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Abstract

It is increasingly being realised that localised deviations from the average structure

can play an important role in a material’s properties, and hence an understanding of

these deviations is essential when constructing a coherent picture of a system. In this

thesis, both neutron and X-ray total scattering data have been collected and used to

reveal information on three canonical systems: the high-temperature superconductor

YBa2Cu3O7−x; the parent compound of the colossal magnetoresistive manganites,

LaMnO3; and the oldest known magnetic material, Fe3O4. Reverse Monte Carlo

refinements—using the RMCProfile implementation of the algorithm—have been

used as the principal analysis technique, and the functionality of the RMCProfile

program has been extended to allow the refinement of magnetic systems involving sub-

stitutional disorder. For YBa2Cu3O7−x, the focus of this thesis is on the apical Cu–O

bond length. This is shown to have a bimodal distribution, but correlations in the

displacements of both atoms disguise this fact in the average structure, thus resolv-

ing the apparent controversy that had existed between local- and average-structure

probes. LaMnO3 displays (what was thought to be) a simple order–disorder transition

that results in the Jahn-Teller distortion becoming invisible in the average structure

above ∼ 750 K. Here it is shown that in fact the transition is more complicated, and

involves a change in the symmetry of the Jahn-Teller distortion, whereby the long

Mn–O bonds move from being opposite one another in the octahedra to being adja-

cent to one another. This new distortion still breaks the degeneracy of the system,

and is consistent with a wide range of existing observations. Finally the low temper-

ature structure of Fe3O4 is examined using the updated RMCProfile code. The

refinements show sensitivity to local structure variations, producing a bimodal Fe

atom bond valence distribution. In addition, the refined magnetic spin configuration

is presented, providing the first detailed description of the low-temperature magnetic

structure. It is found to be a canted ferrimagnet, and appears to be consistent with

Cc symmetry.
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Chapter 1

Introduction

As science has rapidly progressed throughout the last century, the scientific com-

munity has begun to take for granted the ability to determine the structure of the

materials with which we work. This is largely due to the progress made in crystal-

lographic techniques, with the development of direct methods, the huge advances in

computing power, and the abundance of advanced laboratory diffractometers mean-

ing that structures (by and large) can now be solved quickly and easily. The structure

of a material is key to determining its properties, and we rely on having accurate de-

scriptions of materials on the atomic scale, so that procedures used in the synthesis of

materials can be related to patterns in their behaviour: this then informs the iterative

improvement process, allowing us to develop substances more suited to our needs.

But some materials defy our standard crystallographic techniques. Where mate-

rials contain some degree of disorder the average structure may no longer provide an

adequate representation of their key features, and we will struggle to understand their

behaviour without greater insight into what is happening on the local scale. Many

important classes of functional materials fall into this category; examples include re-

laxor ferroelectrics [1], high temperature superconductors [2], frustrated magnets [3],

colossal magnetoresistance materials [2], and electrode materials [4]. There is there-

fore a need to employ a wider range of structural characterisation techniques that

can identify localised deviations away from the average structure, and then resolve

the information gained on both length scales.

This thesis aims to use (and, in part, to develop further) the state-of-the-art

experimental and analysis techniques of total scattering and reverse Monte Carlo

refinement to examine the structure of three canonical functional materials from both

1



a local and an average perspective, and then to resolve these two viewpoints in order to

gain new insights into these materials. We begin this chapter with an introduction to

total scattering, and then follow with a review of some of the main areas of materials

chemistry where it has been of use, before finishing by discussing in more detail the

structure of this thesis.

1.1 Total Scattering

Broadly speaking, diffraction patterns can be split up into two components: the

sharp Bragg peaks that describe any periodic order in the structure of interest; and

the diffuse scattering that is caused by any disorder in the sample. It is usual in

diffraction experiments to ignore the diffuse scattering contribution, and with good

reason: diffuse scattering is tricky to measure accurately,∗ and most materials are

well ordered, or the disorder is of little interest. Total scattering, as the name might

suggest, does include the diffuse scattering component.

For some materials—e.g. liquids and glasses—standard diffraction techniques are

simply not an option due to the absence of discrete Bragg peaks. For these materials

total scattering is essential. Indeed, the technique was largely developed as a way to

study these sorts of materials [6, 7]. But why might one use this technique on other,

more ordered materials? Well, at the expense of a more involved data collection

and analysis process (which we will discuss further below), it allows us to examine

a system in terms of a real-space correlation function. This is the pair distribution

function, or PDF, a real-space histogram of interatomic distances.

The PDF is arguably the principal route to analysing total scattering data, and

the terms “PDF technique” and “total scattering technique” are often used inter-

changeably. The main feature of the PDF is that it shifts the focus away from long

range periodicity, towards local structure and short-range interactions. Effectively

the problem is approached from a different direction, which can be of great use.

∗Diffuse scattering is generally of low intensity, and often hidden underneath the Bragg peaks.
Much diffuse scattering also exists at high scattering angles, often inaccessible to lab-based diffrac-
tometers. The analysis of single crystal diffuse scattering, usually using electron diffraction, is
however a field in its own right—please see for example Ref. 5 for a further discussion on the sub-
ject.
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Here we will discuss some of the salient aspects of total scattering experiments,

with the focus mainly on neutron scattering due to its predominant use in this thesis.

1.1.1 Theory of Total Scattering

There are many different formalisms used to describe total scattering. Here we will

follow those summarised by Keen in Ref. 8. Starting from the central expression

of neutron scattering by a material, the definition of the double differential neutron

cross section per unit of solid angle, Ω, and energy interval, ~ω:

1

N

d2σ

dΩdω
=
k′

k

n∑
i=1

b2
iS

s
i (Q, ω) +

k′

k

n∑
i,j=1,i 6=j

b̄ib̄jS
d
ij(Q, ω). (1.1)

This describes a sample of N atoms of n different types. k and k′ refer to the initial

and final scattering wavevectors respectively, and the scattering vector, Q = k− k′,

has length 4π sin θ/λ for a neutron with wavelength λ scattered at an angle 2θ. b̄i

is the bound coherent neutron scattering length for atom type i, averaged over its

different spin states and isotopes. Ss
i (Q, ω) and Sd

ij(Q, ω) refer to the self and distinct

parts of the structure factor respectively.

As the total scattering cross section is described by σi = 4πb2
i , and the coherent

scattering cross section is described by σcoh
i = 4πb̄2

i , the incoherent scattering cross

section is given by σinc
i = σi − σcoh

i . It is possible to separate Eq. 1.1 into coherent

and incoherent scattering terms in the same way:

1

N

d2σ

dΩdω
=
k′

k

n∑
i=1

(b2
i − b̄i

2
)Ss

i (Q, ω) +
k′

k

n∑
i,j=1

b̄ib̄jSij(Q, ω), (1.2)

where Ss
i (Q, ω) denotes the incoherent scattering term, and Sij(Q, ω) denotes the co-

herent scattering term. Making use of the static approximation, and considering only

systems whose scattering depends purely on the magnitude, and not the direction,

of the scattering vector (e.g. liquids, glasses, or crystalline powders), then we may

integrate over energy and orientation to obtain:

1

N

dσ

dΩ
=

n∑
i=1

(b2
i − b̄i

2
)Ss

i (Q) +
n∑

i,j=1

b̄ib̄jSij(Q). (1.3)

The term Ss
i (Q) is now equal to ci, the fraction of element i in the material, while

Sij(Q) = cicj[Aij(Q)− 1] + ciδij, (1.4)
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where δij is the Dirac delta function, and Aij(Q) are the Faber-Ziman partial structure

factors [9]. Substituting these terms results in the more commonly-seen form of the

scattering cross section:

1

N

dσ

dΩ
=

n∑
i,j=1

cicj b̄ib̄j[Aij(Q)− 1] +
n∑
i=1

cib2
i . (1.5)

This is essentially the main total scattering structure factor equation. Other, equiv-

alent, definitions are in use; for example

F (Q) =
n∑

i,j=1

cicj b̄ib̄j[Aij(Q)− 1]. (1.6)

As can be easily seen, the only difference between Eq. 1.5 and Eq. 1.6 is the addition

of the final summation in Eq. 1.5, which is a constant for a given system.

The data are converted from reciprocal space to real space by Fourier transform.

The Aij(Q) are related by Fourier transform to the partial radial distribution func-

tions, gij(r):
†

Aij(Q)− 1 = ρ0

∫ ∞
0

4πr2[gij(r)− 1]
sinQr

Qr
dr (1.7)

and

gij(r)− 1 =
1

(2π)3ρ0

∫ ∞
0

4πQ2[Aij(Q)− 1]
sinQr

Qr
dQ. (1.8)

Here ρ0 is the average number density of the material and gij(r) describes the density

probability for an atom of species i having a neighbour of species j at a distance

r. Likewise, F (Q) can be related to G(r), the total radial distribution function (the

function commonly referred to as the PDF):

F (Q) = ρ0

∫ ∞
0

4πr2G(r)
sinQr

Qr
dr (1.9)

and

G(r) =
1

(2π)3ρ0

∫ ∞
0

4πQ2F (Q)
sinQr

Qr
dQ, (1.10)

giving

G(r) =
n∑

i,j=1

cicj b̄ib̄j[gij(r)− 1]. (1.11)

†N.B. gij(r) are explicitly defined as gij(r) =
nij(r)

4πr2 dr ρj
, where ρj = cjρ0, and nij(r) are the

number of atoms of type j at a distance between r and r + dr from an atom of type i.

4



Alternative formulations include a differently normalised structure factor, S(Q):

S(Q)− 1 = F (Q)

/(
n∑
i=1

cib̄i

)2

, (1.12)

which gives

S(Q) =

(
n∑
i=1

cib̄i

)−2 n∑
i,j=1

cicj b̄ib̄jAij(Q) (1.13)

when rearranged. Likewise other commonly-used variations of the real space correla-

tion function exist, notably

D(r) = 4πrρ0G(r) (1.14)

and

T (r) = 4πrρ0

G(r) +

(
n∑
i=1

cib̄i

)2
 . (1.15)

These alternate forms of the PDF differ primarily from G(r) in their behaviour

as r →∞: G(r →∞) = 0; D(r) scales as r×G(r), accentuating the peaks at high r

values, but still tends to zero at infinity; T (r) scales as r×G(r)+r, again accentuating

high r peaks, but tending to 4πrρ0

(∑n
i=1 cib̄i

)2
as r →∞. The practical implications

are that different formulations of the real space data are used depending on which

region of the data is considered most relevant to the science question being addressed.

In practice the functions G(r) and D(r) are the most frequently used.‡

We conclude this section by noting that for many years neutron PDF analysis

has in some respects been superior to the equivalent X-ray PDF analysis due to

the greater ease with which an exact expression for it can be calculated: the neutron

PDF is simply a weighted linear combination of the partial PDFs [Eq. 1.11], while the

situation for X-rays is complicated by the variations in Q dependence of the scattering

factors of different elements. While this poses no problems for single-element systems,

approximations have been used to deal with multi-element materials. Recently, work

has been carried out to address this deficiency, and an exact and computationally

efficient expression for X-ray PDFs has now been published [10]. This should hopefully

assist with the growing number of X-ray PDF experiments that are being performed.

