for Crystal A

In total, five sets of magnetic structure factors were measured for crystal A, with

the first three shown in Fig. 4.20. The blue circles in Fig. 4.20 show the full mea-

surement of the magnetic structure factor at 9.6T and λ = 0.825Å, and in total

the flipping ratios of 46 inequivalent reflections were measured. The measurement

shows the expected trend for a magnetic structure factor, tending to zero at larger

scattering vectors. At the largest scattering vectors sin(θ)/λ ≥ 0.7, the quality of

the measurements is quite low, due to the small values of FM and the fact that

fewer equivalent reflections were measured for these points.

It is important to check for wavelength or field dependent effects on the magnetic

structure factor factor. The magenta triangles in Fig. 4.20 show the structure

factor measured at 9.6T for λ = 0.52Å, where 10 inequivalent reflections were

measured. It shows excellent agreement with the measurement at λ = 0.825Å,

with most points matching within error bars. The only point that doesn’t match

is at sin(θ)/λ = 0.244, which corresponds to the (114) reflection. This peak was

found to have very little effect on the final analysis using the maximum entropy

method and was therefore left in for the final calculation. The 5T measurement

(at λ = 0.825Å), with 19 inequivalent reflections, shows the same trend as the

9.6T data. It does not quite scale linearly with the 9.6T data due to the field

dependence of the magnetisation, see Fig. 4.18, but there are no other remarkable

features and it can be assumed that the magnitude of the magnetic field is not

having any unexpected effects.

The two remaining measurements are both at 9.6T and λ = 0.825Å. The mea-

surement at 120K, see Fig. 4.21, shows 37 inequivalent reflections and the measure-

ment at 250K, see Fig. 4.22, shows 36 inequivalent reflections. Both sets of magnetic
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Figure 4.21: Magnetic form factor of crystal A, shown against sin(θ)/λ, measured
with λ = 0.825Å, with an applied magnetic field of 9.6T at a temperature of 120K.

structure factors show the same expected trend, of tending to zero at large scat-

tering vectors. At 250K, the distribution of points, particularly at low sin(θ)/λ,

appears to be smoother, which suggests there is less variation in the structure.

This is expected with 250K � TN .

4.5.4 The Magnetic Structure Factor for Crystal B

Five magnetic structure factors of crystal B have also been measured. The first

three were measured at a temperature of 20K, with 47 inequivalent reflections mea-

sured with a magnetic field of 9T and a wavelength of λ = 0.825Å, 19 inequivalent

reflections with a different wavelength of λ = 0.52Å and 7 inequivalent reflections

with λ = 0.825Å and an applied field of 5T, all of which are shown in Fig. 4.23.

Comparing the two measurements at 9T, but different wavelengths, it is clear that

there is some disagreement in the results. These are all shown in Fig. 4.23. This is

not surprising based on the poor structural fits that were obtained on this sample

and is a further indication that this dataset is of quite low quality. The 5T data,
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Figure 4.22: Magnetic form factor of crystal A, shown against sin(θ)/λ, measured
with λ = 0.825Å, with an applied magnetic field of 9.6T at a temperature of 250K.

particularly at higher sin(θ)/λ has an FM that is almost as large as that from the

9T data, a surprising result given that the induced magnetisation should be larger

in the 9T data. Other than this, the presented form factors all show a similar trend,

tending to zero for high Q.

The two higher temperature measurements were both made with an applied

magnetic field of 9T and a wavelength of λ = 0.825Å. The measurement at 120K

has 34 inequivalent reflections (Fig. 4.24) and the measurement at 250K has 33

inequivalent reflections (Fig. 4.25). In the 250K data there is one particularly poor

point that disagrees with the overall trend, at sin(θ)/λ ∼ 0.45, this point is removed

for the next stage of the analysis.
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Figure 4.23: Magnetic form factor of crystal B, shown against sin(θ)/λ, measured
at a temperature of 20K. Blue circles show the form factor measured at λ = 0.825Å
with an applied magnetic field of 9.6T. Magneto triangles show the measurement
at an applied magnetic field of 9.6T, but with λ = 0.52Å. The red squares show
λ = 0.825Å, but with a field of 5T.

4.6 The Maximum Entropy Method for Analysing Mag-

netic Structure Factors in LaxSr2−xMnO4

To obtain the magnetisation distribution in the two samples has to be determined

by analysing the results of the measurements described in the previous section.

Only the z−component of the magnetic structure factor was measured and there-

fore the analysis techniques will only give the z−component of the magnetisation

distribution.

The magnetic structure factor (FM(Q)) is the Fourier transform of the mag-

netisation distribution (M(r)) and can be calculated directly by this method.[92]

However, this method has a few problems, such as being limited to only centric

structures, being unable to measure FM to infinite Q (this leads to spurious fea-

tures in the Fourier transform). Another problem is this method’s poor way of
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Figure 4.24: Magnetic form factor of crystal B, shown against sin(θ)/λ, measured
with λ = 0.825Å, with an applied magnetic field of 9.6T at a temperature of 120K.

handling probabilities or experimental errors (the Fourier transform is direct, with-

out any consideration of whether it is physically realistic).[40]

An alternative method that overcomes these issues is the maximum entropy

method, which is often referred to as MaxEnt or MEM. This works by using

Bayesian statistics to find the most probable magnetisation distribution given the

data. It treats the magnetisation distribution in discrete cells in a similar way to

how Boltzmann treated phase space when establishing the most likely distribution

of particles. The maximum entropy method puts density in cells, labeled i, so that

it maximises an entropy function S = −
∑

i pilnpi and suitably describes a Fourier

transform of the magnetic form factor. Thus the most likely magnetisation density

distribution can be found without worrying about the problems of a direct Fourier

transform. An important feature of the maximum entropy method is that, like a

direct Fourier transform, it is independent of the crystal structure. Therefore it

places magnetic moment anywhere in the unit cell, based solely on the statistical
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Figure 4.25: Magnetic form factor of crystal B, shown against sin(θ)/λ, measured
with λ = 0.825Å, with an applied magnetic field of 9.6T at a temperature of 250K.

likelihood of it being there, not the physical likelihood. This method is well docu-

mented since its development for polarised neutron scattering in the early 1990’s[84]

and had proved to be successful in NMR spectroscopy and astronomy.[93] The pre-

cise method used in this study was developed by A. Markvardsen[94] and was used

to determine the magnetisation density distribution in PrBa2Cu3O6+x.[95]

Table 4.5: Summary of the important sites in the magnetisation density distribu-
tion produces by the maximum entropy method analysis. There are a number of
equivalent sites based on the tetragonal body centred I4/mmm symmetry of the
crystal structure. The x, y and z columns give the relative distance along the a, b
and c columns

Site Ion x y z

A Mn 0 0 0
B La/Sr 0 0 0.4
C O(2) 0 0 0.25
D - 0.5 0.5 0
E O(1) 0 0.5 0

The magnetisation distribution of crystals A and B found by the maximum

entropy method has some interesting and unexpected features. These features will
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Figure 4.26: The crystal structure of La0.5Sr1.5MnO4 showing only the positions of
the ions, with the La/Sr site shown in yellow, the Mn site shown in purple and the
O site in red. This is useful as a reference for analysing the results of the maximum
entropy method analysis.

be discussed for each data set in the order of decreasing magnitude of magnetic

moment. Sites of interest are labeled with letters for the first results analysed and

then discussed for all of the results in later sections. As a summary, the sites of

interest are listed in the table 4.5, along with the ion positioned closest to that

point in the real unit cell. These ion position can be seen in Fig. 4.26. It is useful to

compare the magnetisation distribution presented to this simple crystal structure

showing the locations of the centre of the ions.

4.7 Magnetisation Distribution in LaxSr2−xMnO4

For each material and temperature, the maximum entropy method results are pre-

sented in two ways. Firstly, a 2D-slice of the magnetisation density in the MnO2

plane is shown in Fig. 4.27. In these figures, blue represents positive magnetisa-
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Figure 4.27: 2D contour maps of the magnetisation distribution in the MnO2

plane for crystal A (left column) and crystal B (right column). The top row are
the results at 20K, the middle shows 120K and the bottom 250K. Blue areas show
positive magnetic moment, whereas yellow shows negative and white zero. The
moment is largely positive in the MnO2 plane and the most positive value shown
has been capped at approximately the same magnitude as the largest negative
moment. The large magnetic moments in the corners of each panel are the Mn ions
and the in-plane O ion lies directly between two Mn ions, halfway along each edge
of the square.
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Figure 4.28: 3D contours of the magnetisation distribution in the structural
unit cell of crystal A at 20K, with a magnetic field of 9.6T applied along the
c-axis. The positive contour is shown in blue and the negative contour in yel-
low for each plot. The contours shown in each of the figures are as follows, (a)
±0.75µB/Å

3, (b) ±0.5µB/Å
3, (c) ±0.25µB/Å

3, (d) ±0.1µB/Å
3, (e) ±0.075µB/Å

3

and (f) ±0.05µB/Å
3.
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Figure 4.29: 3D contours of the magnetisation distribution in the structural unit
cell of crystal A at 20K, with a magnetic field of 9.6T applied along the c-axis.
The positive contour is shown in blue and the negative contour in yellow for each
plot. The contours shown in each of the figures are as follows, (a) ±0.025µB/Å

3,
(b) ±0.01µB/Å

3, (c) ±0.0075µB/Å
3, (d) ±0.005µB/Å

3, (e) ±0.0025µB/Å
3 and (f)

±0.001µB/Å
3.
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tion and yellow represents negative magnetisation. Plots of the 3D magnetisation

distribution are presented separately for each material and temperature in figures

4.28-4.39. Each of the images shows different pairs of contours of equal magnitude

and opposite alignment, blue contours showing the positive magnetisation and the

yellow contours showing the negative magnetisation. Each image shows one unit

cell and the axes show the relative distance along that crystallographic direction.

It is useful to refer to the crystal structure shown in Fig. 4.26 as a guide to under-

standing all of the 3D contour maps. The z = 0 plane in the 3D images corresponds

to the 2D contour maps in Fig. 4.27

4.7.1 Magnetisation Distribution in Crystal A

The results at 20K, λ = 0.825Å and an applied field of 9.6T are shown with 3D

contour maps of the unit cell of La0.5Sr1.5MnO4 in figures 4.28 and 4.29. The top

left panel of Fig. 4.27 shows the magnetisation in the MnO2 plane.

The most magnetic features are the Mn ions, at (0, 0, 0) and (1/2, 1/2, 1/2),

labeled as site A, which are the only features that show a magnetic moment greater

than ±0.75µB/Å
3, shown in Fig. 4.28(a). The first unexpected feature is the next

strongest, which is the negative feature appearing with greater than ±0.025µB/Å
3,

shown in Fig. 4.29(a). This is in the location of the La/Sr ions near (0, 0, 0.4) and

(0.5, 0.5, 0.1), labeled site B. There is no reason to expect a magnetic moment on

the La/Sr site, since both ions are in a non-magnetic state, with all of the electrons

being paired.

The next contour at ±0.01µB/Å
3, Fig. 4.29(b) shows two features not observed

in the higher contours. At approximately (0, 0, 0.25) and equivalent positions, site

C, there is a positive moment which is close to the site of the O ion that does not

lie in the MnO2 plane, and is the top or bottom ion in the MnO6 octahedra. The



158 Chapter 4. The Magnetisation Distribution in La0.5Sr1.5MnO4

other feature that appears in this figure cannot be attributed to any of the ions in

the material. This is the (1/2, 1/2, 0) position (and all of its equivalent positions),

site D.

However, when examining the next contour at ±0.0075µB/Å
3, Fig. 4.29(c), there

is a noticeable negative magnetic moment close to the in-plane O site in the form

of two small lobes centred on the (0, 0.5, 0) position, site E. These are perhaps

even more telling at ±0.005µB/Å
3, Fig. 4.29(d), and look similar to the O p-orbital

shape calculated by Ferrari et al.[63] and shown in Fig. 4.2. Below this contour

level, the volumes of positive and negative magnetic moment merge into each other,

thus creating a ring of negative moment around the Mn site, which can be observed

in the 2D contour map, Fig. 4.27. It is important to remember that the magnetic

unit cell has been averaged into the structural unit cell and therefore if there is a

magnetic moment on the in-plane O site, it would appear at all positions in the

structural unit cell.

The results for the 120K data (λ = 0.825Å and B = 9.6T) are presented in the

3D contour plots shown in figures 4.30 and 4.31. The magnetic moment at site A

does not appear until the ±0.5µB/Å
3, Fig. 4.28(b), suggesting that it is smaller at

this temperature than at 20K. The shape of the feature at site A is also different

from the lower temperature data, apparent in Fig. 4.29(b), as it appears to be

stretched along the c-axis. A negative moment is again observed at site B and at

site C there is a positive moment, which overlaps with the one at site A.