‡G(r) is somewhat confusingly used as a catch-all term by some groups, and can sometimes refer
to the functions denominated here as D(r) or T (r). For example within the PDFgui community
‘G(r)’ is used to refer to a function that scales as the D(r) described here.

5



1.1.2 Practicalities of Total Scattering

The collection of total scattering data is by no means straightforward. Firstly, there

are certain implications for collecting the data that arise because the real-space cor-

relation function is obtained by Fourier transform of the reciprocal space data. Since

only a finite region of reciprocal space can be measured, the real space transform of

scattering data can be considered to be the true PDF convolved with a sinc function;

consequently, the resolution of the PDF is directly dependent on the range of Q-space

that is accessed. The wider the region of reciprocal space that can be sampled, the

better the resolution of the PDF obtained [7, 11]. This necessitates (i) detectors capa-

ble of collecting data over a wide range of angles, and (ii) the use of short wavelength

beams to compress as much of reciprocal space into the accessible spread of angles.

For effective PDF analysis a Qmax of at least 25 Å−1 is generally necessary; Qmax ≥
40 Å−1 is strongly preferred [12, 13]. While some laboratory based diffractometers

using Mo or Ag X-ray sources are starting to be able to access the lower end of this

range [14], it falls to central facilities to provide instruments that can access the top

end.

Synchrotrons allow much higher energies to be used, and generally have much

faster collection times, which can allow time-resolved studies to be performed [15].

The 11 ID-B beamline at the Advanced Photon Source at Argonne National Labora-

tory, U.S.A. [16–18], uses an area detector to collect data rapidly over large angles and

high energies, and is well established in the total scattering community. Beamlines

at the Diamond Light Source, e.g. I12 [19], have also been used for total scattering

experiments, and a dedicated total scattering beamline, I15-1 or “XPDF”, has re-

cently been commissioned there. Neutron sources can also offer shorter wavelengths

than standard laboratory based instruments, though collection times are greatly in-

creased! Crucially, however, pulsed (spallation) neutron sources operating in time-

of-flight mode can offer access to much larger areas of reciprocal space by virtue of

the range of wavelengths used. Instruments such as GEM [20–22] and POLARIS

[23] at the ISIS pulsed neutron and muon source, U.K. [Fig. 1.1], and NPDF at the

Lujan Neutron Scattering Centre on Los Alamos National Laboratory, U.S.A. [24],

can routinely collect data in the range 0.8 < Q < 50 Å−1, and sometimes beyond.

This is arguably the contemporary “Gold Standard” of total scattering.
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Figure 1.1: The GEM diffractometer, showing the multiple detector banks offering
coverage across an extremely wide range of angles [22].

Another requirement concerns the beam energies used. The energy integration

implicit in Eq. 1.3 requires detection of both elastic and inelastic scattering events. In

turn this implies that the energy of the beam must be greater than the phonon energies

in the sample [7]. For pulsed neutron sources this approximation is reasonable.§

To ensure that information in the data arises from only the sample, it is important

to remove any background scattering that may be present as a result of scattering

from the sample environment (e.g. sample container, cryostat, furnace) [7, 13, 27].

For a simple Rietveld analysis of Bragg peaks, a basic background subtraction using

a smoothly varying polynomial will suffice, but a more rigorous approach is required

when low intensity diffuse scattering must also be accurately recorded. Steps must

be taken to minimise the background scattering; e.g., by use of vanadium for sample

containers during neutron scattering experiments, and precise measurement of the

§The contribution of inelastic scattering events to total scattering data is significant and de-
tectable, and it has been shown to be possible to extract phonon dispersion curves from total
scattering data—please see Refs 25, 26 for more details.
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background [28]. Multiple background measurements are typical of a total scattering

experiment, including but not limited to: empty instrument; empty sample container;

and empty sample container in furnace/cryostat. It is also important to ensure that

collection times are long enough to provide an adequate signal to noise ratio, par-

ticularly at high-Q values where the signal is weakest [7]. Typically this results in

collection times of the order of hours for neutron scattering experiments, while the

greater intensities produced by synchrotron sources mean that collection times are

rarely above a few minutes in length for these experiments.

Finally there are a few other corrections that must be applied before the data can

be used [7]. These principally concern correctly normalising the measured intensities,

so that the data may be put on an absolute scale—essential for proper total scattering

analysis. For other techniques, such as Rietveld refinement, this is unnecessary as

the scale factors and background functions are allowed to refine freely. Multiple

scattering within the sample must also be taken into account: this can be calculated

for a sample that scatters only a small amount of the incident beam (less than 20%),

so is not normally a problem for neutrons. Neutron sources rarely give a uniform

energy spectrum in their incident beams, meaning that measured spectra must be

scaled accordingly. This is typically measured by a special detector placed in front

of the instrument. The detector efficiencies and solid angles of coverage also need

to be accounted for to properly normalise the intensities, which can be done by

measuring the spectra obtained from a solid vanadium rod of the same size as the

sample. The coherent scattering cross section of vanadium is almost zero, and the

incoherent scattering intensity can be calculated quite easily, making normalisation of

the measured intensity relatively straightforward [28]. Inelastic scattering causes the

wavelength of the scattered beam to be different to that of the incident beam, which

is usually insignificant for X-ray scattering but can be quite important for neutron

scattering. As detectors do not measure the energy of scattered neutrons there is no

way of identifying inelastic neutrons as they arrive, and this can lead to incorrect

Q assignments. The Placzek correction takes this into account, as well as adjusting

for the fact that detector efficiencies usually scale as the inverse of scattered neutron

velocity [29–31]. It is possible to calculate this correction for simple atomic systems,

but for more complicated systems it must be modified from these simpler analogues.
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1.1.3 Analysis of Total Scattering Data

Once the total scattering data have been successfully obtained and suitably corrected¶

there are a number of analysis options available to the researcher. For crystalline

materials, the PDF is often first analysed within the context of the known average

structure. Simple methods might include straightforward peak position and width

analysis of the PDF to obtain information on bond lengths and their distributions, or

perhaps simply looking for any peak splitting. More advanced methods might include

small-box real space refinements, using a program such as PDFgui [35, 36]. This

uses a least-squares method to refine a unit-cell-sized structure against regions of the

PDF, and is often referred to as a “real-space Rietveld” method. This can extract

more information than by inspection of peak positions alone, and can be used to

observe how the structure changes over different length scales. If the local structure

substantially deviates from the average structure it can also be difficult to fit the PDF

adequately without some other insight into the problem.

The most advanced analysis method for total scattering data remains reverse

Monte Carlo (RMC) refinement; this is the principal technique used for this thesis,

and will form the subject of the next chapter. Related to RMC is the technique of

empirical potential structure refinement [37, 38]. This is more suited for the anal-

ysis of liquids and fully amorphous systems, and works by iteratively refining a set

of interatomic potentials—which have been used to generate a large-box structural

model—against the fit to total scattering data.

1.2 Previous Studies

Having presented an introduction to the theory and practical considerations of total

scattering, our emphasis shifts to some of the many areas of science where total

scattering has proved useful, drawing on work prepared for a review article published

in the Journal of Materials Chemistry [39]. These areas are organised into seven

subsections, which aim to present a brief overview of the challenges faced, and how

they were overcome using PDF techniques. We shall begin with negative thermal

¶A number of pieces of software are available to the researcher to assist with data processing,
including but not limited to, PDFgetX [32], PDFgetN [33], and GudrunN and GudrunX [34].
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expansion materials, largely because much work has been done on this topic within

our group.

1.2.1 Negative Thermal Expansion

Negative thermal expansion (NTE) is the phenomenon whereby the volume of a ma-

terial actually decreases on warming [40, 41]. The potential uses for NTE materials

are many. For example, they can be used as optical substrates in aerospace engineer-

ing materials to avoid the need for mechanical correction of focal lengths as e.g. a

satellite passes in and out of the earth’s shadow; or as components of Bragg diffrac-

tion gratings used in optical fibre technology where even small thermal fluctuations

in ocean temperatures limit data transfer to less than 100 % of the theoretical fibre

capacity.

In these applications, as in many others, the key interest is in using NTE to

counteract the more usual positive thermal expansion (PTE) effect of ordinary engi-

neering materials. Consequently there is a strong need to design new NTE materials

of increasingly extreme behaviour, in order to increase their efficiency in composite

materials. This design brief demands an understanding of the microscopic origin of

NTE. Unfortunately, traditional crystallographic analysis is of only limited help, indi-

cating that NTE arises from an unphysical shortening of bond lengths with increasing

temperature [42]. In contrast, the use of local structure techniques such as PDF has

been crucial in determining the microscopic origin of NTE, revealing how correlated

vibrational motion in NTE materials can give rise to a thermally-induced volume

contraction even as individual bond lengths increase. Moreover the picture one ob-

tains remains consistent with the results of average structure analysis, producing a

coherent description of the phenomenon of NTE.

1.2.1.1 ZrW2O8

The archetypal NTE material is zirconium tungstate, ZrW2O8 [Fig. 1.2]. It has a

notably large and negative linear coefficient of thermal expansion, α, of −9.07 MK−1

over the range 2–350 K [44], which is comparable in magnitude to the PTE of engi-

neering materials. Its structure consists of a network of ZrO6 octahedra and WO4

tetrahedra connected at their vertices [Fig. 1.2(b)]. The crystal symmetry is cubic
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Figure 1.2: Local structure in ZrW2O8. The PDF of ZrW2O8 (a), with the prin-
cipal contributions to low-r peaks marked. RMC refinement marked in black, with
experimental PDF overlaid in red. The (b) crystalline and (c) amorphous structures
of ZrW2O8, as produced by RMC refinement. ZrO6 octahedra are shown in green,
while WO4 tetrahedra are shown in red. Figure adapted from Ref. 43.

and hence the thermal expansivity isotropic. From the very first study of NTE be-

haviour in ZrW2O8, it has been argued that transverse vibrational motion of O atoms

in the Zr–O–W linkages might provide a mechanism for the phenomenon [45]. It was

quickly pointed out [46] that this type of vibrational motion should occur at a low

energy in this particular oxide because the unusual framework topology allowed the

O displacements to be correlated throughout the structure in the form of rotations

and translations of ZrO6 octahedra and WO4 tetrahedra with minimal distortions of

either type of coordination polyhedron. This so-called Rigid Unit Mode (RUM) pic-

ture of dynamics in ZrW2O8 was called into question by a subsequent EXAFS study

which argued that the Zr–O–W linkage appeared too stiff for RUMs to play a key

role in driving NTE [47].

Neutron PDF measurements of thermal variations in the structure of ZrW2O8

settled the debate by providing insight into the correlated displacements of different

types of atoms in their structure, and how these correlations are affected by tem-

perature [Fig. 1.2(a)] [43]. Structural refinement of variable-temperature PDF data
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using RMC methods allowed extraction of the thermal variation of Zr. . .W distance

distributions, which revealed much greater flexibility than suggested in the EXAFS

study of Ref. 47. The atomic displacement (“thermal”) parameters of conventional

crystallographic refinements characterise the vibrational displacements of individual

atom types, but here PDF measurements revealed the magnitude of correlated dis-

placements of pairs of atoms. Access to atomistic models refined from the PDF data

allowed for even more subtle analysis. Using an algorithm with its origins in geometric

algebra [43], it was possible to quantify the extent of rotation, translation and defor-

mation of ZrO6 octahedra and WO4 tetrahedra evident in RMC configurations and

then to demonstrate that these values were actually very similar to those obtained

theoretically from the RUM model. Taken together, these results painted a much

more complete picture of structure and dynamics in ZrW2O8 than would otherwise

have been possible and showed that NTE was driven largely by RUM-type vibrational

modes.