In contrast to the 20K data, the next highest moment feature is at site E and

seen in Fig. 4.29(c). Here there is a small positive moment, but this appears to

be surrounded by a negative moment, see Fig. 4.29(e) and (f). It has a smaller

magnitude than at 20K, but a similar shape. By comparing the 2D contour maps

in Fig. 4.27 it is apparent that the strongest in-plane negative magnetic feature lies
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between two O sites, near the point (0.25,0.25,0). Another difference between the

two different temperatures is the lack of any significant moment at site D.

Finally for crystal A, the results for the 250K data are presented in the 3D

contour plots shown in figures 4.32 and 4.33. Again the positive feature at site A

is the largest moment, with a similar magnitude to the feature observed at 120K.

This feature is even more distorted from spherical at this temperature, than at lower

temperatures. The features at site A and site C also overlap more than at the lower

temperatures. The feature at site B is apparent at roughly the same magnitude as

the lower temperature results. Finally, there is very little observed moment at sites

D and E, as seen in Fig. 4.27.

4.7.2 Magnetisation Distribution in Crystal B

The results of the flipping ratios experiment on crystal B seemed to be unreliable,

but nonetheless they have been analysed using the maximum entropy method to

try to give some context to the results on crystal A, at least qualitatively. The

results of this analysis for the data measured at 20K, with an applied field of 9T

and λ = 0.837Å is shown in Fig. 4.34 and Fig. 4.35.

The feature with the largest magnetic moment in this case is again the Mn ion

at site A (Fig. 4.34(a)), although the size of the moment is larger here, compared to

that in crystal A. This is expected given the magnetisation measurements on both

samples. The next feature that is apparent is the negative moment on site B (Fig.

4.35(a)), in agreement with the results on crystal A. The next most prominent

feature is located along the c-axis from site E (Fig. 4.35(b)), where a negative

moment is observed. In contrast to the crystal A results, the moment observed at

site D is now observed to be negative, Fig. 4.34(b). At the lower contour levels

it becomes difficult to draw any further conclusions due to the large number of
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Figure 4.30: 3D contours of the magnetisation distribution in the structural
unit cell of crystal A at 120K, with a magnetic field of 9.6T applied along the
c-axis. The positive contour is shown in blue and the negative contour in yel-
low for each plot. The contours shown in each of the figures are as follows, (a)
±0.75µB/Å

3, (b) ±0.5µB/Å
3, (c) ±0.25µB/Å

3, (d) ±0.1µB/Å
3, (e) ±0.075µB/Å

3

and (f) ±0.05µB/Å
3.
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Figure 4.31: 3D contours of the magnetisation distribution in the structural unit
cell of crystal A at 120K, with a magnetic field of 9.6T applied along the c-axis.
The positive contour is shown in blue and the negative contour in yellow for each
plot. The contours shown in each of the figures are as follows, (a) ±0.025µB/Å

3,
(b) ±0.01µB/Å

3, (c) ±0.0075µB/Å
3, (d) ±0.005µB/Å

3, (e) ±0.0025µB/Å
3 and (f)

±0.001µB/Å
3.
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Figure 4.32: 3D contours of the magnetisation distribution in the structural
unit cell of crystal A at 250K, with a magnetic field of 9.6T applied along the
c-axis. The positive contour is shown in blue and the negative contour in yel-
low for each plot. The contours shown in each of the figures are as follows, (a)
±0.75µB/Å

3, (b) ±0.5µB/Å
3, (c) ±0.25µB/Å

3, (d) ±0.1µB/Å
3, (d) ±0.075µB/Å

3

and (f) ±0.05µB/Å
3.
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Figure 4.33: 3D contours of the magnetisation distribution in the structural unit
cell of crystal A at 250K, with a magnetic field of 9.6T applied along the c-axis.
The positive contour is shown in blue and the negative contour in yellow for each
plot. The contours shown in each of the figures are as follows, (a) ±0.025µB/Å

3,
(b) ±0.01µB/Å

3, (c) ±0.0075µB/Å
3, (d) ±0.005µB/Å

3, (e) ±0.0025µB/Å
3 and (f)

±0.001µB/Å
3.



164 Chapter 4. The Magnetisation Distribution in La0.5Sr1.5MnO4

Figure 4.34: 3D contours of the magnetisation distribution in the structural unit cell
of crystal B at 20K, with a magnetic field of 9T applied along the c-axis. The positive
contour is shown in blue and the negative contour in yellow for each plot. The con-
tours shown in each of the figures are as follows, (a) ±1.25µB/Å

3, (b) ±0.75µB/Å
3,

(c) ±0.25µB/Å
3, (d) ±0.1µB/Å

3, (e) ±0.075µB/Å
3 and (f) ±0.05µB/Å

3.
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Figure 4.35: 3D contours of the magnetisation distribution in the structural unit
cell of crystal B at 20K, with a magnetic field of 9T applied along the c-axis.
The positive contour is shown in blue and the negative contour in yellow for each
plot. The contours shown in each of the figures are as follows, (a) ±0.025µB/Å

3,
(b) ±0.01µB/Å

3, (c) ±0.0075µB/Å
3, (d) ±0.005µB/Å

3, (e) ±0.0025µB/Å
3 and (f)

±0.001µB/Å
3.
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features, although it can be seen that a positive moment exists at site C and that

the shape of the negative feature at site E is similar to that observed in crystal A.

The shape of the lobes near site E is clearly seen in 4.27.

The results of the 120K data, Fig. 4.36 and 4.37, are slightly different from the

other results. The largest feature is again at the Mn site, Fig. 4.36(a), but the mo-

ment is not as large as that observed at 20K. The moment at site B seems to extend

between two equivalent sites, see Fig. 4.37(b), and when looking at the smaller con-

tours the overall character of the unit cell seems to show negative moments whereas

all of the other sets of results point to a mainly positive magnetic moment within

the unit cell. Overall the cell is of course positive due to the large moment on site

A, but more of the pixels appear to have negative moments. The mainly negative

unit cell is unexpected as it is intuitive to assume that most of the unit cell will

display a magnetisation aligned with the applied magnetic field. The only positive

site other than site A is site C. At site E, the moment is again negative and shows

a similar shape to that observed in the other sets of results, see Fig. 4.37(e). It is

clear from Fig. 4.27 that the moment at site E is stronger in these results than in

any of the others, which is probably a sign of the poor quality of the data.

The final data analysed is the 250K measurement of crystal B, shown in Fig.

4.38 and 4.39. The moment at site A, is again the most prominent feature but is

much smaller than in all of the other datasets, not appearing until a contour level

of 0.25µB/Å
3, Fig. 4.38(c). At lower contour levels the results are qualitatively

similar to those found for crystal A at 250K, compare Fig. 4.33 and Fig. 4.39. Site

B is negative in both sets of results, as is the small feature above site E. Site C is

also positive in both of the 250K results and displays a similar shape, although the

shape is slightly smoother in the results for crystal A, perhaps an indication of the

better quality data for sample A. The magnetisation in the MnO2 plane for this set
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of results, see Fig. 4.27 is almost featureless away from the Mn ions, as expected

above TN/TCO−OO.

4.8 Magnetic Moments in LaxSr2−xMnO4

The maximum entropy method code employed here gives a full 3D picture of the

distribution of the magnetisation density and it is possible to use the results to

determine the magnetic moment that can be attributed to each site in the unit cell.

To do this, moments contained within a sphere of a suitable radii are summed. The

ionic radii most commonly used in the literature are those summarised by Shannon

et al.[96] with values adapted from this paper used by Tokura in the discussion of

colossal magnetoresistive manganites.[10] In this study the Shannon radii are taken

as follows, 0.7Å for Mn, 1.4Å for O and 1.42Å for La/Sr (this final radius is the

weighted sum of the two ions’ radii).

However, the maximum entropy method is thought to underestimate the mo-

ment placed on any ionic site in its attempt to create a smoothly varying distribu-

tion. As an example of this it is useful to compare the magnetic moment of a unit

cell by a SQUID measurement and comparing it to the sum of all of the moments

in the maximum entropy method unit cell. The SQUID measurement at 20K on

crystal A gives a magnetic moment of 1.185µB, whereas the sum from the maximum

entropy analysis for 20K on crystal A is 1.064µB, a significant difference indicating

the degree to which the maximum entropy method underestimates the magnetisa-

tion. The Shannon radii clearly assumes a sphere, which also has two problems. It

is apparent from the figures of the 3D contours that the areas of magnetic moment

are not necessarily spherical. The second problem is that the spheres in some cases

overlap, for example a Shannon Mn diameter plus an O diameter is greater than
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Figure 4.36: 3D contours of the magnetisation distribution in the structural
unit cell of crystal B at 120K, with a magnetic field of 9T applied along the
c-axis. The positive contour is shown in blue and the negative contour in yel-
low for each plot. The contours shown in each of the figures are as follows, (a)
±0.75µB/Å

3, (b) ±0.5µB/Å
3, (c) ±0.25µB/Å

3, (d) ±0.1µB/Å
3, (e) ±0.075µB/Å

3

and (f) ±0.05µB/Å
3.
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Figure 4.37: 3D contours of the magnetisation distribution in the structural unit
cell of crystal B at 120K, with a magnetic field of 9T applied along the c-axis.
The positive contour is shown in blue and the negative contour in yellow for each
plot. The contours shown in each of the figures are as follows, (a) ±0.025µB/Å

3,
(b) ±0.01µB/Å

3, (c) ±0.0075µB/Å
3, (d) ±0.005µB/Å

3, (e) ±0.0025µB/Å
3 and (f)

±0.001µB/Å
3.
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Figure 4.38: 3D contours of the magnetisation distribution in the structural
unit cell of crystal B at 250K, with a magnetic field of 9T applied along the
c-axis. The positive contour is shown in blue and the negative contour in yel-
low for each plot. The contours shown in each of the figures are as follows, (a)
±0.75µB/Å

3, (b) ±0.5µB/Å
3, (c) ±0.25µB/Å

3, (d) ±0.1µB/Å
3, (d) ±0.075µB/Å

3

and (f) ±0.05µB/Å
3.
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Figure 4.39: 3D contours of the magnetisation distribution in the structural unit
cell of crystal B at 250K, with a magnetic field of 9T applied along the c-axis.
The positive contour is shown in blue and the negative contour in yellow for each
plot. The contours shown in each of the figures are as follows, (a) ±0.025µB/Å

3,
(b) ±0.01µB/Å

3, (c) ±0.0075µB/Å
3, (d) ±0.005µB/Å

3, (e) ±0.0025µB/Å
3 and (f)

±0.001µB/Å
3.
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the length of the a-axis.

To attempt to overcome these problems, two other ways of finding the moment

at any site are introduced. The first method, is to centre a sphere on an ion position

(or any position) and find the radius at which the moment reaches the maximum

magnitude. Using this radius as opposed to the Shannon radii overcomes to a

certain extent the problem of the maximum entropy method underestimating the

moment by allowing for a sphere, but finding the maximum possible moment for

a sphere on that site. This is called method α. The second method is to again

centre a sphere on the desired site, but to only add up the positive or negative

moments, depending on the site being investigated. This means that for an area

that does not appear to have spherical character, a non spherical volume can be

measured that has a shape of the positive or negative volume. This is referred to

as method β. Both of these methods work better for negative moments in this

analysis, because the unit cell is in total positive. An example comparing these two

methods is given in Fig. 4.40 using the La/Sr (B) site in crystal A at 20K, with

method α the moment is determined at the minimum value on the blue line and

with method β the moment is determined at the Shannon radius. Method β gives

the maximum possible moment expected for an ion.

The results of the different methods of calculating the moment at each site for

both samples and all temperatures are given in the tables 4.6 and 4.7. Also presented

is the total magnetic moment of the ions in the unit cell based on the results of

measuring the magnetic moment using the Shannon radii. The total is calculated

by simply adding the moment expected at a Mn site, two at the La/Sr sites, two

moments at O(1) oxygen site and two at the O(2) oxygen site, then doubling this

sum, i.e. all of the ions in the unit cell. The maxent total gives the total magnetic

moment in the unit cell, regardless of whether the moment lies on an atomic site or
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Figure 4.40: The total magnetic moment enclosed with in a sphere centred on the
nominal La/Sr site of crystal A versus the radius of the sphere. Method α adds the
magnetic moment in every pixel within the sphere whereas method β only considers
the negative moment.

not.

4.9 Calculation of the Magnetic Structure Factor

Calculations of the magnetic structure factor in La0.5Sr1.5MnO4 were performed

using fullprof.[97] The calculations are performed by calculating the magnetic struc-

ture factor from from La0.5Sr1.5MnO4 with only the moments entirely aligned along

the c-axis. The unit cells are considered to be ferromagnetic to each and therefore

the magnetic structure factor calculated should be entirely analogous to that de-

termined in the D3 experiment. A few different calculations are presented in the

first subsection and a maximum entropy analysis of these calculations is presented

in the second subsection.
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Table 4.6: Magnetic moment on various sites in crystal A at the temperatures
20K, 120K and 250K. The positions of each site are as follows, site A is the Mn
ion, B the La/Sr ion, C the out of plane O(2) ion and E the in plane O(1) ion.
The site D was observed to have a magnetic moment centred upon it but does not
correspond to any ion that should be present in the material. The three methods of
calculating the moment on each site use the Shannon radius (µS), method α (µα)
with determined radius rα and method β (µβ). All three methods are discussed in
the main body of the text. The row labeled“Total” sums the results for the Shannon
radii measurements, giving an approximate total magnetisation due to the ions in
crystal A. The “MaxEnt Total” row sums the magnetisation for the whole unit cell,
as calculated using the maximum entropy method.

Temperature (K) Position µS (µB) rα(Å) µα (µB) µβ (µB)

20K

A 0.3913 - - -
B -0.0106 1.19 -0.0140 -0.0179
C 0.0433 - - -
D - 0.76 0.0056 -
E 0.0039 1.18 -0.0110 -0.0146

Total 0.929 - - -
MaxEnt Total 1.0637 - - -

120K

A 0.3226 - - -
B -0.0099 1.19 -0.0109 -0.0130
C 0.0525 - - -
D - 0.58 0.0003 -
E 0.0021 1.2 -0.0050 -0.0113

Total 0.8240 - - -
MaxEnt Total 0.9211 - - -

250K

A 0.3034 - - -
B -0.0127 1.19 -0.0135 -0.0162
C 0.0669 - - -
D - - - -
E 0.0041 1.2 -0.0018 -0.0069

Total 0.8400 - - -
MaxEnt Total 0.9267 - - -
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Table 4.7: Magnetic moment on various sites in crystal B at the temperatures
20K, 120K and 250K. The positions of each site are as follows, site A is the Mn
ion, B the La/Sr ion, C the out of plane O(2) ion and E the in plane O(1) ion.
The site D was observed to have a magnetic moment centred upon it but does not
correspond to any ion that should be present in the material. The three methods of
calculating the moment on each site use the Shannon radius (µS), method α (µα)
with determined radius rα and method β (µβ). All three methods are discussed in
the main body of the text. The row labeled“Total” sums the results for the Shannon
radii measurements, giving an approximate total magnetisation due to the ions in
La0.5Sr1.5MnO4. The “MaxEnt Total” row sums the magnetisation for the whole
unit cell, as calculated using the maximum entropy method.

Temperature (K) Position µS (µB) rα(Å) µα (µB) µβ (µB)

20K

A 0.5512 - - -
B 0.0042 0.94 -0.0192 -0.0263
C 0.0968 - - -
D - - - -
E 0.0329 0 - -0.0068

Total 1.6044 - - -
MaxEnt Total 1.9050 - - -

120K

A 0.382 - - -
B -0.0267 1.22 -0.0281 -0.0307
C 0.0333 - - -
D - - - -
E -0.0226 1.22 -0.0279 -0.0316

Total 0.7000 - - -
MaxEnt Total 0.7664 - - -

250K

A 0.1653 - - -
B 0.0068 0.85 -0.0041 -0.0054
C 0.0503 - - -
D - - - -
E 0.0069 1.04 -0.0014 -0.0038

Total 0.5322 - - -
MaxEnt Total 0.6779 - - -
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4.9.1 Fullprof Calculations

A number of different combinations of magnetic moments were calculated, but only

a few particularly relevant ones are presented here. The first calculation (calculation

1) is of the magnetic structure factor from only the Mn ions. The magnitude of the

Mn moments was set to be 2.1µB, which gave the correct scale for the magnetic

structure factor, allowing it to be directly compared with that observed in the earlier

experiments. The Mn ions are all treated as Mn3+Ṫhis results of this calculation

are shown in Fig. 4.41.

A calculation of the magnetic structure factor of the magnetisation distribution

as predicted by Ferrari et al.[63] (calculation 2) is also shown in Fig. 4.41. A

complication of this calculation was to choose a suitable form factor for the O ions,

as this is not normally a magnetic ion. The oxygen ions were modeled as Mn2+

ions, making the moment distribution approximately spherical. The magnitude of

the moment at the O(1) site was taken to be 17.5% of that at the Mn site, as

determined by Ferrari et al.

The final calculation (calculation 3) presented here (Fig. 4.41) is based on the

results of the maximum entropy method analysis, using the moment sizes presented

in table 4.6. Here the O(2) site and La/Sr site are also modeled as Mn2+. The

results of the D3 experiment at 9.6T and 20K are also reproduced in Fig. 4.41.

Calculation 1 shows a smooth variation in the structure factor measured at

different peaks, as expected for a magnetic structure of only ferromagnetic Mn

ions. The effect of introducing magnetisation at the O site is to make the series of

structure factors less smooth and the calculation looks qualitatively similar to the

results of the D3 experiment. However, it appears that there are some significant

differences in which peaks have a higher (or lower) than expected structure factor,
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20K, 9.6T results from Crystal A

Moments at Mn site only

Moments at Mn and O(1) sites

Results of Maxent analysis (Crystal A at 20K)

Figure 4.41: The measured and calculated magnetic structure factors for
La0.5Sr1.5MnO4 for various measured and calculated peaks. The results of the mag-
netic structure factor measurement on crystal A at 20K and 9.6T are reproduced in
black circles. A calculation of the magnetic structure factor of La0.5Sr1.5MnO4, with
moment located solely on the Mn site is shown in blue triangles. The red squares
show a calculation of the magnetic structure factor expected for the magnetisation
distribution calculated by Ferrari et al.[63] A calculation of the magnetic structure
factor based on the results of the maximum entropy method for crystal A at 20K
and 9.6T is shown by the magenta triangles. The calculations are offset from zero
on the y−axis for clarity.

i. e. whether they appear above or below the value expected for just Mn ions.

These two observations might indicate that the quantity of the magnetic moment

not located at the Mn site is approximately correct in this calculation, but that the

distribution is not the same in both calculation 2 and the experiment. Calculation

3 shows a large variation in the structure factor from peak to peak, greater than

that seen in the experiment. This is a further indication that the maximum entropy

method is placing artifacts into the magnetisation distribution that are not present
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in the real material.

4.9.2 Maximum Entropy Analysis of the Fullprof Calculations

The maximum entropy analysis of the three calculations discussed in the previous

subsection are shown in figures 4.42, 4.43 and 4.44 for calculations 1, 2 and 3,

respectively. In each case a selection of 3D contours are presented.

The maximum entropy analysis of calculation 1 successfully reconstructs the

unit cell of only Mn spheres down to below 0.01µB/Å
3, shown in Fig. 4.42. Below

this level, Fig. 4.42(e) unwanted artifacts are introduced into the distribution. This

gives a level below which the maximum entropy method is no longer entirely reliable.

However, no artifacts are placed in the O(1) site, which is of most interest to this

work.

The analysis of the calculation 2 results also show the expected distribution

down to below 0.01µB/Å
3, in this case showing the Mn ion and a spherical negative

moment at the O(1) site, shown in Fig. 4.43. Although unwanted artifacts are again

introduced in this calculation, they are not located at the La/Sr site or the O(2)

site, see Fig. 4.43(e). This suggests that the moments observed at these sites in the

results are real.

This suggestion is reinforced by the results of the analysis of calculation 3, see

Fig. 4.44. In this case the features observed in the maximum entropy analysis of

the real data are reproduced at approximately similar contour levels, compare Fig.

4.44 with the results presented in figures 4.28-4.39. However, in the analysis of

calculation 3, new artifacts are inserted, most noticeably a negative moment at

(0.5,0.5,0). This is also observed in the analysis of the real data and any moment

observed at this point maybe discarded as an artifact.
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Figure 4.42: 3D contours of the magnetisation in the structural unit cell of
La0.5Sr1.5MnO4 based on the calculation 1, as discussed in the text. The posi-
tive contour is shown in blue and the negative contour in yellow for each plot. The
contours shown in each of the figures are as follows, (a) ±0.5µB/Å

3, (b) ±0.1µB/Å
3,

(c) ±0.05µB/Å
3, (d) ±0.01µB/Å

3, (e) ±0.005µB/Å
3 and (f) ±0.001µB/Å

3.
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Figure 4.43: 3D contours of the magnetisation in the structural unit cell of
La0.5Sr1.5MnO4 based on the calculation 2, as discussed in the text. The posi-
tive contour is shown in blue and the negative contour in yellow for each plot. The
contours shown in each of the figures are as follows, (a) ±0.5µB/Å

3, (b) ±0.1µB/Å
3,

(c) ±0.05µB/Å
3, (d) ±0.01µB/Å

3, (e) ±0.005µB/Å
3 and (f) ±0.001µB/Å

3.
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Figure 4.44: 3D contours of the magnetisation in the structural unit cell of
La0.5Sr1.5MnO4 based on the calculation 3, as discussed in the text. The posi-
tive contour is shown in blue and the negative contour in yellow for each plot. The
contours shown in each of the figures are as follows, (a) ±0.5µB/Å

3, (b) ±0.1µB/Å
3,

(c) ±0.05µB/Å
3, (d) ±0.01µB/Å

3, (e) ±0.005µB/Å
3 and (f) ±0.001µB/Å

3.
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4.10 Discussion

The results for both crystal A and crystal B show the expected dominance of the

magnetic moment at site A, the site of the Mn ion. However, some of the results

of the observations at other sites are surprising, especially the features observed at

sites where no ion should be located. The most important results for this study are

the ones that directly probe the magnetic moment distribution in the CE magnetic

phase, which are the results on crystal A at 20K. Most of the other experimental

results and calculations are discussed in the context of those results.

To put the results in context, it is meaningful to initially examine the total mag-

netisation in the unit cell found from the maximum entropy method and compare

it to the sum of the magnetic moments on the ionic sites. The sum of the magnetic

moments on the ionic sites accounts for between 79% and 91% (depending on sample

and temperature) of the total magnetic moment in the maximum entropy method

results, showing that the calculation places a significant amount of the magnetic

moment in what should be relatively empty parts of the unit cell.

Comparing the total magnetisation in the unit cell determined by the maximum

entropy method with the corresponding magnetisation measurements presented in

tables 4.3 and 4.4 illustrates one of the shortcomings of the maximum entropy

method, the tendency to underestimate the magnetisation. For each sample and

temperature, the calculation shows a lower magnetisation than that observed in the

experiment. This means that all of the results presented here are likely to be lower

than the actual values in the system. Although most of the calculated totals are

approximately 10% lower than the measured values, the 120K results on crystal B

show a reduction of about 50%. This is much lower than expected and is a further

indication that there are significant problems with the results on crystal B at this
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temperature.

The magnetic moment at site A is due to the Mn ion. Mn is the only magnetic

ion, being the only one with unpaired electrons. The only sensible way to measure

the moment at the Mn site was to use the Shannon radii, since the magnetic moment

for the unit cell is positive, the other two values lose there relevance. The proximity

of the Mn site to the positive magnetic moment located along the c-axis from it

means that any larger radii used would likely include some of the magnetic moment

at this site. However, it appears from the analysis and by examining the 2D plots of

the MnO2 plane in Fig. 4.27 that the positive moment centred on this point extends

beyond 0.7Å. Therefore, it is likely that the results for site A presented in tables

4.6 and 4.7 are a slight underestimate.

In crystal A at 20K the moment on the Mn site is 25 times greater than that

observed on any other site of interest and the magnetic moment of the two Mn

sites accounts for almost the entire magnetic moment of the unit cell, with the

other positive and negative areas almost canceling each other out. With increasing

temperature the size of the moment at the Mn site decreases, in agreement with the

magnetisation data available on this sample, see Fig. 4.6. In crystal B the size of

the moment does not change as much with temperature. This is a surprising result

given the magnetisation data available from the two samples. The crystal B 3D

plots at all temperatures show a depression in the moment distribution at the Mn

site, located along the c-axis from the centre point, for example see Fig. 4.35(b).

This feature suggests that the moment at the Mn site and the out-of-plane O(2)

site are quite distinct, whereas in crystal A the two seem to overlap.

The next most significant feature in all of the results is the negative moment at

site B, which is centred close to the location of the La/Sr ion in these materials.

The feature is always approximately spherical and usually surrounded by a volume
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of positive moment and method α is probably the most accurate way of measuring

the moment of this ion. In crystal A the magnitude of this feature does not vary

much with temperature, regardless of the method of measuring the moment. The

radius of the sphere that shows the minimum of the magnetic moment is also tem-

perature independent. In crystal B there is an unusual temperature dependence of

the magnitude, probably due to the poorer quality of the data than a real physical

effect. This unusual temperature dependance is also seen in the radius of the ion

in method α.

The La/Sr site is presumed to interact only weakly with the Mn-O layer and a

mechanism to transfer electrons to this site and for them to be antiferromagnetically

aligned with the Mn ions has not been discussed in the literature. La and Sr have

the most electrons of any of the ions in this material and since the induced moment

on this site is opposite to the applied magnetic field, it is possible that the observed

feature could be due to diamagnetism. However, the magnetic moment expected

from the diamagnetism of a free La ion (which has the larger atomic number of

the two ions, but should only appear at 1/4 of the sites) is about two orders of

magnitude smaller than the magnetic moment of the observed feature at the La/Sr

site.