PDF measurements have played a key role in explaining a second useful and

counterintuitive property of ZrW2O8, namely that of pressure-induced amorphisation

(PIA). Under hydrostatic pressures greater than 1.5 GPa, Bragg peaks are no longer

observed in the diffraction patterns (X-ray or neutron) of ZrW2O8, which is consis-

tent with the onset of a crystalline–amorphous transition [48]. Such transitions are of

enormous current interest, not least because of their central role in data storage for

DVD-RAM technologies [49, 50]. Interestingly, PIA and NTE are thought to be con-

nected [51], but the inherent difficulties associated with characterising the structure of

an amorphous phase have resulted in a number of wildly contrasting explanations of

the phenomenon being proposed. One model was that the “amorphisation” actually

involved decomposition into ZrO2 and WO3 (Ref. 52)—this was quickly discounted

using PDF measurements once it was shown that the observed PDF of amorphous

ZrW2O8 (a-ZrW2O8) was inconsistent with all possible linear combinations of the

PDFs of the two binary oxides. A second model suggested that the very large density

increase (26 %) associated with PIA reflected the formation of new Zr–O–W bonds

such that the coordination number of Zr increased from 6 to 7 [53]; and a third model

that new W–O–W bonds were formed so that it was the W coordination number that

increased instead—in this case from 4 to 5 [54].
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In order to distinguish between the various models, a combination of neutron and

X-ray PDF data were used to drive RMC refinements that used starting configu-

rations corresponding to each of the models proposed [54]. This use of X-ray and

neutron PDF data together is seen as the experimental ideal because it maximises

sensitivity for all atom types: an element that is weakly weighted in X-ray data may

be more strongly weighted in neutron data, and vice versa. Using this approach for

a-ZrW2O8, it was shown that amorphisation most likely proceeds via the mechanism

involving formation of new W–O–W linkages. PDF analysis allowed refinement of

the “amorphous” structure and showed how this new structure formed via correlated

polyhedral rotations and translations within the crystalline precursor of precisely the

same type implicated in its NTE behaviour [Fig. 1.2(b),(c)]—a level of analysis that

would simply not have been possible using traditional crystallographic approaches.

So PDF measurements showed that the process of PIA does not produce a completely

random structure, but rather one where the connectivity is derived from that of the

original crystalline phase. The implications of such a phenomenology for the fast

phase-change kinetics of the chalcogenides used in DVD-RAM technology have not

passed unnoticed [55–58].

1.2.1.2 Cyanides

A second family of NTE compounds that has been increasingly widely studied is

that of the metal–cyanide frameworks [59–65]. It appears that the metal–cyanide–

metal (M–CN–M) structural motif found in these framework materials can give rise to

equally unconventional mechanical phenomena to those found in materials involving

under-constrained metal–oxygen–metal linkages, such as ZrW2O8. Indeed the addi-

tional flexibility of M–CN–M linkages means that cyanide-containing materials are

more likely to show NTE, and that the effect is likely to have a greater magnitude

than found in oxide frameworks [Fig. 1.3(a),(b)] [66].

The archetypal compound in this family is the cubic material Zn(CN)2, and again

PDF measurements have played a central role in elucidating the mechanism of its NTE

effect. Its structure consists of ZnII ions tetrahedrally coordinated by bridging cyanide

anions, to give a pair of interpenetrating frameworks each with identical diamond net

topologies [Fig. 1.3(c)] [60]. The material shows the greatest isotropic NTE below
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Figure 1.3: Flexibility and NTE in cyanides. Schematic diagrams representing the
possible vibrational modes that can result in NTE behaviour for (a) one and (b) two
atom linkages. Heavy atoms (e.g. metals) are shown by grey circles, with lighter atoms
(e.g. oxygen) shown by the black circles. Arrows indicate the directions of atomic
motion. (c) Unit cell of Zn(CN)2 with key interatomic distances highlighted. (d) Plot
showing the PDF-extracted distances. The Zn...Zn distance decreases with increasing
temperature despite the increase in the Zn...C/N distance, providing direct evidence
of the role of transverse vibrational motion in giving NTE. An average structure
refinement produces an unphysical contraction of the Zn...C/N bond length. Figure
adapted with permission from Ref. 42. c© 2005 American Chemical Society.
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180 K where α = −19.8 MK−1 with a subtle reduction in the magnitude of NTE

at higher temperatures [42]. Variable-temperature single crystal X-ray diffraction

studies revealed a large increase in C and N transverse displacements and a decrease

in Zn–C/N bond lengths with increasing temperature, which were interpreted in terms

of RUM-type vibrational motion of the [Zn(C/N)]4 coordination tetrahedra [64]. But

it was a PDF study that provided direct evidence for this mechanism: in contrast

to the picture obtained by traditional crystallographic refinement, PDF refinements

showed that the Zn–C/N distances increased with increasing temperature, while the

Zn. . .Zn separations decreased [Fig. 1.3(d)] [42]. This can only be accommodated

within the structure if there is a large degree of transverse vibrational motion of the

C and N atoms.

In addition to their NTE properties, transition metal cyanide frameworks are of

interest from a crystal-chemical viewpoint because they exhibit a number of differ-

ent types of structural disorder. PDF measurements have helped interpret the very

bizarre diffraction patterns of low-dimensional cyanide frameworks such as AuCN and

Ni(CN)2, which consist of chains (AuCN) or layers (Ni(CN)2) that are packed in a

quasi-periodic arrangement [Fig. 1.4] [62, 63, 67]. These strange packing arrange-

ments, which cannot be characterised using average structure techniques, appear to

arise from a combination of structural frustration and weak interactions, and actu-

ally further strengthen the NTE behaviour of these materials [62, 63]. A further

complication in these structures is the existence of CN orientational disorder, which

is common amongst homometallic transition metal cyanides [68]. Because the M–C

and M–N bond lengths are expected to be different to each other for a given metal

M [69], the average structure reflects only a “smeared” scattering density along the

M–C/N vector and it has been all but impossible to resolve this density into its two

separate contributions using average structure techniques [61, 64]. However, PDF

measurements are sensitive to the different bond lengths and it was shown recently

that these could in fact be resolved for Ni(CN)2 even in the presence of the stacking

disorder discussed above [67]. Characterising such differences is crucial in the devel-

opment of ab initio and empirical potential models of structure, dynamics and the

electronic properties of cyanide-containing frameworks [69].
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Figure 1.4: (a) The structures of the low dimensional cyanides MCN and (b) M(CN)2,
demonstrating the simple linear and planar frameworks respectively. There is no ver-
tical alignment between chains for MCN, and there is no periodic lateral alignment
between planes in M(CN)2. (c) RMC-generated PDF of Ni(CN)2 in red, with ex-
perimental PDF in black and difference curve plotted beneath in blue. (d) RMC-
generated structure showing the disordered layers and large amplitude vibrational
displacements. Figure adapted from Ref. 64.
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By replacing the linear cyanide ion in these structures by the almost-linear di-

cyanoargentate [Ag(CN)2]− or dicyanoaurate [Au(CN)2]− anions it is possible to engi-

neer even more flexible structures that exhibit highly atypical mechanical properties.

Silver(I) hexacyanocobaltate(III), Ag3[Co(CN)6], is one such material. It exhibits

very strong (“colossal”) PTE and NTE effects along different crystal axes that are an

order of magnitude larger than those found in normal materials [70]. The structure it-

self consists of a highly under-constrained framework of Co–CN–Ag–NC–Co linkages

forming the edges of a distorted α-Po cubic net, with three such frameworks inter-

penetrating [Fig. 1.5(a)] [59]. The anisotropic PTE/NTE expansion behaviour means

that there exist particular crystallographic orientations along which the expansion

coefficient is zero: these include the directions along which the Co–CN–Ag–NC–Co

chains are aligned. So for this material the average structure analysis suggested the

framework behaves much as a sheet of “garden trellis” whereby expansion parallel to

one axis forces a perpendicular contraction [70]. But what was not clear was what

is actually responsible for driving this hinging mechanism as temperature is varied.

Atomistic refinement of neutron PDF measurements using the RMCProfile code

[71] and subsequent phonon analysis [25, 72] allowed characterisation of the vibra-

tional modes most sensitive to thermal variations. It was found that displacements of

Ag atoms, which occupy the vertices of a Kagome net [Fig. 1.5(b)], were very strongly

anharmonic; at higher temperatures, where the phonon contribution to free energy

becomes increasingly important, the system is able to recover sufficient free energy

by increasing the Ag. . .Ag separation (hence reducing the vibrational energy of Ag

displacements) to overcome the energy cost associated with large-scale deformation

of the network geometry [Fig. 1.5(c)] [73, 74]. The point to be emphasised here is

that even in systems where there are not significant discrepancies between local and

average structure—as is the case for Ag3[Co(CN)6]—PDF methods are able to pro-

vide significant insight into the atomic-scale mechanisms responsible for macroscopic

phenomena of interest.

1.2.2 Zeolites and Metal–Organic Frameworks

The structural disorder and low-energy dynamics found in NTE materials arises pri-

marily from the geometric flexibility of under-constrained linkages—the existence of
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Figure 1.5: (a) The crystal structure of Ag3[Co(CN)6] with the Kagome net of Ag
atoms shown in red. (b) Plan view of the Kagome net. (c) Plot of the average partial
phonon frequencies for the different species in Ag3[Co(CN)6], with Ag atoms shown as
open circles, C/N as filled squares and Co atoms as open triangles. The reduction in
Ag phonon frequencies at higher temperatures allows the enthalpic cost of deforming
the network structure to be overcome. Figure adapted from Ref. 70.
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which is of course a common feature of all framework materials, including zeolites

and metal-organic frameworks (MOFs). The structural flexibility of this broad group

is well established [75], and this gives rise to phenomena that are well-suited to local

structure PDF investigations: gas sorption and storage properties [76, 77], pressure-

and temperature-induced amorphisation [78, 79] and catalytic activity [80].

Given the difficulty in synthesising zeolites and the strong industrial interest in

overcoming this difficulty, one fundamental question has always been how the phases

actually grow from their amorphous seed nuclei. Spectroscopic techniques show that

there exist strong similarities between product and precursor on a local scale, but

because they cannot give any information about structures on an intermediate length

scale, it is not possible to develop an understanding of e.g. how specific zeolite ring

motifs evolve during crystal growth. In a landmark PDF study of zeolite A [81],

it was shown that different ring structures evolved at different points in the growth

process [Fig. 1.6(a)]. This insight was obtained from analysis of RMC configurations

obtained by fitting to synchrotron X-ray PDF data. In the models based on data from

the amorphous precursor material there existed a similarly broad distribution of even-

numbered rings to that found in zeolite A itself; there was, however, no structural

coherence in their arrangement. The actual distribution of rings was also different,

with increasingly many of the highly-strained double 4-membered rings as zeolite

crystallisation occurs. This established for the first time that formation of strained

ring motifs takes place at the final stages of precursor organisation for crystallisation.