Site C is the location of an O ion, positioned directly along the c-axis from the

Mn ion, referred to as the O(2) site in the literature.[86] As mentioned, this site has

a magnetic feature that is aligned parallel to that on the Mn site and the two sites

seem to overlap, making an accurate measurement of the magnetic moment on this

site challenging. The magnetic moment on this site determined using the Shannon

radii shows that this feature about half as large as the feature at the La/Sr site.

In both crystal A and crystal B there is no obvious temperature dependence of the

moment on this site.
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As with the La/Sr site, a normal O2− ion should have no unpaired electrons

and should not have a magnetic moment. However, the theories of super-exchange

and double-exchange rely on the ability of O ions bonded to metal ions to behave

magnetically. A mechanism that would allow the O and Mn ions to be ferromagnet-

ically aligned could involve a hybridisation between Mn and O states with similar

energies,[17] although the Mn and O(2) ions are further from each other than the

Mn and the in-plane O(1) ion, where a stronger interaction would therefore be

expected. Another possibility is a magnetic interaction with the La/Sr site. The

O(2) and La/Sr sites form a layer between the MnO2 layers. Perhaps an interaction

between these two ions causes the magnetic moment that appears on both of them.

The link between these two ions for crystal A is supported by the magnetic moment

on these sites not being temperature dependent, whereas there is a very similar

temperature dependance of the magnitude of the magnetic moment on the other

two ionic sites, the Mn and O(1) sites, discussed later.

There is also the possibility that the features at site B and C are artifacts of the

maximum entropy method. The similarity of the two features at all temperatures is

unusual when large variations are observed in the magnetisation. The calculations

performed using fullprof seem to suggest that these are not entirely artifacts, as the

maximum entropy analysis only places moment here at low contour levels in the

calculations shown in section4.9.2. It should also be noted that the centres of these

two features are not located precisely on the La/Sr and O(2) sites, they are slightly

offset along the c-axis, raising the possibility that these two features appearing close

to the ionic sites is merely a coincidence. Since it was not possible to measure peaks

that were far from parallel to the ab−plane, the accuracy of the maximum entropy

method reconstruction along the z − axis is reduced which may explain why the

features are not observed precisely on the ionic site.
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The positive magnetic moment observed on site D in crystal A at 20K is unique

to this set of results, all of the other sets of results that have a significant feature at

this location show a negative moment, see Fig. 4.27. There should not be any ions

located at this site and it would be an unlikely location for an excess ion of any of

the species involved in this system. The maximum entropy method does not take

into consideration the positions of the ions in the unit cell, it only places magnetic

moments in the positions that give the best model. Therefore, if the calculation

is putting a magnetic moment in what should be empty space, it might indicate

that the calculation is no longer totally reliable at this level of detail. The only

conclusion that can be drawn is that, for either a positive or negative moment,

this is an artifact of the maximum entropy method that has no physical relevance.

This is reinforced by the maximum entropy analysis determining that there should

be a moment moment located here when analysing the fullprof calculations, where

there was definitely no moment introduced. This shortcoming of the maximum

entropy method is present because the method wants to have a smoothly varying

distribution, this is not always a realistic goal and at a certain level of detail, the

validity of the reconstruction comes into question.

The original purpose of this investigation was to measure the magnetic moment

at the O(1) position (O site within the MnO2 plane), located at site E. Although

a moment is not observed centred on this position in any of the results, a negative

magnetic feature is observed close to this point in all of them. In crystal A at 20K,

there is a negative lobe located between site E and site A that bears a resemblance

to the magnetic feature predicted by Ferrari et. al.[63], compare Fig. 4.2 and top

left panel of Fig. 4.27. At 120K, a similar shape is observed, but a new feature with

a larger moment is observed along the c-axis from site E. This new feature is the

more prominent feature near site E in all of the other datasets from both crystal
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A and crystal B. It is not a stretch to suggest that these lobes, either in the MnO2

plane or located along the c-axis from the plane, bare a resemblance to a p-orbital

with its long axis aligned in or perpendicular to the MnO2 plane, respectively.

These features are smaller than those observed at the other four sites, including the

features at site D where there should be no ion present, but the observed shape of

this feature is evidence that there is some magnetic moment observed at the O(1)

site, anti-aligned with the moment on the neighbouring Mn sites.

The results of the maximum entropy analysis of the fullprof calculations suggests

that the feature at site E is not an artifact. Magnetisation is only placed at this

site when there is a moment expected there, such as in calculations two and three,

but not in calculation one, at least down to very low contour levels.

The features near the O(1) site are all highly anisotropic and therefore a sphere

would not give an accurate measurement of the magnetic moment at this position.

Therefore, method β, which sums only the negative components within a sphere

with the Shannon radius, gives an almost shape independent magnetic moment. In

crystal A the magnitude of the magnetic moment on the O(1) site is proportional to

that on the Mn site for varying temperatures. This points to the magnetic moment

on this site being directly linked to that on the Mn site, similar to that discussed by

Ferrari et al.[63] The values obtained from the results on crystal B do not show any

correlation with the Mn ion and there is an unexpectedly large moment observed

at this site in the 120K results and re-enforcing the idea that the results for crystal

B should only really be considered in a qualitative way.

In this work the magnetic unit cell is folded into the high temperature structural

unit cell. This means that care must be taken when comparing these results to the

work by Ferrari et. al.[63]. Their calculation shows that not all O(1) sites have

a magnetic moment on them. This means that in the results of this experiment
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the O(1) sites with a moment are averaged with the sites where no moment is

expected, see Fig. 4.2. This of course means that if the results presented here

were re-drawn in the structural unit cell, the magnetic moment on the magnetic

O(1) sites shown in that calculation, would be approximately double the results

measured here. Although it is difficult to decisively conclude that there is a magnetic

moment on the O(1) site based on the results in this thesis, it is possible to give

an upper value for such a moment. The field-induced moment located on the O(1)

ion in the CE magnetic phase of La0.5Sr1.5MnO4 (crystal A) is no larger than

0.0292µB, although this value comes with the caveat that the maximum entropy

method typically underestimates the magnitude of magnetic moments in its attempt

to have all of the features smoothly varying.

This means that the moment on the O(1) site has a magnitude of about 7.5% of

the moment observed on the Mn site. The calculation by Ferrari et al.[63] suggested

that the magnitude of the moment on the O(1) ion would be around 17.5% of that

on the Mn site. This clearly shows some disagreement between this experiment

and the earlier calculations. This study might have observed a lower moment due

to the sample not being precisely La0.5Sr1.5MnO4. It is possible that the applied

magnetic field was not strong enough to fully align the moment on the O(1) site

with the c-axis, meaning that the full magnetic moment was not observed by the

neutron scattering, whereas the calculation by Ferrari et al. considers the full

magnetic moment. It is apparent from the bulk magnetisation measurements that

the sample is not saturated at these fields, suggesting precisely this issue. It is also

worth remembering that the two studies were on slightly different materials, which

could account for some small differences.

The similarity between the highest temperature dataset on both crystal A and

crystal B is interesting. It suggests that both of these materials have a similar
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distribution of the magnetisation, which is unsurprising as these results are both at

a higher temperature than any of the charge-ordered/orbital-ordered or magnetic

transition temperatures.

4.11 Conclusion and Outlook

This investigation has shown tentative experimental evidence that there is a mag-

netic moment on the in-plane O ion in the CE-type antiferromagnetically ordered

system La0.5Sr1.5MnO4 and suggests that the charge on such O ions is not strictly

2-. Although the evidence presented here is not conclusive, the maximum observed

moment on the O(1) site is expected to be less than 7.5% of moment on the Mn site,

since a significantly larger moment than this would be observable in an experiment

such as this one. This contrasts with the theoretical value of the moment being

about 17.5% of the magnitude of the moment on the Mn site. If the charge of the O

ions is not 2-, then it is likely that electrons are being lost from the O p-orbital that

lies in the line between two Mn ions, due to the location of the lobes of negative

magnetic moment observed in this investigation.

Magnetic features were also observed on the La/Sr site and on the out-of-plane

O(2) site in all of the measurements in this investigation. These features are both

more significant than the features observed on the in-plane O(1) site. The mag-

netisation of these features does not display a temperature dependence, whereas

the other ions appear to have a common temperature dependence, suggesting that

there is some magnetic interaction between the La/Sr ions and the O(2) ions in

La0.5Sr1.5MnO4. Although calculations of magnetic structure factors suggest that

these features are real, it there is a possibility that these are artifacts of the analysis

methods.
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There are a number of further investigations that could give a better understand-

ing of this system. The calculations performed in section 4.9 could be expanded

into an entire research project. The calculations presented here could obviously be

improved upon by using form factors that more accurately represent the magnetisa-

tion distribution observed at individual ion sites, for example, modeling an oxygen

p−orbital instead of a sphere. It should also be possible to fit the magnetic structure

factors observed to a magnetic dipole model. It would be useful to perform this

experiment again with higher quality samples of La0.5Sr1.5MnO4. Magnetisation

temperature dependencies indicated that the sample of La0.5Sr1.5MnO4 used here,

did not consist entirely of x = 0.5 material.



Chapter 5

Study of the Multiferroic,

DyMn2O5, Using Resonant

Magnetic X-ray Scattering

5.1 Introduction

The link between electricity and magnetism that was established in the 19th cen-

tury is well known and well understood. The Hall effect and magnetoresistance both

show direct links between the two fundamental forces of nature within materials.

However, materials that show both an electronic ordering (such as a net electrical

polarisation in a ferroelectric) and a magnetic ordering (such as a ferromagnet),

known as multiferroics, are relatively rare. There are a number of types of multi-

ferroics, most of which show a weak coupling between the electronic and magnetic

states of the material. However, there is a subset of materials that display the mag-

netoelectric effect, predicted by Pierre Curie at the turn of the 20th century,[98]

which show a coupling between these two types of ordering. Not only do these

materials involve interesting condensed matter physics, the possible applications of

being able to control two different types of ordering in a material could be useful

in a number of technologies.[99] An overview of multiferroics is presented in section
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1.8 and further details can be found in a number of reviews.[100, 28, 2, 101]

Since Curie’s original prediction of the magnetoelectric effect and its later dis-

covery in a number of materials,[102, 103, 104, 105, 106, 107, 108, 109] the field of

research has gradually fallen out of favour, largely because the coupling between the

magnetism and the ferroelectric phases of these systems was always observed to be

too small for useful applications. The research area has had a recent resurgence since

the discovery of the magnetically induced ferroelectricity in TbMnO3 [16] and in

similar materials where Tb is replaced by another rare earth ion.[110] These materi-

als and the related RMn2O5 series (where R is a rare earth, Y or Bi) display a large

coupling between the magnetic and electrical properties of the system, although

the electrical polarisation of the systems tends to be quite weak. The mechanism

behind the multiferroicity in these systems is not completely understood, but theo-

ries based on symmetry considerations have provided important insights.[111, 112]

To construct microscopic models that explain the physics in these systems, more

information on the details of the various electronic and magnetic phases is required.

Ferroelectricity arises from electrical polarisation caused at the microscopic lev-

els. In the RMn2O5 materials there are two models that would allow electrical

polarisation. The first of these is ionic polarisation, where an ion moves to a dif-

ferent position in the unit cell, causing a polarisation by the separation of positive

and negative ions in the material.[28, 2, 16, 113] A second possible method is that

the ions themselves do not move significantly, but the valence electrons on the ions

do move.[114, 115] This arises due to the covalency between a transition metal and

its neighbouring oxygen ions and some experiments do show evidence of this type

of polarisation.[116, 117]

The bulk magnetic and electronic properties of the many members of the RMn2O5

series are well documented through various studies going as far back as the 1960’s
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[118, 119]. Originally the complicated magnetic structures displayed by these mate-

rials provided the main reason of the interest, but the discovery of the ferroelectric

properties of these materials [120, 113, 121, 122, 123] led to a large number of pub-

lications on RMn2O5 materials in the last few years. The details of the magnetic

structure are believed to be important to establishing magnetically induced multi-

ferroic phase and the magnetic structures for many members of the RMn2O5 series

are well known, usually determined using neutron scattering [119, 124, 125, 126] or

by resonant x-ray diffraction [45].

One of the less well understood structures is that of the material that displays the

largest electrical polarisation of the RMn2O5 systems, DyMn2O5, see Fig. 5.1.[127]

Although the magnetic properties of DyMn2O5 have been studied previously,[119,

124, 128, 129] the nature of the magnetic ordering has remained poorly understood,

particularly in the multiferroic phase. These previous studies of the magnetism

have examined the low temperature phase (which is not ferroelectric) and followed

the magnetic ordering wavevector as a function of temperature, but crucially, the

magnetic structure in the ferroelectric phase has not been fully determined. A

better understanding of the magnetic structure of DyMn2O5 in the ferroelectric

phase and how it changes as ferroelectric phases change could be of importance in

establishing the reasons for why DyMn2O5 has the largest electrical polarisation in

this series.

This chapter presents a study of the nature of the magnetism and electronic

polarisation of DyMn2O5. In particular, a detailed study of the magnetic structure

in the ferroelectric phase is presented.
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5.1.1 Properties of DyMn2O5

The bulk properties of the other members of the RMn2O5 series are well documented.[120,

122, 123] These materials show a ferroelectric polarization along the b-axis, ap-

proximately in the temperature range 20 ≤ T ≤ 35 K. The magnetic properties

of the members of the series also show common features. There exists a transition

TN ≈ 40 K into an incommensurate magnetic phase, just above the ferroelectric

phase. Below the incommensurate magnetic phase, the magnetic structure becomes

commensurate and the ferroelectric phase shows the largest polarisation when this

commensurate magnetic phase is present. The electrical polarization exists parallel

to the b-axis in all phases where it is apparent. A lower temperature incommensu-

rate phase appears below 20 K. These are the higher temperature magnetic phases

and only have magnetic ordering of the Mn ions. The lowest temperature magnetic

phase shows spontaneous magnetic ordering of the rare earth ions (assuming that

the rare earth ion is magnetic). A summary of the electronic polarisation behaviour

in many RMn2O5 compounds at various temperatures is presented in Fig. 5.1.

The electronic and magnetic properties of DyMn2O5 are somewhat different

from the other members of the RMn2O5 series [120, 113, 121, 122, 123]. In DyMn2O5

there is a high temperature incommensurate magnetic phase (HT-ICM), appearing

at 44K on cooling, but below 42K, this phase is replaced by the commensurate mag-

netic ordering (CM), with the characteristic Bragg reflections at (h+ 1
2 , k, l± 1/4).

Below 40K, DyMn2O5 enters an electrically polarised phase (FE), with polarisation

along the b-axis. The ferroelectric phase exists down to 7K, where the material

re-enters a paraelectric phase [122]. Where the ferroelectric and commensurate

magnetic order coexist, the electronic polarisation is largest and this important

phase is referred to as the CM-FE phase. The details of the ferroelectric phase
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Figure 5.1: Measurement of the electrical polarisation along the b-axis for many
members of the RMn2O5 series. Reprinted figure with permission from Fukunaga
et al.[127] Copyright (2010) by the Physical Society of Japan.

change with temperature and an overview is shown in Fig. 5.2. This figure shows

the overlap of the magnetism (marked by TN) and the ferroelectric phases (various

FE labels) and the transition temperatures marked by the dashed lines.

The high temperature phases are similar to those of the other RMn2O5 materials,

apart from slightly different transition temperatures. It is at low temperatures

that DyMn2O5 differs from the other members of the series. The commensurate

magnetic structure (which is present throughout the ferroelectric phase) remains

constant from 42K down to 18K where the magnetism enters a new incommensurate

phase (LT-ICM) with magnetic Bragg peaks observed at (h + 1
2 ± δ, k, l + 1

2 ± ε)

[129]. The LT-ICM and CM phases appear to coexist for a few degrees, with

the CM finally disappearing at 12K. The HT-ICM, CM-FE and LT-ICM magnetic

phases are all due solely to the ordering of the moments on the Mn ions and all

have corresponding phases in the other RMn2O5 materials. Below 8K another

commensurate magnetic ordering is observed with reflections at (h+ 1
2 , k, l), believed
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Figure 5.2: This figures shows measurements of many of the physical properties of
DyMn2O5. (a) The integrated intensity of the x-ray superlattice peak at (004.5),
(b) The specific heat (C) divided by the temperature, (c) dielectric constants (ε)
for applied fields along the a, b and c axis, (d) the black dots show the sponta-
neous polarisation, obtained from polarisation vs electric field curves, white dots
show the intensity of second-harmonic-light (ISHG) and (e) the measurement of
the polarisation along the b-axis by the measurement of the pyroelectric current.
Reprinted figure with permission from Higashiyama et al.[122] Copyright (2004) by
the American Physical Society.
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Figure 5.3: The crystal structure of DyMn2O5 observed as a projection along the
(a) c-axis and (b) b-axis. Dy3+ is shown as the large blue circle, Mn4+ as the purple
circle contained within an octahedra representing O ions and Mn3+ as the small
green circle contained with in an O ion square-based pyramid.

to arise from the ordering of the Dy moments [128] and referred to here as the rare

earth commensurate phase (RE-CM). This low temperature commensurate phase is

unique to DyMn2O5 among the RMn2O5 compounds, as all of the other compounds

that display rare earth ordering show incommensurate ordering in this phase.

DyMn2O5 has an orthorhombic structure, existing in the space group Pbam,

with lattice parameters a = 7.294Å, b = 8.551Å and c = 5.688Å at room temper-

ature [119]. The Mn and O form a structure of Mn4+O6 octahedra and Mn3+O5
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square-based pyramids, with the Dy ions sitting in the gaps of the MnO structure,

shown as a projection along the c-axis in Fig. 5.3(a) and along the b-axis in Fig.

5.3(b). This structure has ribbons of Mn4+O6 octahedra running parallel to the

c-axis with the ribbons linked by layers of Mn3+O5 square-based pyramids. The

Dy ions all sit in the same plane in the unit cell and form a layer that is as far from

the Mn3+ layer as possible in the unit cell.

The magnetic structure of DyMn2O5 in the RE-CM phase has already been

established [119, 124]. Neutron diffraction [128] and resonant magnetic x-ray scat-

tering (RMXS)[129] experiments made in the CM-FE phase, have not yet deter-

mined the magnetic structure at this temperature. The main goal of this study is

to remove this gap in the information known about DyMn2O5.

5.1.2 Experimental Overview

The high neutron absorption cross-section of 164Dy, which accounts for about 28% of

naturally occurring Dy, limits the information that can be obtained from a neutron

scattering experiment to determine the magnetic structure of DyMn2O5. For this

reason, RMXS has been used in this study. The x-ray signal from a magnetic

structure is usually very weak, so using RMXS, an intense scattering signal can

be observed due to the resonant enhancement.[43, 44] The other key advantage of

using RMXS to determine the magnetic structure of DyMn2O5 is that by tuning

to a resonance frequency, the x-rays are directly probing an electronic transition of

one of the ion species in the material. The fact that the resonance directly probes

an electronic transition of one of the ions in the material means that it can be

used to decouple the magnetic effects of one magnetic ion species from that of the

other one, making the signal somewhat ion dependent. An introduction to RMXS

is presented in section 2.4.2.
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This study involved a few separate experiments, one using a hard x-ray source

(E > 2keV), another with a soft x-ray source (E < 2keV) and a measurement of

the bulk electrical polarisation of DyMn2O5. This allowed access to most of the

electronic transitions of interest in DyMn2O5. The details of these experiments will

be covered in the next section. The results fall into three main areas of interest

and these areas are each presented in separate sections. X-ray resonance spectra

of DyMn2O5 are presented in section 5.3. Temperature dependent properties of

DyMn2O5 are presented and discussed in section 5.4. The magnetic structure of

DyMn2O5 was determined using results from the hard x-ray experiment only and

is presented in section 5.5.

5.2 Experimental Procedure

The crystals used in these experiments were grown by Wanklyn et al.[130] at the

University of Oxford in 1972. The crystal used for the two x-ray scattering measure-

ments was a small crystal cut so that the (0, 0, 1) scattering vector was perpendicular

to the main flat surface of the sample. The electrical polarisation was measured on

a crystal from the same growth, but in this case the sample had two opposite flat

surfaces that were both perpendicular to the crystallographic b-axis, the direction

of the electrical polarisation.

5.2.1 Resonant Magnetic X-ray Scattering Using Hard X-rays

The part of this experiment requiring high energy (hard, E > 2keV) x-rays was

performed at the ESRF in Grenoble, France. The beamline used was ID20 [131],

a high-intensity beamline specialising in magnetism, that has since been disman-

tled. The instrument used was a standard four-circle diffractometer in the vertical
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scattering geometry, i.e. the scattering plane was perpendicular to the plane of the

synchrotron.

The crystal was polished before the experiment, to ensure that the x-rays could

interact with a good scattering surface. The crystal was then mounted on the cold

finger of a closed-cycle refrigerator, allowing cooling down to 12K. There was a

problem with the power of the x-ray beam heating the sample out of the magnetic

phase, but by attenuating the intensity of the beam by a factor of 7, the beam

heating was reduced to a minimal amount. Attenuation was achieved using thin

sheets of metal, used as standard on ID20.

The details of RMXS and the choice of energies used are discussed in section

2.4.2. The x-ray energies of interest in this hard x-ray scattering measurement on

DyMn2O5 are the Dy LIII-edge and the Mn K-edge. The Dy LIII-edge is a transition

from the 2p electron orbitals to the 5d electron orbitals in Dy and has an energy of

7.7901 keV. The Mn K-edge is a transition from the 1s electron orbitals to the 4p

electron orbitals in Mn, at an energy of 6.5039 keV.

For all parts of this experiment, the polarisation of the x-ray beam had to be

considered. This is based on the work by Blume et al. [43] and Hill et al. [44],

who show how the resonant x-ray scattering signal is polarisation dependent. It is

shown in these papers that the resonant x-ray diffraction signal in the σσ polarisa-

tion channel is non magnetic and that the σπ′ polarisation channel will show only

magnetic scattering. The energy scans and the temperature dependencies presented

here are all performed in these polarisation channels. The outgoing polarisation of

the experiment was measured using the (0, 0, 6) reflection of graphite as a polarisa-

tion analyser. Polarisation analysers are discussed in section 2.5.3.
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5.2.2 Resonant Magnetic X-ray Scattering Using Soft X-rays

The soft x-ray part of this study was performed at the Diamond Light Source in

Oxfordshire, UK. The experiment was performed on the beamline I10 (BLADE)

using the RASOR end station. RASOR was used as a four circle diffractometer,

with a vertical scattering geometry, but with only limited range in the χ circle. The

limited χ-range is because the entire diffractometer must be enclosed within a high

vacuum chamber, to stop the soft x-rays being absorbed in air, meaning that there

is not enough space to include a full χ circle.

The sample used in this experiment, was the same one that was used for the

hard x-ray experiment at ESRF, described in the previous section. The sample

surface was polished prior to the experiment. The sample was mounted on the cold

finger of a liquid helium cryostat that allowed cooling down to 20 K.

Soft x-rays cover an energy range of 0.4 to 2 keV and in this range there were

two x-ray edges of interest for this measurement on DyMn2O5 that were accessible

on RASOR. Measurements were performed at the Mn LIII-edge, the transition of

1s→ 3d electron orbitals in Mn, with an energy of 640 eV. The other edge used in

this experiment was the O K-edge, the transition from 1s → 2p electron orbitals

in O, with an energy of 532 eV. For polarisation analysis of the diffraction signal

at these wavelengths, a suitable multilayer analyser was used, with different layer

depths for each edge. The Dy MV-edge is also in this energy range, (the 3d → 4f

transition in Dy, with an energy of 1292 eV), but there was no suitable polarisation

analyser available for this edge at the time of the experiment.
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Figure 5.4: The temperature dependence of the electrical polarisation of DyMn2O5

along the b-axis, by the method of measuring the pyroelectric current.

5.2.3 Measurement of the Bulk Electrical Polarisation of DyMn2O5

The bulk electrical polarisation of DyMn2O5 was measured on a crystal from the

same growth batch as the one used in the scattering experiments already mentioned.

The crystal was cut to be plate like with the two opposite faces having the b-

axis as surface normal (the polarisation in RMn2O5 materials has always been

observed parallel to the b-axis). The method used to determine the polarisation

was a measurement of the pyroelectric current under electrical field (section 2.6.2 for

details). This measurement has previously been performed by Higashiyama et al.

[122] (shown in Fig. 5.2) and the results presented here generally agree with those

previously reported apart from small temperature shifts. However, a small drop in

the polarisation is observed below 20K that has not been previously reported. The

poling field used on this sample was 200V and the measurement was made over the

temperature range of 15K to 45K. The results are presented in Fig. 5.4.
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5.3 Energy Scans

Examination of the energy spectra around the various resonance edges can give

valuable information on how to conduct further experiments at the edge, for example

the azimuthal scans. They can also provide information about the magnetism and

electronic structure of the material as well. This section will present the results of

the various energy spectra that have been measured in this study. It will also cover

a brief discussion of their contribution to the understanding of the magnetic and

electronic properties of DyMn2O5.

5.3.1 Results

A number of energy spectra were measured across the relevant resonant edges in

this experiment. A measurement of an energy spectrum around the Dy LIII-edge at

the (−0.5, 0, 4.25) peak in the σσ polarisation channel at 20K, is shown in Fig. 5.5,

and another two in the σπ′ polarisation channel, at 20K (Fig. 5.6) and at 12K (Fig.

5.7). A fluorescence measurement was also performed around this energy, again at

20K, see Fig. 5.8. The fluorescence measurement is performed away from any Bragg

peaks.