The reverse process—namely zeolite amorphisation—is also of considerable inter-

est, since there is scope for these phases to be used as hosts for radioactive waste

containment. It is crucial for such applications to know whether structural integrity

(and hence waste containment) is maintained under large changes in pressure or tem-

perature. By its very nature, amorphisation is an inherently difficult process to study.

Spectroscopic studies of PIA in hydrated Na-A zeolite, for example, had suggested

that some aspects of the zeolite structure were less deformable than others [82]. A re-

cent PDF study was able to shed new light on this important problem [78]. Simply by

comparing experimental PDFs for hydrated Na-A zeolite measured at different points

in the amorphisation process with the calculated partial PDFs, it was possible to show

which components of the structure deformed most strongly under pressure and which
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retained their structural integrity. This revealed that again the double 4-membered

rings were crucial in the transition between amorphous and crystalline phases in this

material. These rings deformed under pressure, while other units remained rigid,

placing the results of the earlier spectroscopic study within a well-defined structural

context [78]. The combination of PDF measurements and RMC modelling has since

been used to produce even more detailed structural descriptions of the amorphisation

process. In silicalite-1-F, for example [Fig. 1.6(b)], it was shown that amorphisation

occurs without disruption of the network connectivity: flexing of the Si–O–Si bonds

allows for a network collapse that causes the drastic volume reduction associated with

the process [83].

Zeolitic imidazolate frameworks (ZIFs) are a family of MOFs whose structures as-

sume the same topologies as zeolites [76]. They have recently been shown to share also

the same propensity for anomalous mechanical properties, including amorphisation

[79, 84], NTE [85] and negative compressibility [86]. Despite the prominence of MOFs

in the materials chemistry literature, local structure studies are relatively few. The

process of thermal amorphisation and recrystallisation of one such framework, known

as ZIF-4, provides a good example of the potential role that PDF measurements can

be expected to play in the field.

Heating a polycrystalline sample of ZIF-4 to 300 ◦C under ambient pressure causes

an irreversible transition to an amorphous phase (a-ZIF) [Fig. 1.6(c)]. This amor-

phous phase is recoverable to room temperature, and can be converted into another,

denser, crystalline phase (ZIF-zni) when heated to 400 ◦C [79]. Importantly, the com-

position remains constant throughout both structural transitions. RMC refinements

of neutron and X-ray PDF data showed that not only was the local coordination

environment of the Zn atoms identical in all three phases, but that the network

connectivity of the amorphous intermediate was distinct to that found in either crys-

talline phase [Fig. 1.6(c)]. Indeed the best refinements corresponded to the use of

a continuous random network model for a-ZIF, similar to that used to describe the

Si–O–Si connectivity in silica glass. Just as ZIFs are MOF analogues of zeolitic sil-

ica frameworks, so too does it seem that a-ZIF is the MOF analogue of silica glass.

Taken together with the results of pressure-induced amorphisation in zeolites and

ZrW2O8, these studies have illustrated the huge variation in amorphous topologies
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and amorphisation mechanisms possible.

Amorphisation is by no means the only property of framework materials of practi-

cal importance. There is particularly strong interest in the use of framework materials

as catalysts and in gas storage and sequestration. For all these applications it is of

fundamental importance to understand the interaction between host framework struc-

ture and guest molecules (e.g. the catalytic substrate or gas molecule to be stored).

Characterisation of gas-storage sites, for example, has helped improve the design of

frameworks with increasingly attractive storage capabilities [77]. It is no surprise that

there has been quite some effort within the community to study binding phenomena

using traditional crystallographic techniques. The relatively low concentration of ad-

sorbed species makes conclusive interpretation of average structure models difficult;

the existence of multiple binding sites complicates the analysis further. An important

breakthrough in the field is the use of differential PDF techniques to study guest–

guest and guest–host interactions [87, 88]. If the PDF from an unloaded structure

is subtracted from that of the corresponding loaded structure then it is possible to

obtain simply those correlations that relate to the adsorbed species. This so-called

“differential PDF” analysis then provides important information regarding the cor-

relations among adsorbed species and those between the adsorbate and atoms in the

framework structure. With a knowledge of these correlations the preferred binding

sites can usually be identified. In some cases the effect of sorption can be even more

profound: the framework structure itself can be affected during adsorption, and these

effects are also amenable to characterisation using PDF analysis. As an example, it

was found using PDF measurements that gas sorption changed the ligand binding

geometries in so-called “YO-MOF” [89]. These structural changes resulted in a hys-

teretic effect upon loading and unloading of CO2, and produced a “gating effect” for

adsorption of N2 and Ar that potentially allowed for selective CO2 sorption in gas

mixtures.

1.2.3 Ferroelectrics and Relaxors

The study of structural disorder in more conventional framework structures—specifically

perovskites and their derivatives—has a long and colourful history. Relaxor ferro-

electrics are a particularly good illustration of a class of perovskite materials where
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Figure 1.6: Amorphous-crystalline relationships in zeolitic materials. (a) Ring struc-
tures and their fractional amounts for Zeolite-A and its amorphous precursor, show-
ing how the population changes during crystallisation. Adapted with permission from
Ref. 81. c© 2006 Royal Society of Chemistry. (b) Silicalite-1-F transforms to an amor-
phous structure under pressure, shown in the left hand panel. The right hand panel
compares the S(Q) for SiO2 glass with that for amorphised silicalite-1-F, with the best
RMC fit overlaid in red. The best fit is obtained for a model that retains the connec-
tivity of the original structure, rather than one that resembles a-ZIF. Adapted with
permission from Ref. 83. c© 2009 American Chemical Society. (c) ZIF-4 transforms
to an amorphous structure upon heating, but in contrast to silicalite-1-F it does not
retain the connectivity of the original structure. The PDF shows that while the im-
mediate environment around each atom does not appear to change much (i.e. bond
lengths are unchanged), but the long range structure changes significantly. Figure
adapted from Ref. 79.
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PDF analysis has helped characterise this structural disorder and bridge the gap be-

tween local structure and macroscopic function. For example, PDF measurements

provided the first direct experimental evidence for the existence of polar nanoregions

(PNRs) in the prototypical relaxor ferroelectric material Pb(Mg1/3Nb2/3)O3 (PMN)

[90]. The bulk material possesses cubic symmetry, but the symmetry within each

PNR is lower and generates a local polarisation via off-centre displacements of the Pb

atoms. PDF measurements were sensitive to the volume fraction of these domains

(each of which has dimensions 5–50 Å); so by measuring neutron PDF data at var-

ious temperatures it was possible to explain a number of bulk properties of PMN

in terms of the statistical likelihood of interactions between neighbouring PNRs. As

temperature decreases, the volume fraction of PNRs in the material increases; this

continues until at T ∼ 200 K the percolation threshold is reached. There is no other

method available for measuring PNR volume fraction and so this information was

truly pivotal in understanding the origin of the field-induced rhombohedral phase

transition observed at 220 K [91] and the dielectric anomaly observed on field heating

after zero-field cooling [92]. This type of analysis proved general to the related relaxor

ferroelectric Pb(Zn1/3Nb2/3)O3, where the PNRs were even more strongly evident in

the PDF data [93]. More recently, much smaller (and possibly itinerant) PNR for-

mation has been observed using PDF techniques in a non-relaxor perovskite, SrSnO3

[Fig. 1.7] [94]. The particular interest here is that this material has no available

mechanism for cation disorder and it had always been assumed that PNR formation

was dependent on local cation clustering [95].

The archetypal room temperature ferroelectric is BaTiO3, and both it and its solid

solutions have been the focus of a number of PDF studies [96–98]. One particularly

interesting study compared Nb-substituted BaTiO3 and SrTiO3 to try to determine

why SrTiO3 displays metallic behaviour for small doping levels but BaTiO3 requires

far greater levels [97]. The authors used a combination of supercell and single-cell

models to fit their PDF data, and found that the average structure description only

deviated from the experimental PDF at small r ranges. Here one of the BaTi1−xNbxO3

peaks becomes bimodal while the equivalent SrTi1−xNbxO3 peak does not. This

distortion was likened to the rhombohedral distortion in BaTiO3 itself, and it was

speculated that the Nb doping on a small fraction of the Ti sites was enough to
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Figure 1.7: Polar nanoregions in strontium stannate, as generated by RMC refine-
ment. Octahedra in which the Sn atoms are displaced in the same directions are
shown in the same colours. This correlated displacement behaviour strongly resem-
bles that of polar nanoregions found in relaxor ferroelectrics. It can be seen that
the correlations present are very short range, and would not show up in an average
structure model.
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disrupt the long-range ordering. This gave the appearance of a cubic crystal structure

and altered the electronic structure preventing the higher conductivity found in the

SrTi1−xNbxO3 structure [97].

Doping at the Ti site of BaTiO3 with Zr actually leads to the onset of relaxor

behaviour [98]. The transition has been studied using PDF measurements by fol-

lowing the effect of composition on local structure across the BaTi1−xZrxO3 family

[98]. For BaTiO3 itself, the local structure is different from the average in all but its

rhombohedral phase; in contrast the local structure of BaZrO3 is well described by

the average structure. PDF analysis of neutron scattering data is ideal for probing

the local structure of the solid solution of these two compounds, especially as the

neutron scattering lengths of Ti and Zr are of opposite sign, which allows the two

elements to be distinguished readily. Comparison of experimental PDFs with those

obtained from the average-structure models showed the most significant differences

for the intermediate compound (x = 0.32); the observed difference PDF was con-

sistent only with either a distortion of the oxygens in the Ti/Zr coordination shell

or concerted displacements of the cations away from their crystallographic sites [98].

Good agreement was found between the experimental PDFs for intermediate com-

pounds and PDFs calculated from an appropriately weighted combination of those

of the end-members, suggesting that nearest neighbour bonds are not affected by the

overall composition [98]. The obvious implication is that the local structure of the re-

laxors is in fact very different from the average structure—certainly a recurring theme

for these materials. Moreover, it was found that only the Ti4+ cations are responsible

for the ferroelectric behaviour, and hence it is really only the extent of correlation in

cation displacements that distinguishes between relaxor and “ordinary” ferroelectric

behaviour in this family [98].

Related compounds have attracted recent interest as part of the search for lead-

free piezoelectrics, as industry strives to find a suitable replacement for lead zirconate

titanate. Bi3+ would appear to be a possible replacement for the Pb2+ cation on

the A site, but it has proved difficult to stabilise under ambient conditions, and a

greater understanding is required. As expected, PDF techniques have proved useful

for observing cation displacements that are not apparent in the average structure.

Na0.5Bi0.5TiO3 was investigated using both small- and large-box refinement methods
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and combined X-ray and neutron total scattering data [99]. By fitting to different

regions of the PDF using PDFgui—the so-called “box-car fitting” approach—it was

clear that the environments around the A-site cations were locally distorted away

from the average environments. This small-box approach was unable to differentiate

between the Na+ and Bi3+ cations, so the RMC method was employed as this allows

more freedom of movement. This permitted the distinctions in the bonding environ-

ments to be discerned, showing that in fact the Bi–O partials were more asymmetric,

which carries implications for possible ferroelectric domain formation [99].