The (−1.5, 0, 3.25) peak was studied around the Mn K-edge. A scan was made

of the energy spectra in the σσ polarisation channel, Fig. 5.9 and in the σπ′ po-

larisation channel, Fig. 5.10. A fluorescence scan was also performed in the same

energy range away from any Bragg peaks, Fig. 5.11.

Around the Mn LIII-edge an energy spectrum at the (0.5, 0, 0.25) peak was

measured at 22K, in both the σσ and σπ′ polarisation channels, Fig. 5.12 and Fig.

5.13 respectively. Measurements of the same peak were also performed at the O

K-edge, the energy spectra at 22K in both the σσ and σπ′ polarisation channels,
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Figure 5.5: Energy resonance spectrum measured around the Dy LIII-edge, at the
(−0.5, 0, 4.25) peak, at 20K, in the σσ-polarisation channel.
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Figure 5.6: Energy resonance spectrum measured around the Dy LIII-edge, at the
(−0.5, 0, 4.25) peak, at 20K, in the σπ′-polarisation channel.

Fig. 5.14 and Fig. 5.15 respectively. A fluorescence was also measured at the O

K-edge at 22K, shown in Fig. 5.16.

5.3.2 Analysis

The resonance scans around the Dy LIII-edge are perhaps the most important mea-

sured for this study as they are used to get the peak resonance enhancement at the

edge where the majority of the information on the magnetic structure of DyMn2O5

is obtained. A direct comparison of the Dy LIII-edge measured at 20K on the
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Figure 5.7: Energy resonance spectrum measured around the Dy LIII-edge, at the
(−0.5, 0, 4.25) peak, at 12K, in the σπ′-polarisation channel.
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Figure 5.8: Fluorescence spectrum measured around the Dy LIII-edge, at 20K, in
the σπ′-polarisation channel.

(−0.5, 0, 4.25) in σσ channel with that measured in the σπ′ channel, Fig. 5.5 and

Fig. 5.6 respectively, is revealing. The Dy LIII-edge is expected to be at a value

of 7.79keV. In the σσ-channel, there is a small peak, approximately double the in-

tensity of the background, centred just below the expected value of the resonance

peak. It is unclear what causes this peak, but it is not likely to be leakage from

the other polarisation channel because of the change in energy. However, in the

σπ′-channel (which is sensitive to the magnetic enhancement of the signal), this is

completely obscured by the much higher intensity peak at ∼ 7.794 keV. This is the

maximum of the magnetically enhanced resonance signal and is the energy used for
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Figure 5.9: Energy resonance spectrum measured around the Mn K-edge, at the
(−1.5, 0, 3.25) peak, at 14K, in the σσ-polarisation channel.
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Figure 5.10: Energy resonance spectrum measured around the Mn K-edge, at the
(−1.5, 0, 3.25) peak, at 14K, in the σπ′-polarisation channel.

all subsequent measurements at the Dy LIII-edge. There is a small peak observed

at ∼ 7.805 keV in the σπ′ channel at 20 K, which is not present in the scan at

12 K. The fluorescence measurement at this energy, Fig. 5.8, also shows a peak at

7.794 keV confirming that this signal is the Dy LIII-edge.

The further measurement made in the σπ′ channel, was the (−0.5, 0, 4.25) peak

at 12 K. It should be noted that this measurement was performed at the temperature

where the maximum resonant enhancement was observed. However, the precise

temperature is unclear as this measurement was made before the beam heating

problem on this experiment was fully understood and the actual temperature is
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Figure 5.11: Fluorescence spectra measured around the Mn K-edge, at 14K.

expected to be a few degrees higher than the measured temperature, approximately

in agreement with the previously observed maximum intensity for this peak observed

at 15K by Ewings et al. [129]. The peak observed at ∼ 7.805 keV has disappeared

at this temperature, but aside from this, the resonance lineshape and the energy of

the maximum resonant enhancement remain the same at both 12 K and 20 K.

It is noted that there is no indication of the quadrupole transition (2p → 4f ,

which allows direct examination of the magnetic ions in this material), expected

at a slightly lower energy than the Dy LIII-edge (For example, in TbMn2O5 the

quadrupole is 8 eV below the Tb LIII-edge). This transition is apparent in TbMn2O5

[45] and the reason for its appearance in that system but not DyMn2O5 is not well

understood.

The energy spectra measured at the Mn K-edge are quite different in charac-

ter from those at the Dy LIII-edge. Examining the two spectra measured at 14K

on the (−1.5, 0, 3.25) peak, in the σσ-polarisation channel (Fig. 5.9) and the σπ′-

polarisation channel (Fig. 5.10), it is clear that the magnetic resonance enhancement

is smaller at this edge. The small peak just below 6.54 keV in the σπ′-polarisation

channel is the Mn K-edge resonance peak, as it is not observed in the σσ-polarisation
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Figure 5.12: Energy resonance spectrum around the Mn LIII-edge, at the
(0.5, 0, 0.25) peak, at 22K in the σσ-polarisation channel.
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Figure 5.13: Energy resonance spectrum around the Mn LIII-edge, at the
(0.5, 0, 0.25) peak, at 22K in the σπ′-polarisation channel.

channel. This is the energy value used for other measurements at the Mn K-edge.

The peak at the Mn K-edge has a very narrow lineshape in contrast to the resonance

peaks found at the other measured edges. There are a few small peaks above the

resonant edge in the σπ′-polarisation channel, which are not in the σσ-polarisation

channel, these are as yet unidentified, but presumably magnetic, features. The flu-

orescence scan, Fig. 5.11, shows a very small feature at 6.54 keV, again a signature

of the resonance edge. The maximum resonance enhancement found just below

6.54 keV is used for all other measurements at the Mn K-edge.

The difference between the σσ-polarisation channel (Fig. 5.12) and σπ′ polari-
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Figure 5.14: Energy resonance spectrum around the O K-edge, at the (0.5, 0, 0.25)
peak, at 22K in the σσ-polarisation channel.
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Figure 5.15: Energy resonance spectrum around the O K-edge, at the (0.5, 0, 0.25)
peak, at 22K in the σπ′-polarisation channel.

sation channel (Fig. 5.13) is most striking in the measurements at the Mn LIII-edge

at the (0.5, 0, 0.25) peak, at 22 K. In this case the σσ-polarisation channel is al-

most featureless, whereas the σπ′-polarisation channel shows three distinct peaks.

The large peak at 645 eV is the Mn LIII-edge and this value is used for all other

measurements at the Mn LIII-edge. The smaller peak at a lower energy than the

Mn LIII-edge is possibly a quadrupole signal. The other smaller peak above the Mn

LIII-edge is the Mn LII-edge, which should be at approximately 650 eV.

Finally the scans at the O K-edge are perhaps the simplest scans. The compar-

ison between the σσ-polarisation channel and σπ′-polarisation channel (Fig. 5.14
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Figure 5.16: Fluorescence spectrum around the O K-edge, at 22K.

and Fig. 5.15), shows that the magnetic resonance feature is actually the lower

intensity peak near 530eV, which is missing in the σσ-polarisation channel. The

fluorescence scan at the O K-edge shows a small feature at around 530eV and this

energy is used for all other measurements at the O K-edge. The fact that a mag-

netic resonance has been observed at the O K-edge at all, suggests that the O ions

are being magnetically polarised by the neighbouring Mn ions.[132, 117]

5.3.3 Discussion

The energy resonance scans presented in this section have two main uses. Firstly,

the scans are vitally important for identifying the energy of the largest magnetic

resonance enhancement to the x-ray scattering signal, which is necessary to estab-

lish for all of the other scans performed in this chapter. Secondly, these scans can

be used to help analyse the magnetic structure of DyMn2O5 through monoelec-

tronic, cluster-based multiple scattering calculations, using the program FDMNES.

These calculations are covered in section 5.5.1, where the analysis of the magnetic

structure of DyMn2O5 is presented. The observation of a magnetic signal at the O

K-edge is also an interesting result of this investigation. Oxygen is not a magnetic
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Figure 5.17: Temperature dependence of the intensity of the (−0.5, 0, 4.25) mag-
netic peak at the resonant Dy LIII-edge in the σπ′ polarisation channel.

ion, therefore it was thought to be important to examine this effect further. A

temperature dependence of the intensity of the signal at the O K-edge is presented

in the next section.

5.4 Temperature Dependence

The four temperature dependencies measured in this study (three scattering mea-

surements at different resonant edges and one measurement of the bulk polarisa-

tion) provide some interesting insight into how the physical properties of DyMn2O5

change with temperature. All of the temperature dependencies link into previous

work by various authors and have been useful in performing this study.

5.4.1 Results

A temperature dependence of the integrated intensity was made at the Dy LIII-edge,

on the (−0.5, 0, 4.25) peak in the σπ′ polarisation channel, over a range of 15 K to

39 K. This shown in Fig. 5.17.

A temperature dependence of the integrated intensity of the (0.5, 0, 0.25) diffrac-
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tion peak was measured in the σπ′ polarisation channel for both the Mn LIII-edge

and O K-edge. These are shown in Fig. 5.18 and Fig. 5.19 respectively.

5.4.2 Analysis and Discussion

The temperature dependence of the intensity of (−0.5, 0, 4.25) reflection at the Dy

LIII-edge in the σπ′-polarisation channel, shown in Fig. 5.17, is in agreement with

the earlier work by Ewings et al.[129]. The peak is still observed at temperatures

below the transition temperature to LT-ICM phase (T = 18K), indeed the intensity

of the peak is observed to be highest at the lowest available temperatures measured,

12K. As this measurement is made in the σπ′-channel, the signal is magnetic and

therefore suitable for azimuthal scans and full linear polarisation analysis to deter-

mine the magnetic structure. For this reason, scans of this type (described in the

following section) were performed near the temperature where there was maximum

in the observed intensity. The peak is no longer observed above 34K, a few degrees

lower than previously observed,[129] but this is probably connected to the beam

heating problem with this experiment, as mentioned earlier.

The temperature dependencies of the x-ray scattering peaks in the soft x-ray

regime are striking in their agreement with measurements of other physical prop-

erties of the system. The temperature dependence of the intensity of (0.5, 0, 0.25)

peak measured at the Mn LIII-edge in the σπ′-channel appears to agree relatively

well with the temperature dependence of the intensity of the neutron diffraction

at the (0.5, 1, 1) peak reported by Ratcliff et al. see Fig. 5.18.[128] On warming,

both show a steady increase in intensity with temperature, followed by a plateau

region spanning ∼ 5K and then a decrease in intensity until the temperature is

above TN and the signal has disappeared. This agreement between the magnetic

x-ray scattering and the neutron diffraction of the similar magnetic reflections is



5.4. Temperature Dependence 213

15 20 25 30 35 40
0

0.5

1

1.5

2

2.5

3

3.5
x 10

5

Temperature (K)

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Figure 5.18: The markers show the temperature dependence of the intensity of
0.5, 0, 0.25 magnetic peak at the Mn LIII-edge in σπ′ polarisation channel, offset by
5K from what was actually measured. The line shows the intensity of the neutron
scattering from the (0.5, 1, 1.25) peak of DyMn2O5 measured by Ratcliff et al.[128]

not surprising, but there is an obvious discrepancy (∼ 5K) in the transition tem-

perature and the temperature of the maximum intensity of the scattering in both

cases. This is probably due to a systematic error in the thermometry of the exper-

iment performed on RASOR, which was a very new instrument at the time of the

experiment. The temperature discrepancy is corrected for in the plot, by simply

shifting the x-ray data by 5K.

The temperature dependence of the O K-edge at the (0.5, 0, 0.25) peak in the

σπ′-polarisation channel also shows good agreement with a physical property of

DyMn2O5, but in this case it is the ferroelectric polarisation. The agreement be-

tween the two can be seen in Fig. 5.19. The temperature of the x-ray scattering

signal has been decreased by 5K in the plot, as the same temperature discrepancy

arising from the systematic error in the thermometry, mentioned in the previous

paragraph, was also present in this experiment. The difference in the temperature
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Figure 5.19: The markers show the temperature dependence of the intensity of
0.5, 0, 0.25 magnetic peak at the O K-edge in σπ′ polarisation channel, offset by 5K
from what was actually measured. The line shows the measurement of the elec-
tric polarisation measured along the b-axis, from measurements of the pyroelectric
current.

dependencies at the different edges suggests that they arise for different reasons as

discussed by Partzsch et al. for YMn2O5 [117]. The results presented here for the

O K-edge appear to reinforce the conclusions of Partzsch et al, that there is an

electronic component to the polarisation caused by the valence electrons moving

from the Mn to O, rather than by a structural shift of ions, that is important to

the ferroelectric moment observed in the RMn2O5 materials.