RMC refinements were also applied to neutron total scattering data to investi-

gate the Bi local structure in Bi(Ti3/8Fe2/8Mg3/8)O3, and revealed the presence of

correlated displacements, forming monoclinic domains of up to 15 Å in size [100].

The refined structure also produced more chemically-sensible bonding conditions for

the Ti4+, Fe3+ and Mg2+ cations, giving them each distinct environments, while they

were constrained to be identical in the average structure model [100]. This once again

demonstrates the ability of local structure methods to bring new insights to materials,

and paint a more consistent picture than that which the average structure may on

occasion present.

1.2.4 Jahn-Teller Active Materials

Whereas in relaxors the short-range correlations of key interest involve dipole order-

ing, in the family of colossal-magnetoresistance (CMR) manganites the correlations

involve orbital ordering. Jahn-Teller (JT) active metals (e.g. Mn3+ in the CMR man-

ganites) lower the symmetry of their coordination environment in order to remove

orbital degeneracy. In terms of their local structure, this means that metal–ligand

bond lengths that would otherwise be identical are no longer equal; for example, in

LaMnO3 each Mn has two “long”, two “medium” and two “short” Mn–O bonds. If

the arrangement in space of these different bonds is strongly correlated for each JT

active metal atom within a sample then the macroscopic symmetry will reflect the

same JT distortion. In this case the JT distortion will be detectable using traditional

X-ray (or neutron) crystallographic techniques. However if the bond orientations are

only correlated over small length-scales then the average symmetry will be higher
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Figure 1.8: Plots displaying the longest Mn-O distance (a measure of the magni-
tude of the J-T distortion) as a function of the temperature and composition for the
chemical series La1−xCaxMnO3. Panel (a) shows the data obtained using Rietveld
analysis, and panel (b) shows that obtained using PDF analysis. Only the PDF
measurements are sensitive to the CMR transition. Solid curves indicate TJT and Tc
phase boundaries [105].

than the local symmetry. The experimental characterisation of orbital (dis)ordering

mechanisms is one of the key challenges in the field [101].

Perhaps the highest-profile of the JT active compounds investigated using PDF

techniques is the series of CMR manganite perovskites La1−xCaxMnO3. Magnetore-

sistive materials are those that have an electrical conductivity that varies depending

on the applied magnetic field; the term “colossal” distinguishes those materials which

display the effect to an abnormally large extent—greater even than the so-called

“giant” magnetoresistors. The end members [102, 103] and other compositions in

the series [104–107] have been studied using PDF measurements, with the primary

emphasis placed on how the structure changes as a function of temperature and/or

composition. The average structure is largely unaffected by each of the various elec-

tronic/orbital transitions implicated in CMR behaviour, but it was shown that the

electronic phase diagram was actually replicated by local correlations extracted from

the PDF data [Fig. 1.8]. In addition to mapping out the local-structure “phase di-

agram”, it was also observed that the end members show very contrasting local ↔
average structure relationships: LaMnO3 formed locally-ordered clusters of JT dis-

torted domains ∼16 Å wide [102], whereas CaMnO3 possessed a very simple structure

where the average and local structures are indistinguishable [103]. In this thesis the

structure of the La end member is revisited using a more advanced analysis method—

namely, RMC refinement—to explore in greater detail this intriguing material.

Of course, Jahn-Teller distortions need not involve perovskite frameworks. A
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quite different example of PDF measurements of a JT active system is given by a

recent study of distortions of tetrahedral Cu2+ and octahedral Mn3+ in CuMn2O4

spinel [108]. In this study, neutron total scattering data were used to drive RMC re-

finements, from which a quite extraordinary breadth of structural information about

CuMn2O4 was obtained. In addition to the usual bond length and bond angle dis-

tribution analysis that is often performed with RMC configurations, in this case the

Cu/Mn occupancy on tetrahedral and octahedral sites was also determined. Quite

unexpectedly a relatively large (ca 30 %) site inversion was observed. Moreover, from

the corresponding metal–oxygen bond lengths it was possible to use bond valence

sum (BVS) calculations to estimate the formal charge of each metal ion on the two

different sites. What was found was that the site inversion was associated with dis-

proportionation for both metal ions:

2Cu2+
t → Cu+

t + Cu3+
o

2Mn3+
o → Mn2+

t + Mn4+
o

where the subscripts “t” and “o” indicate cations occupying tetrahedral and octahe-

dral sites, respectively [Fig. 1.9]. Initially cautious of the supposed formation of Cu3+

in this system [109, 110], the authors confirmed this result using X-ray photoelectron

spectroscopy. It was noted that disproportionation removes the JT activity of both

ions and so might be favoured in this particular compound because the spinel tetra-

hedral sites form a diamond lattice, for which it is notoriously difficult to support

local distortions [111].

The propensity for Bi3+ cations to move off centre within their coordination poly-

hedra essentially reflects a second order Jahn Teller (SOJT) distortion [112] and

is considered responsible for the attractive dielectric properties of Bi-containing py-

rochlore frameworks [113]. The pyrochlore lattice (general formula A2B2O6O′) is gen-

erally described in terms of two interpenetrating sublattices: an “anti-cristobalite”

A2O′ sublattice which is strongly disordered, and an ordered BO3 sublattice con-

sisting of corner-sharing BO6 octahedra. Bi atoms occupy the A site, for which the

average crystallographic symmetry imposes O′–Bi–O′ angles of 180 ◦. The SOJT dis-

tortions reduce this angle around the Bi3+ ions, which in turn produces a local dipole

moment parallel to the direction of Bi displacements. These local dipole moments
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Figure 1.9: Many–atom RMC configurations allow information such as bond valence
sums to be calculated, as shown here in panels (a) and (b). Cu data is given in
red, and Mn in blue. In (c) and (d) the site occupancies are given as obtained from
Rietveld refinement and RMC for comparison. Of note in this case is the tendency
for ions to disproportionate away from Cu2+ and Mn3+ in the RMC configurations
[108]. c© 2009 American Chemical Society.
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Figure 1.10: Cooperative distortions in the O′Bi4 sublattice can occur in a zigzag pat-
tern, as shown here for the ideal structure. In reality these distortions are correlated
only over short distances [114].

are the structural features implicated in the dielectric properties of this family, and

so the question of how the local Bi distortions are correlated is fundamental. A

recent PDF/RMC study of Bi displacements in Bi2Ti2O7 was able to characterise

these correlations [114]. A weak but persistent preference was found for correlated

Bi displacements that preserved Bi. . .Bi distances [Fig. 1.10] [114], a result that was

also obtained using RMC analysis of diffuse scattering patterns in electron diffraction

patterns of the related system Bi2Ru2O7 [115]. Interestingly, there exists a map-

ping between this Bi displacement pattern and the hydrogen atom positions in cubic

ice, which lead to the proposal that these bismuth-containing pyrochlores might be

considered as “charge ices” [114].

1.2.5 Spin glasses, spin ices and magnetic structure

It is now well established that when a suitable magnetically-active metal ion occupies

the pyrochlore A site a frustrated magnetic ground state is possible where the spin ori-

entations can also be mapped onto the hydrogen atom positions of cubic ice: these are

the so-called “spin ices” [116–119], especially topical for their role in “magnetricity”

[120]. While it is the case that PDF methods are less well developed for describing

magnetic disorder than structural disorder, there are certainly strong parallels be-

tween the underlying phenomenology. Spin ices possess a well-defined local magnetic

structure but magnetic Bragg peaks are not observed in their neutron diffraction pat-

terns: their local magnetic order neither requires nor produces long-range magnetic

order. Such materials do, however, exhibit a characteristic magnetic diffuse scatter-

ing pattern; just as for nuclear diffuse scattering, RMC modelling can be used to fit

this diffuse scattering pattern and hence to probe local magnetic structure in spin

disordered systems [118, 121–123]. In materials such as Y2Mo2O7 [124], the situation
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is even more complex because structural disorder is coupled to spin frustration—this

combination is thought to be pre-requisite for the so-called “spin glass” ground state

[125]. For such materials even non-magnetic PDF refinements still provide very useful

insight into the magnetic structure simply because of this link between structural and

magnetic degrees of freedom [124].

Work in the field is advancing rapidly, and recently significant progress has been

made to increase the scope of local structure and RMC analysis of frustrated magnets,

such that it is now possible to calculate a three dimensional magnetic structure from

one dimensional powder data [3]. Single-crystal magnetic scattering poses several

challenges, not least sample preparation and data collection times, so the ability

to extract the same information from a powder sample greatly assists the study of

these materials. This approach has the added benefit of yielding a large structural

model of the magnetic moments, which can be examined in detail to obtain a greater

understanding of local interactions. For example, for the spin ice Ho2Ge2O7 the ice

rules defect densities were calculated from the RMC-refined structures, and compared

to the densities obtained from other sources [126]. Of course, where single crystal

scattering data are available, in-depth information can still be obtained—a detailed

set of magnetic interactions for Co-doped β-Mn were extracted from magnetic single

crystal fitted using RMC methods [127].

But magnetic systems need not be frustrated for total scattering to be of use. A

simple example is that of the canonical antiferromagnet MnO. When heated above

its Néel temperature, TN, of 118 K MnO assumes the cubic rocksalt structure and

is paramagnetic; at temperatures below TN antiferromagnetic ordering results in a

rhombohedral distortion to this structure [128–130]. Because the spin alignment axis

is perpendicular to the rhombohedral axis it has long been realised that the true

symmetry can be no higher than monoclinic [131]; however none of the implied peak

splitting has ever been observed in traditional Bragg diffraction patterns. It was per-

haps unexpected then that a recent total scattering study found the local structure

to be actually much more sensitive to this symmetry lowering than is the average

structure. In this way a monoclinic structure solution was proposed based on ab

initio magnetic structure refinements of these total scattering data using RMCPro-

file [130]. Earlier variable-temperature total scattering measurements on MnO also
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probed the degree of magnetic fluctuations at temperatures above and below TN and

showed that correlated spin excitations persisted to temperatures as high as 1100 K

[132]. Finally, just as nuclear PDF measurements provide some constraints on vibra-

tional energies, so too was it found that some degree of quantitative information about

the spin-wave dispersion in spin ordered systems (e.g. antiferromagnetic MnO) could

be extracted from magnetic RMC configurations [133]. It is perhaps worth empha-

sising that spin wave measurements usually require large single crystal samples, and

so the ability to access similar data from a powder-based technique such as PDF—as

for the analysis of frustrated magnets—is not insignificant.

1.2.6 Nanoparticles

We now move on to a discussion of “nanostructured” materials [134], by which we

mean systems which exhibit structural order over short length scales but which do

not give rise to sharp Bragg reflections in their diffraction patterns. Such materials

are intrinsically difficult to characterise using traditional crystallographic techniques

and so PDF methods are uniquely positioned to provide insight into their structure.

Of course PDF methods have long been closely associated with the related problem

of studying structure in glasses, so it is unsurprising that many of the tools developed

for characterising glasses are now finding application in “nanocrystalline” materials

[135].