5.5 The Magnetic Structure of DyMn2O5

Determiniation of the magnetic structure of the commensurate phase in DyMn2O5

involved the combination of a variety of x-ray magnetic resonance scattering ex-

periments, all from the hard x-ray experiment performed at ESRF, and analytical

techniques. The magnetic ordering of the Dy3+ and Mn4+ sublattices was deter-

mined using data from azimuthal scans and full linear polarisation analysis (FLPA)
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performed at the Dy LIII-edge. The ordering of the Mn3+ sublattice is determined

from an azimuthal scan at the Mn K-edge. These different techniques are all cov-

ered in section 2.4. The ordering of all magnetic ions is confirmed by ab initio

calculations of the resonance spectrum around the Dy LIII-edge.

5.5.1 Results

To perform azimuthal scans the incoming polarization is kept constant, but the

crystal is rotated around the scattering vector. Integrated intensity is then measured

as a function of azimuthal angle. This technique has been used to determine details

of the magnetic structure in the related materials TbMnO3 [133, 47], HoMn2O5

[134] and TbMn2O5 [45].

All of the azimuthal scans were performed on the CM-FE phase magnetic struc-

ture, conducted at 15 K in the σπ′ x-ray polarization channel. Five azimuthal scans

were measured, four at the Dy LIII-edge, at wavevectors (−0.5, 0, 4.25), (−1.5, 0, 3.25),

(0.5, 1, 4.25) and (0.5, 2, 5.25), and one at the MnK-edge (at wavevector (0.5, 1, 3.25)),

giving a full picture of the magnetic scattering due to the different ion species in the

system. The Dy LIII-edge scans are shown in Fig. 5.20–5.23 and the Mn K-edge is

shown in Fig. 5.24.

In the azimuthal scans, it is important to have an accurate absorption correction.

The signal is attenuated when the beam traverses the sample. Since the crystal is

being rotated in the beam, the angles of the incident and outgoing x-ray beam are

changing with respect to the crystal surface, and therefore the path length through

the crystal is also changing. The absorption is calculated using the formula,

µ = 1 +
sin(α)

sin(β)
, (5.1)
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Figure 5.20: Azimuthal scan performed at the Dy LIII-edge, on the (−0.5, 0, 4.25)
peak, at 15K in the σπ′-polarisation channel
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Figure 5.21: Azimuthal scan performed at the Dy LIII-edge, on the (−1.5, 0, 3.25)
peak, at 15K in the σπ′-polarisation channel
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Figure 5.22: Azimuthal scan performed at the Dy LIII-edge, on the (0.5, 1, 4.25)
peak, at 15K in the σπ′-polarisation channel
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Figure 5.23: Azimuthal scan performed at the Dy LIII-edge, on the (0.5, 2, 5.25)
peak, at 15K in the σπ′-polarisation channel
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Figure 5.24: Azimuthal scan performed at the Mn K-edge, on the (0.5, 1, 3.25)
peak, at 15K in the σπ′-polarisation channel

where α is the angle of incidence of the incoming x-ray beam and β the angle of

incidence for the outgoing beam,.

Another method used to determine the magnetic structure at 15K, is full linear

polarisation analysis (FLPA). With this method the incoming polarization is var-

ied by use of diamond phase-plates, while keeping the sample in a fixed position,

discussed in Johnson et. al.[45] This has two advantages over the azimuthal scan.

First the absorption does not vary during the measurement, and second, the sample

does not move so the same part of the sample is always measured.

The FLPA in this experiment, was performed on the (−0.5, 0, 4.25) reflection at

15K and was measured at the Dy LIII-edge. The angle of the incoming polarization,

χ, is set so that χ = 0 corresponds to σ polarised light (and therefore π polarised

light is at χ = 90◦). For each value of incoming polarization measured, an analysis

of the outgoing polarization was performed. The integrated intensity (I) of the
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Figure 5.25: The first two Stokes parameters, shown as a function of the inci-
dent polarisation χ. These measurements are made at the Dy LIII-edge, on the
(−0.5, 0, 4.25) peak, at 15K

outgoing x-ray beam is measured at a range of analyser angles (η), which obeys the

relationship,

I =
I0
2

(1 + P1 cos(2η) + P2 sin(2η)), (5.2)

where I0 is the intensity of the incident beam and P1 and P2 are the first two

Stokes parameters. For each angle of incident polarisation, χ, the first two Stokes

parameters were calculated and are shown in Fig. 5.25. The relationship between

the incoming polarization and the Stokes parameters is dependent on the magnetic

structure of the sample.[45]
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5.5.2 Analysis

To determine the magnetic ordering in DyMn2O5, the analysis is broken into three

parts. The magnetic ordering on the Dy3+ and Mn4+ sites was determined from a

fit to the four azimuthal scans and the FLPA χ scan performed at the Dy LIII edge.

Having obtained the Mn4+ magnetic structure, the ordering on the Mn3+ ions was

determined from a fit to the azimuthal scan at the Mn K edge. Finally, the validity

of the results was confirmed by comparing the energy scans over the Dy LIII edge

with ab initio calculations. These calculations were performed by Roger Johnson.

The entire procedure is explained in this section.

X-ray magnetic scattering at the Dy LIII edge probes the empty Dy 5d states.

The magnetic polarization of the 5d states arises not only from the localized Dy 4f

moments but also from the Mn4+ moments due to the overlap between the extended

Dy 5d states and the Mn4+ 3d orbitals. This contribution of the Mn4+ structure at a

rare-earth metal L−edge was observed in the experiment on TbMn2O5 by Johnson

et al.[45] This effect is discussed in section 2.4.2 The Mn3+ ions are thought to have

a negligible contribution at the Dy LIII edge, as they are situated further from the

Dy ions in the crystal structure.

The crystal structure of the RMn2O5 compounds is described by the space group

Pbam. Previous work has shown that at low temperatures the spontaneous magnetic

ordering of the R sublattice, does not always have the same symmetry as that of the

Mn sublattice. Following work on TbMn2O5 and HoMn2O5 [125, 45], the direction

of the Dy3+ moments on pairs of sites were constrained to be the same. Specifically,

sites (1,2) have one moment direction and sites (3,4) have another moment direction

(see Table 5.1 for the positions of the sites), and the size of all the Dy3+ moments

is constrained to be the same. For the Mn magnetic order the same structure was
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assumed that has been found many times previously [126]. Initially, the component

of the ordered moments along the c direction was neglected, which is reasonable

given that the magnetic structures of other RMn2O5 compounds have only a small

c-axis component. With these assumptions, the Dy3+/Mn4+ magnetic structure is

described by three free parameters, two in-plane angles for Dy3+ and one in-plane

angle for Mn4+. One more parameter must also be condisered, α, the ratio of

contribution to the signal from Mn4+ and Dy3+ sublattices.

The fit to the data at the Dy LIII-edge was performed simultaneously to the

four azimuthal scans and the FLPA χ scan and the fit results are shown by the

solid line (model A) in the figures Figs. 5.20–5.23 and 5.25. The free parameters in

the fit were the three in-plane angles of the ordered moments (one for each of the

inequivalent Dy sites, and one for the Mn4+site) and the fraction α of the Mn4+

contribution to the signal (the remainder coming from the Dy3+). The best fit was

achieved with α = 0.64(7). It is noted that it is not possible to obtain a good fit

to the Dy LIII-edge data allowing only Dy3+ ions with this model (α = 0), nor is it

possible using only Mn4+ions in the model (α = 1).

At the Mn K-edge, the empty 4p states of the Mn ions are probed, but the

magnetism is carried by the 3d electrons. The Mn K-edge scan is mainly sensitive

to the Mn4+ and Mn3+ moments, and we assume the contribution from the Dy

moments is negligible because the Dy 4f and Mn 4p states are highly localized.

Mn K-edge azimuthal scan was fitted to a model for the magnetic ordering of the

Mn3+ ions assuming the magnetic structure of the Mn4+ ions determined previously

from the data at the Dy LIII-edge. The process to determine the ratio β of the

contribution to the signal from Mn3+ to Mn4+ was the same as that described in

the previous paragraph for α. The best fit is shown in Fig. 5.24 and had β = 0.55(2)

as the fraction of the signal arising from the Mn3+ ions.
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Figure 5.26: Energy resonance through the Dy LIII-edge (black circles) with the
FDMNES calculation of model A (line). The inset shows the Dy LIII-edge fluores-
cence and the FDMNES calculation.

Using this method, several equally good fits of the azimuthal and FLPA χ scans

were found. However, all but one of the models could be dismissed from analysis

of Dy LIII-edge resonant energy spectrum. To differentiate between these mag-

netic structure models, ab-initio calculations of the Dy LIII-edge resonance at the

(−0.5, 0, 4.25) reflection were performed. The FDMNES code was employed,[135]

which performs a monoelectronic, cluster-based multiple scattering calculation, well

suited to the prediction of resonant spectra that involve excitations into delocalized

(rare-earth 5d) states. A 256 atom, 2a × b × 4c supercell (the magnetic unit cell)

was defined, containing 32 Dy atoms, located on 8 symmetry inequivalent sites. A

cluster radius of 4.5 Å was selected, above which no improvement in the calculation

accuracy was observed. First, the absolute energy scale was calibrated by calculat-

ing the Dy LIII absorption spectra and comparing to the experimentally measured

fluorescence, shown in the inset of Fig. 5.26. The Fermi energy was then set at
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Figure 5.27: The ab-plane of model A magnetic structure of DyMn2O5 in the
CM-FE phase.

EF = 7.778 keV, giving a low energy cut-off. The resonance was then calculated

with both E1–E1 and E2–E2 excitation channels allowed. The E2–E2 excitation,

however, gave a negligible contribution to the resonant intensity and was therefore

omitted from the final calculations. By comparing calculations based on the possi-

ble magnetic structure models it was clear that only one model properly reproduced

the resonant energy spectrum, with this one shown in Fig. 5.26. Each of the other

models were found to be unsuitable as the line shape did not match the measured

resonance, the other models predicted either too narrow or too broad a peak at the

resonance.

The most successful magnetic structure after modeling with FDMNES is referred

to as model A, shown in the table 5.1 and is the magnetic structure superimposed

upon the crystal structure in Fig. 5.27, viewed in the ab-plane. This magnetic

structure shows only the component of the magnetic moments in the ab-plane and

the results are presented as an angle in degrees measured from the a-axis. The
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Figure 5.28: Magnetic structure of DyMn2O5 when observed parallel to the b-axis

layers stack with alternating ferromagnetic and antiferromagnetic coupling. This

gives the ↑↓↓↑ magnetic ordering along the c-axis that is observed in other RMn2O5

materials. This ordering is seen in the side on view shown in Fig. 5.28, which shows

one magnetic unit cell.

The fact that the temperature at which these experiments were performed (15 K)

is above the spontaneous ordering temperature for Dy (8 K) suggests that any or-

dered magnetic moments on the Dy sites are induced by the magnetic order of

the Mn sublattice. This should mean that ordering on the Dy sites has the same

symmetry as the Mn magnetic structure. However, this symmetry constraint is

not applied in model A. Therefore, a second model was tested (model B) with the

moments on the Dy ions following the same symmetry as the Mn moments.
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Table 5.1: The two possible models for the magnetic structure of DyMn2O5 at 15 K,
in the commensurate antiferromagnetic and ferroelectric phase. The positions of the
ions have been determined elsewhere [119]. The measured moment directions lie in
the ab-plane and are specified by the angle from the a-axis, φA for model A and φB
for model B.

Atom x y z φA (deg) φB (deg)

Mn4+ (1) 0 0.5 0.2521 246(3) 246(3)
Mn4+ (2) 0 0.5 0.7479 246(3) 246(3)
Mn4+ (3) 0.5 0 0.2521 294(3) 294(3)
Mn4+ (4) 0.5 0 0.7479 294(3) 294(3)
Mn3+ (1) 0.0759 0.8447 0.5 95.2(0.7) 95.2(0.7)
Mn3+ (2) 0.4241 0.3447 0.5 85.8(0.7) 85.8(0.7)
Mn3+ (3) 0.5759 0.6553 0.5 241.2(0.2) 241.2(0.2)
Mn3+ (4) 0.9241 0.1553 0.5 118.8(0.2) 118.8(0.2)
Dy3+ (1) 0.1389 0.1729 0 86.3(10) 71(5)
Dy3+ (2) 0.3611 0.6729 0 86.3(10) 109(5)
Dy3+ (3) 0.6389 0.3271 0 256.2(10) 246(4)
Dy3+ (4) 0.8611 0.8271 0 256.2(10) 66(4)

In model B, the Dy moments are still considered in pairs, but rather than being

parallel, as in model A, the moments in each pair are related by either a b-glide

or a b′-glide. Under these constraints the best fit to the data at the Dy LIII edge

is found when α = 0, meaning that only the magnetic moments at the Dy sites

contribute to the signal. The calculated azimuthal and FLPA χ scans for this fit

are shown in Figs. 5.20–5.23 and 5.25 with a broken line. These are obviously

very similar to the fits with model A also presented in these figures. The value of

the reduced χ2 is about 3% higher for the best fit to model B when compared to

the best fit to model A. An FDMNES simulation (Fig. 5.29) assuming the best-fit

model B structure is consistent with the measured Dy LIII edge resonance at the

(−0.5, 0, 4.25) reflection. Fig. 5.30 depicts the model B magnetic structure.

The experimental geometry used meant that there was limited sensitivity to the

component of the magnetic moment parallel to the c-axis. Test models in which a c-

axis component was added by hand confirmed this insensitivity. This insensitivity
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Figure 5.29: Energy resonance through the Dy LIII-edge with FDMNES calculation
of model B shown.

is caused by the relatively small angles that the chosen scattering vectors make

with the c-axis. However, it is not possible to rule out a small c-axis component to

the ordered moments, although as noted earlier, in other RMn2O5 compounds the

moments lie predominantly in the ab-plane.

5.5.3 Discussion

The two models that have been identified are different. However, with the exception

of one moment on a Dy site they have a similar overall character. The Dy ions are

not spontaneously ordered at this temperature which may make it more difficult to

determine the Dy structure in comparison to the Mn structure.

The magnetic structure of the Mn ions, found here for the ferroelectric phase,
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Figure 5.30: The ab-plane of model B magnetic structure of DyMn2O5 in the
CM-FE phase.

is similar to the magnetic structure of the Mn ions found in DyMn2O5 in the Dy-

ordered phase by previous studies [124, 119]. The structure shows approximately

antiferromagnetic chains running parallel to the a-axis, a common feature of the

RMn2O5 series that agrees with the magnetic exchanges discussed elsewhere [32,

124]. However, one distinct difference between DyMn2O5 and the other members

of the RMn2O5 series is that in the ferroelectric phase measured here, the magnetic

moments are aligned close to parallel with the b-axis. This is in contrast to the other

members of the series which tend to have the magnetic moments approximately

parallel to the a-axis.

The best fit model obtained (model A) breaks the space group symmetry on the

Dy site. In this model, the Dy moments occur in ferromagnetically-aligned pairs.

This is similar to the rare-earth magnetic ordering in TbMn2O5, [45], but in contrast

to that in HoMn2O5 [125]. However, at 15 K, the material is above the spontaneous

magnetic ordering transition temperature of the Dy ions, so at this temperature it



228
Chapter 5. Study of the Multiferroic, DyMn2O5, Using Resonant

Magnetic X-ray Scattering

would be expected that any static order of the Dy moments would be induced by

coupling to the Mn sublattice and would therefore have the same symmetry as

the Mn magnetic order. This is the case for model B (by construction) but not for

model A. Therefore, if model A describes the correct structure, then the implication

is that the Dy–Dy magnetic interactions remain a sufficiently strong influence at

15 K to prevent the Dy magnetic order from adopting the same symmetry as the

Mn magnetic order.

The differences between the Dy magnetic structures of model A and model B

are actually relatively small. In model A, the Dy moment on site 4 is parallel to

that on site 3, whereas in model B the moments on sites 3 and 4 are approximately

antiparallel (see Fig. 5.27 and Fig. 5.30). The other Dy moments are found to have

only a slight difference in their angle to the a-axis between the two models. In both

models the Dy moments are close to parallel with the b-axis, again in contrast to

the observations of other members of the RMn2O5 series.

There are a few noteworthy features of the fit itself. The fit successfully describes

three out of four of the Dy LIII-edge azimuthal scans, but does not adequately

describe the azimuthal scan at (0.5, 2, 5.25). When treating this scan independently

of all other scans, there were no physically realistic model that could describe the

observed azimuthal dependence. One possibility is that there is a systematic error

due to sample absorption. Of the reflections studied, the wavevector (0.5, 2, 5.25) is

the furthest from the surface normal of the crystal, so the absorption of the photons

in the sample will vary considerably throughout the scan. However, calculations

indicate that the variation in absorption is not significantly greater than at the

other reflections.

In the FLPA χ-scan, around the point χ = 90◦, P 2
1 and P 2

1 both tend to zero.

The parameter P1 describes the polarization perpendicular and parallel to the scat-
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tering plane and P2 the polarization at ±45◦ to the scattering plane. The two

parameters therefore characterise the linear polarization, with Plin =
√
P 2
1 + P 2

2 .

There is a third parameter, P3, which is related to the circular polarization. The

magnitude of the Stokes vector (P1, P2, P3) should be equal to one for polarized

light. It is obvious that at χ = 90◦, Plin 6= 1 (Fig. 5.25). The data suggests that

the beam is either depolarized or there is a circular component to the polarization.

This effect has been observed before and was explained by a non-zero P3, giving a

circular component to the outgoing beam.[136, 137, 138]

5.6 Conclusions and Further Work

This work has investigated the magnetic and ferroelectric properties of the multi-

ferroic DyMn2O5. Two alternative, but similar models for the magnetic structure

in the ferroelectric phase of the material have been presented, that provide a good

description of the experimental data. The symmetry of the rare-earth and Mn

magnetic structure in DyMn2O5 is the same as that found in the other RMn2O5

compounds. A key difference between DyMn2O5 and the other RMn2O5 materials

is the fact that the magnetic moments in DyMn2O5 are approximately aligned par-

allel to the b-axis, in contrast to the a-axis alignment observed in other RMn2O5

compounds. This study has gone some way to confirming that there is a contribu-

tion to the ferroelectric polarisation coming from a transfer of the valence electrons

from the Mn sites to the O sites.

There are a few studies that could be performed to build upon this work. An-

other measurement of the azimuthal scan that agreed poorly with the model might

determine whether this was a systematic experimental error. An experiment per-

formed with a different crystal surface normal may be able to determine the c-axis
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component of the magnetic structure. Any further measurements could also lead

to being able to distinguish between the two proposed magnetic models. The in-

tensity of the (0.5, 0, 0.25) reflection in O K-edge was measured only above ∼ 15K.

Extending this to lower temperatures would be of interest to observe how closely

the agreement between the intensity and the polarisation holds as temperature de-

creases out of the ferroelectric phase.
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x)CaxMnO3 and Y1−xCaxMnO3 perovskites. Journal of Physics and Chem-

istry of Solids, 43:1137, 1982. (Cited on page 3.)

[12] G-M. Zhao, K. Conder, H. Keller, and K. A. Müller. Giant oxygen isotope

shift in the magnetoresistive perovskites La1−xCaxMnO3+y. Nature, 381:676,

1996. (Cited on page 3.)

[13] C. Zener. Interaction between the d-shells in the transition metals. ii. ferro-

magnetic compounds of manganese with perovskite structure. Physical Re-

view, 82:403–405, 1951. (Cited on pages 3 and 64.)

[14] C. Zener. Interaction between the d shells in the transtion metals. Physical

Review, 81:440, 1951. (Cited on page 3.)

[15] E. O. Wollan and W. C. Koehler. The diffraction study of the magnetic

properties of the series of perovskite-type compounds [(1-x)La, xCa]MnO 3.

Physical Review, 100:545–563, 1955. (Cited on pages 3, 4, 14, 15, 63, 64, 66

and 119.)

[16] T. Kiruma, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and Y. Tokura.

Magnetic control of ferroelectric polarization. Nature, 426:55–58, 2003. (Cited

on pages 3, 18, 19 and 192.)

[17] J. B. Goodenough. Theory of the role of covalence in the perovskite-type



Bibliography 233

manganites [La, M(II)]MnO3. Physical Review, 100:564–573, 1955. (Cited on

pages 4, 63, 64, 97, 119 and 185.)

[18] S. Blundell. Magnetism in Condensed Matter. Oxford University Press, 2001.

(Cited on pages 6, 11 and 12.)

[19] K. W. H. Stevens. Matrix elements and operator equivalents comnnected with

the magnetic properties of rare earth ions. Proceedings of the Physical Society.

Section A, 65:209, 1952. (Cited on page 6.)

[20] H. A. Jahn and E. Teller. Stability of polyatomic molecules in degenerate

electronic states. Proceedings of the Royal Society A: Mathematical, Physical

and Engineering Sciences, 161:220–235, 1937. (Cited on page 8.)

[21] B. J. Sternlieb, J. P. Hill, U. C. Wildgruber, G. M. Luke, B. Nachumi, Y. Mori-

moto, and Y. Tokura. Charge and magnetic order in La0.5Sr1.5MnO4. Physical

Review Letters, 76:2169–2172, 1996. (Cited on pages 9, 64, 121, 123, 126, 130

and 131.)

[22] H. Ulbrich and M. Braden. Neutron scattering studies on stripe phases in

non-cuprate materials, January 2012. (Cited on page 10.)

[23] Y. Tokunaga, T. Lottermoser, Y. Lee, R. Kumai, M. Uchida, T. Arima, and

Y. Tokura. Rotation of orbital stripes and consequent charge-polarized state

in bilayer manganites. Nature Materials, 5:937–941, 2006. (Cited on pages 10,

64, 65, 68, 69, 77 and 89.)

[24] Y. Tokura and N. Nagaosa. Orbital physics in transition-metal oxides. Sci-

ence, 288:462–468, 2000. (Cited on page 10.)



234 Bibliography

[25] C. Kittel. Introduction to Solid State Physics. John Wiley and Sons, 1996.

(Cited on page 16.)

[26] E. Dagotto, T. Hotta, and A. Moreo. Colossal magnetoresistant materials:

The key role of phase seperation. Physica Reports, 344:1–153, 2000. (Cited

on page 17.)

[27] M. B. Salamon and M. Jaime. The physics of manganites: Structure and

transport. Reviews of Modern Physics, 73:583, 2001. (Cited on page 17.)

[28] S. W. Cheong and M. Mostovoy. Multiferroics: a magnetic twist for ferroelec-

tricity. Nature Materials, 6:13, 2007. (Cited on pages 18, 19 and 192.)

[29] T. Katsufuji, S. Mori, M. Masaki, Y. Morimoto, N. Yamamoto, and H. Takagi.

Dielectric and magnetic anomalies and spin frustration in hexagonal rmno3

(r=y, yb, and lu). Physical Review B, 64:104419, 2001. (Cited on page 19.)

[30] N. Ikeda, H Ohsummi, K. Ohwada, K. Ishii, T. Inami, K. Kakurai, Y. Mu-

rakami, K. Yoshii, S. Mori, and Y. Horibe. Ferroelectricity from iron valence

ordering in the charge-frustrated system lufe2o4. Nature, 436:1136, 2005.

(Cited on page 19.)

[31] I. E. Dzyaloshinskii. Magnetoelectricity in ferromagnets. Europhysics Letters,

83:67001, 2008. (Cited on page 19.)

[32] L. C. Chapon, G. R. Blake, M. J. Gutmann, S. Park, N. Hur, P. G. Radaelli,

and S-W. Cheong. Structural anomalies and multiferroic behavior in magnet-

ically frustrated TbMn2O5. Phyiscal Review Letters, 93:177402, 2004. (Cited

on pages 19 and 227.)



Bibliography 235

[33] G. L. Squires. Introduction to the Theory of Neutron Scattering. Dover Pub-

lications, 1997. (Cited on pages 23, 24, 27 and 29.)

[34] B. T. M. Willis and C. J. Carlile. Experimental Neutron Scattering. Oxford

University Press, 2009. (Cited on pages 23, 24, 35, 36, 37 and 42.)

[35] J. Als-Nielsen and D. McMorrow. Elements of Modern X-ray Physics. Wiley-

Blackwell, 2000. (Cited on pages 23, 47 and 57.)

[36] J. Chadwick. The existence of a neutron. Proceedings of the Royal Society,

A136:692–708, 1932. (Cited on page 24.)

[37] D. P. Mitchell and N. Powers. Bragg reflection of slow neutrons. Physical

Review, 50:486–487, 1936. (Cited on page 24.)

[38] H. von Halban and P. Preiswerk. Preuve experimental de la diffraction des

neutrons. C. R. Acad. Sci. Paris, 203:73–75, 1936. (Cited on page 24.)
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[75] O. Sikora and A. M. Oleś. Magnetic order and excitations in half-doped

manganites. Physica B, 359:1300–1302, 2005. (Cited on page 102.)

[76] T. G. Perring, D. T. Adroja, G. Chaboussant, G. Aeppli, T. Kiruma,

and Y. Tokura. Spectacular doping dependence of interlayer exchange and

other results on spin waves in bilayer manganites. Phyiscal Review Letters,

87:217201, 2001. (Cited on page 116.)

[77] R. Maezano, S. Ishihara, and N. Nagaosa. Orbital polarization in manganese

oxides. Physical Review B, 57:13993, 1998. (Cited on page 119.)



Bibliography 241

[78] K. I. Kugel and D. Khomskii. Soviet Physics JETP, 37:725, 1973. (Cited on

page 119.)

[79] H. L. Ju, H.-C. Sohn, and K. M. Krishnan. Evidence for O2p hole-driven

conductivity in La1−xSrxMnO3 (0 ≤ x ≤ 0.7) and La0.7Sr0.3MnOz thin films.

Physical Review Letters, 79:3230, 1997. (Cited on page 120.)

[80] S. Grenier, K. J. Thomas, J. P. Hill, U. Staub, Y. Bodenthin, M. Garćıa-
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