There are a number of structural characteristics of nanoparticles that can be

extracted directly from the PDF. Irrespective of the particular chemical system, the

length scale over which sharp correlations are observed provides a measure of the

nanoparticle size distribution and is also sensitive to their shape [24, 96, 136, 137]

[Fig. 1.11]. Recent developments in solid state X-ray detectors mean that PDF data

can now be measured sufficiently quickly that it is even possible to monitor the growth

of nanoparticles in situ [136], which has provided a wealth of information about the

growth process and reaction kinetics [136, 138, 139]. By extracting lattice parameters

from the PDF (e.g. via PDFgui refinement) one can identify any differences in lattice

spacing from the bulk phase and any relaxation effects at the nanoparticle surface

can also be probed in this way [24]. Variable-temperature PDF measurements allow

for nanoparticle thermal expansion coefficients to be calculated [24]; differential PDF
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measurements can help characterise interactions between nanoparticles and species

adsorbed onto their surface [96, 140].

Figure 1.11: (a) Experimentally derived PDFs of γ-Fe2O3 showing the effects of par-
ticle shape. Calculated model PDFs, (b), for the low r region are then compared to
experimental PDFs, (c). The broken black lines highlight peaks whose intensities de-
pend on the particle shape. Sufficient differences are present to be able to distinguish
between different particle shapes [137]. c© 2009 American Chemical Society.

Local structural distortions within the nanoparticle still maintain a signature

in the PDF; this has been exploited in, for example, studies of BaTiO3 nanopar-

ticles where it was found that local ferroelectric displacements occurred (as for bulk

BaTiO3) but that the degree of correlation in these displacements reduced as particle

size decreased, such that smaller particles appeared increasingly cubic in symmetry

[96].

As for the various crystalline systems discussed in earlier sections, it is also the

case that large-box RMC modelling can help provide a more detailed structural model

for nanostructured materials. A recent example involves local structure determina-

tion in amorphous calcium carbonate (ACC) [141]. This is a long-studied system

where the fundamental question had always been how the amorphous phase is re-
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lated structurally to the various crystalline phases into which it transforms in vivo

[142, 143]. It was clear from EXAFS measurements that a well-defined short range

order is present in ACC, at least within the first Ca coordination shell [144]. RMC re-

finements of X-ray PDF data yielded an unexpected biphasic structural model: ACC

appeared to consist of a Ca-rich framework and Ca-deficient channels, which contain

only carbonate and water and percolate through the framework structure [141]. The

arrangement of Ca atoms within the framework component was essentially an “aver-

age” of that found in the various crystalline polymorphs, which may be responsible

for the existence of multiple crystallisation pathways. The existence of mobile anionic

channels might also be important for ion transport during crystallisation and/or for

ion exchange in biostabilisation of the amorphous phase [141].

Amorphous and nanoparticulate systems are becoming increasingly relevant to

the pharmaceutical industry. Many pharmaceutical products are intrinsically very

poorly soluble in water, and this means that absorption of the drugs via ingestion

can be ineffectually slow. The industry as a whole has taken to improving solubility

by preparing products in amorphous or poorly-crystalline forms [145]. The imperfect

packing characteristic of these forms facilitates solubilisation in the gut and hence

accelerates incorporation of the product into the bloodstream. Occasionally the com-

pounds are inherently amorphous, but most times crystallinity has to be intentionally

destroyed through melt-quenching or high-pressure ball milling. In all cases, the final

product is subject to the same stringent purity controls imposed by consumer law

that apply to crystalline products; the onus is on the supplier to prove the structural

integrity and purity of each compound. Consequently the absence of crystallinity

in the products presents a number of challenges: (i) characterisation of the product

and assurance of its structural purity is difficult, (ii) patent protection is consequently

problematic, and (iii) eventual conversion back to the original crystalline form usually

occurs, but the rate at which this happens (and hence the shelf-life of the product)

varies enormously and is not well understood.

A recent study has shown how PDF analysis might provide the long-needed means

of addressing these issues [146]. In particular, it was found that PDF data were sensi-

tive to different types of amorphous and nanocrystalline forms of key pharmaceuticals,

and could be used to relate the packing of amorphous ingredients to that found in
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their known crystalline polymorphs. Like much of PDF science, this is a nascent

approach to studying pharmaceutical compounds. Rapid progress can be expected

as increasingly sophisticated experimental and analytical PDF methods are employed

[147].

1.2.7 Recent developments

Now that the field is reasonably established, it is likely to be increasingly used for

industrial applications—indeed the beginning of this can be seen already. The global

research effort into energy storage materials is an obvious candidate for future local

structure analysis using PDF. In terms of gas storage materials, one would expect not

only to characterise the binding sites of gas molecules but also to understand better

the sorption/desorption processes and hence address issues such as reversibility and

sorption kinetics. For example, one study has used synchrotron X-ray total scattering

data to monitor defect formation during hydrogenation/dehydrogenation cycling in

V1−xTix alloys, finding a correlation between the increase in dislocation density and

the reduction of hydrogen capacity [148]. With further work in this area it should be

possible to design longer lasting storage materials.

Battery materials often see very large structural changes during charge and dis-

charge, and understanding these changes and the way in which they are coupled with

conduction processes will be crucial in developing next-generation materials. Sim-

ilarly, a knowledge of ion conduction pathways and mechanisms is of fundamental

importance for developing materials for fuel cells: here there are already a hand-

ful of studies that illustrate the potential gains that PDF techniques may bring.

For example, Ref. 149, which uses RMC refinement to investigate the superionic

conductor lithium lanthanum titanate. The results are shown in Fig. 1.12, demon-

strating that the identification of conduction pathways and structural “bottlenecks”

is possible, which could assist in intelligent design of battery materials. RMC re-

finement of neutron diffraction data has also proved useful for the superionic con-

ductors β−SrBr2 [150] and δ−Bi2O3 [151], uncovering local correlations within the

anion positions. TiO2 [152] and other electrode materials [153], have been examined

using PDF, revealing details of the structural connectivity upon Li insertion [152],

and defect regions—undetected by average structure probes—have been revealed in
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Figure 1.12: (a) Unit cells for the material La2/3−xLi3xTiO3 for four different values
of x produced by RMC modelling. Li atoms from the configurations have all been
collapsed onto a single unit cell to show their distribution of positions. Li atoms in
a La-rich layer are coloured yellow; those on a La-poor layer are coloured blue. (b)
diagram indicating possible Li ion conduction pathways. Reproduced with permission
from Ref. 149. c© IOP Publishing.

Ce1−xGdxO2−x/2 electrolytes [154]. Steps are now being taken to develop a diffraction

cell that will allow in situ measurements to be made of the structural changes that

occur during charge/discharge cycles in battery materials [155]. All these cases help

establish the ability of local structure techniques to provide valuable information on

the inner workings of these functional materials.

The drive for increased efficiency is encouraging the development of improved cat-

alysts, and work has begun to improve our understanding of their structures through

the use of PDF techniques. Two recent PDF studies have characterised domain for-

mation in water splitting catalysts with X-ray PDFs: the first examined cobalt oxide

films, finding the data able to easily discriminate between different candidate struc-

tures, with some suggestion of distorted oxygen geometries around the domain edges

[156]; the second concerned iridium oxide, and had success fitting the domains with

a five iridium cluster based on the rutile structure, again with suggestions of dis-

torted regions at the periphery [157]. The next step must surely be to combine these

measurements with in situ catalysis experiments, with the aim of obtaining accurate

information regarding the catalyst-reactant interactions.

The techniques for reliable measurement and analysis of total scattering data
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are constantly being refined, with improvements to instruments and software alike.

Aspects of theory are being developed [10], data reduction processes are being re-

evaluated [158], and there is a move to incorporate data from other sources, such

as EXAFS, to improve the reliability of results [159, 160]. Three-dimensional PDFs

are even being discussed [161], which have the potential to increase dramatically the

information available to researchers, albeit at the cost of increased computational de-

mands. There have also been some developments over the past few years of techniques

aimed at using the PDF to “solve” the local structure of amorphous or nanocrystalline

materials [162, 163]. The driving force behind these developments is the realisation

that the establishment of “crystallographic” methods for nanostructured materials

would be of enormous value to a very large number of science areas: for exam-

ple, to the pharmaceutics industry as a means of characterising and patenting their

amorphous ingredients, in the study of biomineralisation processes and the design of

bioactive glasses, in developing nanoparticles including quantum dots and the pursuit

of “superatom” states, in functionalising amorphous metal–organic frameworks, and

in developing data storage technology built on phase change chalcogenides.

There is no doubt that total scattering techniques are an area with huge potential

for growth, which promises to benefit many areas of science in the coming years.

1.3 Project Overview

We return now to the topic of this thesis. As mentioned above, total scattering

combined with RMC refinements have been used to examine three functional ma-

terials that exhibit a degree of disorder. These were the high temperature cuprate

superconductor, YBa2Cu3O7−x; the parent compound of several families of colos-

sal magnetoresistive compounds, LaMnO3; and the oldest known magnetic material,

Fe3O4—commonly referred to as magnetite. Each was chosen for being in some

respect ‘canonical’, and because questions still remain regarding their structures, de-

spite extensive study. For YBa2Cu3O7−x the debate concerns a particular bond length

implicated in charge localisation; for LaMnO3 the question is one of orbital ordering

across different length scales; for magnetite the interest lies in the structural transi-

tion known as the Verwey transition, and any charge ordering that may exist, along
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with the undetermined magnetic structure. Hopefully this thesis will show that de-

spite the extensive work already carried out on these well-known materials, it is still

possible to gain new insight by applying advanced analysis methods as outlined here.

The next chapter details the RMC refinement method at the heart of this study,

and the various alterations made to the RMCProfile code in the process of this

thesis are also outlined. The three results chapters are presented in order of increasing

complexity: YBa2Cu3O7−x, then LaMnO3, and finally Fe3O4. An introduction to each

system and the challenges faced will be presented at the beginning of the respective

chapters. The thesis concludes with a summary of the main results of this study and

a discussion of the implications for related problems in the condensed matter sciences.
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Chapter 2

RMCProfile Code Development

2.1 Introduction/A Brief Description of RMC

Standard crystallographic techniques work well for ordered materials, but fail when

it comes to disordered materials, as these cannot be represented adequately by a

repeating unit cell. It is this gap that reverse Monte Carlo refinement tries to fill. This

technique fits a large box of atoms directly to experimental data through an iterative

trial and error process [see § 2.3.1], producing a physically realisable structure that

is consistent with the information provided. The large number of atoms included (∼
104) allows all the various structural elements involved to be represented, particularly

those that might not be described by a smaller repeating unit. RMC refinement

can also provide useful information about correlated atomic motion in crystalline

materials, which again cannot be obtained using average structure methods.

The stochastic nature of the RMC process results in a certain amount of noise

in the atomic positions, creating the most disordered configurations that are still

consistent with the data, so the process tends to overestimate the disorder present in

the system. This means that the results can only indicate general trends or features

present in the structures, and the positions of individual atoms cannot be assigned

much meaning when considered on their own. In general a degree of care is required

to ensure that a refined structure is chemically sensible and consistent with other

information.

The extra effort and attention required to successfully perform an RMC refinement

when compared to a Rietveld refinement—as well as the more specialised conditions

involved in the collection of total scattering data—means that an RMC refinement
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should not be undertaken lightly. It can however, if done properly, provide a useful

insight into complex systems that other techniques cannot.

This chapter will continue with a brief review of the history of RMC refinement,

before discussing the algorithm used, and specific details of the RMCProfile code.

Finally it will finish with a discussion of the changes made to the RMCProfile code

as part of this thesis.

2.2 A Brief History of RMC

As was mentioned in the preceding chapter, the total scattering technique was largely

developed with fully disordered materials—liquids and glasses—in mind. The first

ISIS diffractometer, LAD,∗ was designed (and named) for this purpose [164]. There

was a need however, of analysis techniques that could fully utilise the total scattering

data, and the reverse Monte Carlo refinement technique was developed some 26 years

ago in response to this [165].

There are several reviews that chart the progress of the method in the early days:

please see Refs [166–169] for in-depth contemporary accounts of the field. In brief,

the technique was soon expanded beyond simple atomic liquids, and it was quickly

realised that RMC methods could be used to fit to data forms other than purely total

scattering data, for example, EXAFS, NMR, and single-crystal scattering. From the

point of view of this thesis, the biggest breakthrough came with the realisation that

the technique could also be applied to predominantly crystalline structures, which

happened quite early on [170, 171].

Initial work on crystalline structures used unmodified versions of the code written

for amorphous systems, and it was soon realised that for well-ordered systems reso-

lution issues limited the potential of the technique. There then followed a series of

modifications to the code designed to overcome these issues and improve the ability

to fit data from polycrystalline samples [172, 173], culminating in the development of

the RMCProfile code [71], the innovative feature of which was the explicit fitting

of the Bragg peak profiles, allowing all information contained in the Bragg peaks to

be utilised.

∗Liquids and Amorphous Diffractometer ; first installed at the Harwell Linac neutron source 1982,
and subsequently moved to the new ISIS facility prior to first neutron production in 1984. This was
the predecessor to the GEM diffractometer.
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RMCProfile is the implementation of the RMC method used in this thesis,

and it will be discussed further in the next section. For now though it is worth

explicitly mentioning the existence of other RMC programs, written by a variety

of people across numerous institutions. RMCA—alluded to above—is perhaps the

earliest, written for amorphous systems but sometimes applied to rather disordered

crystals [165]. RMCX followed shortly afterwards, which extended the functionality

to allow fitting to single crystal diffuse scattering [174]. RMCPOW adapted RMCX

to allow basic fitting to Bragg data for powder samples [168, 172]. A successive

improvement to Bragg fitting, RMCBragg [173], started from the RMCA code, and

was subsequently superseded by the RMCProfile code currently used [71]. While

improvements to functionality have been made in recent years, more attention has

been given to improving ease of use for the operators: RMC++ has been created as

an open-source program, designed to allow greater flexibility for the user [175], while

the RMCProfile code has been given a graphical user interface and rechristened

RMCgui [176]. We should note for completeness that RMC is now being used

proportionately less for liquids and glasses than was once the case, and EPSR [38, 177]

is now the more widely-used code in this area.

2.3 The RMC Algorithm, and RMCProfile in par-

ticular

2.3.1 The Algorithm

RMC is so named as it is a variation on the Metropolis Monte Carlo algorithm [178,

179]—random moves are evaluated against some merit index, and accepted or rejected

based on criteria that allow for some ‘bad’ moves. But while conventional (direct)

Monte Carlo algorithms start with a set of local interaction potentials, and run to

minimise the overall energy, the reverse Monte Carlo method replaces the energy

term with a fit-to-data. RMC earns the epithet ‘reverse’ as while the conventional

MC algorithm starts from local interactions and produces a larger structure, the RMC

algorithm starts with larger structural information and produces a model that can

provide information about local interactions.†

†It should be noted that in some cases local interactions may be applied in order to encourage
the refinement to follow a sensible path. Please see the following section for more details.
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The refinement process starts with the coordinates of a large configuration of

atoms. Typically this is an ordered model based on the average structure (assuming a

crystalline material is being studied), and for RMCProfile this should be a supercell

of the individual unit cell.‡ Then the expected pattern that this structure would

produce is compared to the pattern that has actually been measured experimentally,

and a numerical merit index, χ2
initial, is calculated to assess the quality of the fit.

Typically total scattering data of some form will be used, often in conjunction with

other data forms.

An atom in the configuration is then randomly selected and moved by a small

amount in a random direction. Moves are typically translational, with a fixed max-

imum move distance, though other types of move are possible, as will be discussed

later. The fit to the data for this altered structure is then calculated, and the merit

indices for the two models are compared. If the fit is improved in the new structure

then the move is accepted unconditionally; if the fit is degraded by the move then it

may be accepted, with a probability P dependent on how much worse the fit is made.

If ∆χ2 describes the change in the merit indices, χ2
final − χ2

initial, where a lower χ2 is

desired, then the situation may be summarised as follows:

for ∆χ2 ≤ 0 : P = 1 (2.1)

for ∆χ2 > 0 : P ∝ exp(−∆χ2). (2.2)

For refinements where multiple data sets are used, the ∆χ2
Total term should be a

suitably weighted sum of the individual ∆χ2
i for each data set.

The reason for accepting ‘bad’ moves is to prevent a refinement becoming stuck in

a local minimum, allowing it to find the global minimum. In practice this arrangement

must be monitored closely: typically restrictions may be made to prevent the (albeit

very small) possibility of accepting a very unfavourable move, and the acceptance

rates are adjusted by use of weighting terms for each data set.§

The process of making a trial move, evaluating it, and then accepting or rejecting

it is iterated many thousands of times, depending on the number of atoms and how

‡An approximately cubic supercell of side ∼ 50 Å−1 is reasonable.
§These weighting terms function much like the ‘temperature’ in conventional MC simulations—

where MC may use an energy term divided by temperature, E
kT , to evaluate a model, RMC may

divide its merit indices by the weighting terms, χ2

σ2 , when evaluating a move.
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Figure 2.1: A flow diagram outlining the RMC process.

appropriate the starting structure was. It is at the user’s discretion how long the

refinement is left to run, though monitoring the χ2
Total throughout the refinement

will provide an indication of when the refinement is approaching convergence. The

process is summarised in Figure 2.1. As any move made in the refinement process

depends purely on the current state, and not on any previous state, the process

possesses the Markov property, and RMC belongs to the Markov chain Monte Carlo

class of algorithms. As such it is a stochastic process that samples a probability

distribution—the probability of the refined structure fitting the data. This has some

important implications. The refinement will move towards the most likely state it

can find within the time allowed for it to converge, which is often the state with the

greatest entropy. This means that the final refined atomic configuration cannot be

thought of as the ‘solution’, but more as a possible solution, that is consistent with

the supplied data. It is best to think of it as a possible ‘snap-shot’ in time of the

dynamic structure, not as a unique answer—there will be many equivalent structures
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that can fit a particular PDF adequately well.

The desire for increased entropy also drives all refinements—to a greater or lesser

extent—towards amorphisation, and additional constraints (besides the data) may be

required to ensure that refinements remain physically sensible. Above all, structures

produced should be scrutinised carefully to ensure that only reasonable trends and

patterns are being inferred from the results. The technique is not without its limi-

tations, but can provide extremely useful insights into the inner workings of unusual

materials if used properly, and results are in good agreement with other techniques.

2.3.2 Particulars of RMCProfile

RMCProfile [71] is a sophisticated implementation of the RMC algorithm, which

has been extended and improved on numerous occasions. As outlined above, the

principal modification is that it deals explicitly with Bragg scattering data, meaning

that it is sensitive to the average distribution of atoms as well as the local correlations

between them. Other forms of total scattering data in both real and reciprocal space

can be treated simultaneously with this Bragg data. Other modifications include:

the incorporation of molecular constraints, which act to reduce the likelihood of a re-

finement causing excessive distortions to certain features of the structure; the ability

to model the spin distribution of magnetic materials; the ability to model materials

that include an element of site disorder, for example cation disorder or vacancy in-

clusion, through the addition of a ‘swapping’ move; the ability to fit to a variety of

data types, such as neutron, X-ray and XAFS data; and the ability to calculate bond

valence sums, and include them in the refinement process [71, 180].

Here we will provide an introduction to the main files, commands and options

available when running a refinement, in order that the reader will have a basic under-

standing of the program when it is referred to in future chapters. For a full description

of the program and how to run it please refer to the RMCProfile User Manual.

2.3.2.1 Essential Components

Below are outlined the principal files and commands involved in a refinement.

Input File This file, with extension ‘.dat’, contains all the input commands required

to run a refinement, as well as some metadata.
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Configuration File The configuration file contains the coordinates of the all the

atoms present in the refinement, and the cell dimensions. It provides the starting

coordinates at the beginning of the refinement, and is updated as the refinement

progresses.

Data File(s) The data files provide the data sets utilised during the refinement.

These may be for real or reciprocal space data. Generally a simply x–y format

will suffice. The refinement of Bragg data requires additional information about the

background and instrument parameters, provided in separate files.

Out Files The calculated fits to the experimental data sets are printed in two files:

the Bragg fit in one file, and all others in a separate file. Partial structure factors and

PDFs are also printed where relevant.

Log File A summary of the refinement progress will be printed to screen. Alterna-

tively this is written to a log file for future reference. Information including refinement

duration, χ2s, number of moves accepted and time per move is updated regularly to

allow the user to track the progress of a refinement.

Key Commands The TIME LIMIT keyword sets the duration for which the refine-

ment is allowed to continue.¶

Atoms are prevented from moving too close to one another by setting the closest

approach distances for each pair of atom types.

The maximum distance that an individual atom may travel during a single move

is set using the MAXIMUM MOVES keyword. This prevents improbably large moves

disrupting a refinement. It may be sensible to vary the maximum move distance for

each atom such that heavy elements do not travel as far as light elements, to replicate

the expected variation in atomic displacement parameters.

The significance attributed to each data set is set by the weightings commands.

These act like the error associated with each data set, so that the larger the value,

the less significance ascribed to the fit to that data set.

¶When monitoring a refinement, however, it is better to think in terms of the number of moves
that have been accepted in relation to the total number of atoms.
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Figure 2.2: An example of a refined RMC configuration to demonstrate the typical
size of a structural model. Here LaMnO3 at 753 K is shown, with La atoms coloured
in blue, Mn atoms in grey, and O atoms in red. The 10× 10× 8 supercell has a side
length of roughly 55 Å, a volume of 1.96×105 Å3, and contains 16 000 atoms.

2.4 RMCProfile Code Development

As outlined above, RMCProfile includes many features, including the ability to

model magnetic scattering, and to model substitutional disorder. These features had

not, however, all been extensively used, and the magnetic and substitutional features

had not been used together. In fact it was realised that the code had not been

properly written to allow substitution of different magnetic atoms. There was a need

to modify the code to allow this, and to test this on a real system. This was carried

out as part of this thesis, and Fe3O4 was used to check that the program performed

as expected.

There follows in this section an explanation of the formalisms used in both mag-

netic refinements and refinements that include substitutional disorder, and then a

discussion of the changes made to allow both to be used simulataneously.
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2.4.1 Magnetism

The magnetism code works by maintaining an ordered list of spin vectors that corre-

spond to the list of atomic coordinates used for the rest of the refinement. In other

words, the nth spin vector listed corresponds to the nth atom listed. An implication of

this is that the magnetic atoms in the structure must be listed first in the refinement

files.

Magnetic spins are represented as a point on the surface of a sphere of unit radius

(they are scaled appropriately when fitting to data). Spin moves occur in the refine-

ment by adding a randomly generated vector to this point, and then projecting the

resultant vector back onto the surface of the sphere, to produce a new spin orienta-

tion. The maximum size of the randomly generated vector is defined by the user, and

it is sensible for this value not to exceed 0.1 in order to prevent overly large moves

from occurring.

The magnetic contribution to the total scattering, Smag, can be obtained from a

spin configuration using the following equation [121, 181]:

Smag(Q) =
2

3
cM

[
e2γ

2mec2
µf(Q)

]2

+ 4πρcM

[
e2γ

2mec2
f(Q)

]2

×
∫
r2

{
A(r)

sinQr

Qr
+B(r)

[
sinQr

(Qr)3
− cosQr

(Qr)2

]}
dr. (2.3)

Here cM refers to the concentration of the magnetic species, µ is the magnitude of

the magnetic moment, f(Q) is the magnetic form factor, ρ is the number density of

magnetic atoms, e is the electronic charge, me is the mass of an electron, c is the

speed of light, and γ is the magnetic moment of a neutron. A(r) and B(r) are real

space correlation functions, defined as:

A(r) =〈µy(0) · µy(r)〉 (2.4)

B(r) =2〈µx(0) · µx(r)〉 − 〈µy(0) · µy(r)〉. (2.5)

Essentially these describe the magnitude of the spin–spin correlation functions per-

pendicular and parallel to the vector between two atoms at 0 and r, respectively. They

can be easily calculated from the spin configuration used in the RMC refinement, and

are analogous to the conventional pair distribution function.
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The magnetic contribution to the Bragg scattering is obtained using another stan-

dard equation [182]:

I(Q) =
1

N

∣∣∣∣∣∑
j

qjpj(Q)〈exp (iQ.rj)〉

∣∣∣∣∣
2

, (2.6)

where N is the total number of atoms, and qj is the magnetic interaction vector,

given by

qj =
mj

mj

− Q(Q ·mj)

Q2mj

. (2.7)

Here mj is the spin vector of magnetic species j. pj(Q) describes the magnetic

scattering amplitudes, which are related to the the magnetic form factors, fj(Q),

according to the following equation:

pj(Q) =
e2γ

2mec2
µjfj(Q). (2.8)

The magnetic Bragg intensities thus calculated can be easily combined with the nu-

clear Bragg intensities, and used to fit to the experimental data.

Refinement of magnetic data requires some modifications to the RMC process,

besides simply the calculation of magnetic scattering intensities. Generation of a spin

move will have no impact on the nuclear scattering contribution to the fit, so will

not require this to be recalculated. Generation of a translational move of a non-

magnetic atom will similarly not affect the magnetic scattering pattern. However,

a translational move of a magnetic atom will require the magnetic scattering to be

recalculated, as the distances between spins will have changed. An efficient RMC

program should be sensitive to these distinctions, to ensure the necessary calculations

are performed for a successful fit to be achieved, without processor time being taken

up by unnecessary steps.

2.4.2 Substitutional Disorder

The modelling of substitutional disorder is achieved by introducing a third type of

move into the refinement process—a ‘swap’ move. For this move, an atom is randomly

selected from the first of two user-defined atom types and swapped with a randomly

selected atom of the second type. The atom histograms and neighbour lists must

then be appropriately updated. If the move is not accepted then everything must be
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returned to its initial state. The nature of the process means that no new formalisms

are introduced, it is simply careful bookkeeping that is required.

We note in passing that the swap move has the potential to be quite disruptive to

a refinement, especially if the two atom types involved have quite different scatter-

ing strengths, and consequently it is not uncommon for very few swap moves to be

accepted. As a result, both the initial distribution of different atom types as well as

the refinement strategy need to be considered carefully.

2.4.3 Unification of Magnetism and Substitutional Disorder

Updating the code to allow successful swapping of magnetic atoms required extensive

iterations of testing and modifying the code. Simple refinements were tried first,

building up in complexity, in order to isolate the effects of different parts of the code.

The refinements were kept short–of the order of a few hours at most—and the time per

generated move was monitored, together with the χ2 value, the accuracy of numerical

values, and the scaling of data sets. Where errors occurred, they were traced back

to source by printing the appropriate values before and after each section of code,

allowing the cause to be identified.

Simple refinements of magnetic systems were tried first, using parallel refinements

of Fe3O4 and MnO data sets as a consistency check. Once it was established that

these performed as expected, the process moved on to refining the magnetic structure

of these systems. Next simple refinements using swap moves without any magnetism

were tested to ensure the correct treatment of histograms and neighbour lists. A

useful check was that the acceptance rate for swap moves involving the same type of

atom was 100 %. Finally, refinements involving the swapping of magnetic atoms were

tried.

A simplified schematic of the RMCProfile refinement process is shown in Fig. 2.3,

with modified sections of the code highlighted in red. The changes made to each sec-

tion will now be described.

Magn write bragg form facs subroutine This was adapted so that the same

peak cutoff used for nuclear scattering is used for magnetic scattering too. Previously

this had calculated magnetic peaks to much higher Q values. This change prevents
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Figure 2.3: Simplified schematic of changes made to RMCProfile code. Subrou-
tines denoted by Roman font and asterisk. Altered sections coloured red.
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an excessive number of magnetic peaks being calculated, which can slow down a

refinement.

Magn calc mumu and Magn change mumu subroutines These were altered

so that they correctly handle multiple types of magnetic atom.

Magn calc init sq subroutine This subroutine was created to increase the speed

of a refinement, by calculating and storing certain values once at the start of the

refinement, so that they do not have to be read in or calculated at future points of

the refinement by the “Magn calc sq” subroutine.

Rmca changehist swap subroutine Alterations were made to ensure that the

correct protocol was in place to deal with swapping magnetic or non-magnetic atoms,

as well as to speed up the refinement process.

Magn swap hist subroutine Corrections were made to process for updating mag-

netic histograms during swapping moves, and to increase the precision of calculations.

Bragg gethklvals subroutine This was extended to include the calculation of

magnetic form factors.

Bragg swapatom subroutine Previously this subroutine did not include any con-

sideration of magnetic scattering: this was added, and steps taken to improve the

calculation precision.

Bragg moveatom subroutine This subroutine was altered to increase the preci-

sion and efficiency of the calculations.

Main loop Changes were made here to the way in which magnetic atoms are

swapped—in particular, regarding whether spin orientations should be swapped as

well as atom positions. It was decided that spins should remain attached to the atom

site rather than the atom type, because— as mentioned above—the large disruption

often associated with swap moves can mean that few are accepted. This decision
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regarding the spins was in part an attempt to minimise this disruption to the mag-

netic scattering functions, as well as recognition that spin orientations are heavily

influenced by their neighbours.

The result of these changes is that the code will now successfully refine magnetic

systems where substitutional disorder is involved, and in particular, where substitu-

tional disorder of magnetic atoms is involved. This updated program has been used

to perform a refinement of Fe3O4, described in detail in Chapter 5.
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Chapter 3

Apical Oxygen bonding in
YBa2Cu3O7−x

We start the experimental section of this thesis with a system that demonstrates the

sensitivity of the RMC technique to subtle structural distortions, and its ability to

produce structural models consistent with a variety of results that may at first seem

incompatible.

3.1 HTSC and YBCO

Superconductivity is the unusual phenomenon whereby a material conducts electricity

without any energy loss. First observed in mercury below 4 K by Kamerlingh Onnes

in 1911 [183–185], the field has been growing ever since, incentivised by the prospect

of a new era of efficient devices. The obstacle has always been the low temperatures

normally required for this behaviour to be allowed—below ∼130 K—and the goal has

been to produce materials with ever higher transition temperatures. The biggest

jump came with the discovery of the cuprate superconductors. These were first ob-

served by Bednorz and Müller in 1986 [186]†, and they have received much attention

ever since. YBa2Cu3O7−x has become in many ways the canonical high temperature

superconductor, largely because it was the first material to be discovered that had a

critical temperature above the boiling point of liquid nitrogen [187], which brought

huge practical benefits. Even amidst the rise of the pnictide superconductors [188],

†For this work they were awarded the Nobel Prize in Physics in 1987, a remarkably short time
period between discovery and award, reflecting the significance of this class of materials.
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it is still of significance in the condensed matter physics community today, with a

recent resurgence of interest in the cuprates [189–191].

So far the only microscopic theory of superconductivity to emerge is that of

Bardeen, Cooper and Schrieffer [192–194]. The main premise is that an attractive

force causes electrons to pair up into so-called ‘Cooper pairs’, which then behave as

composite bosons, and may condense into the ground quantum state. This creates a

gap in the allowed energy states, preventing small excitations that cause scattering of

electrons, and the phenomenon of superconductivity is observed. This theory works

well for conventional superconductors, where the attractive force is brought about by

electron–phonon coupling, but fails to describe certain features of the cuprates (of-

ten described as ‘unconventional’ superconductors), for example the unusual isotope

effect observed [195–197]. While it is generally believed that Cooper pairs are still

responsible for mediating superconductivity in these materials [198], the cause of the

attractive force is still being investigated [199–201].

Many mechanisms have been proposed, including charge localisation (e.g. in the

form of “stripes”) [202], electron-phonon coupling [203], or bipolaron formation and

condensation [204]. Crucial to establishing a suitable model for this behaviour is to

have a well developed model of the structure. Local structure probes, such as EX-

AFS and PDF methods, would be expected to help in this effort, and in particular

could bring sensitivity to any lattice distortions that might be present. However pre-

vious studies have often presented results that appear contradictory to other average

structure studies, causing controversy.

For the specific case of YBCO the controversy has centred on the Cu2–O4 bond,

significant in the structure as it connects the Cu–O “planes”—thought to be impor-

tant for conduction—with the Cu–O “chains”—thought to be important as charge

reservoirs [Fig. 3.1] [205]. X-ray absorption studies [206–211] suggested that this api-

cal oxygen sits in a double well potential, which has clear implications for charge

localisation and electron-lattice coupling. However this has been in clear disagree-

ment with both single crystal [212, 213] and powder diffraction [214–217] experiments,

which do not find any evidence of site splitting for either the Cu2 or O4 atoms, and

while neutron PDF studies could obtain improved fits for models that included a bi-

modal distribution of Cu2 atoms, they dismissed a splitting on the O4 site [218, 219].
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Figure 3.1: The unit cell of YBa2Cu3O7−x, with the key Cu2–O4 bond highlighted
in white.

Ab initio calculations [220] also tried to replicate the double well potential, but failed,

although inelastic neutron scattering studies have observed increased sensitivity of the

dynamic scattering function S(Q,E) in the region of Tc and attributed it to structural

instabilities involving the Cu2-O4 bond [221].

The work presented here attempts to reconcile these apparent contradictions. The

RMC refinement method is used, distinguishing this work from the previous PDF

studies of Refs. 218, 219 by including average structure data in the refinement process,

which automatically results in a structure consistent with all length scales, and by

allowing more sophisticated multi-atom correlations to be investigated. The principal

result is that a bimodal Cu2–O4 bond length distribution is present in the structure,

but correlations in the displacements of these atoms mean that each site remains

unimodal. This explains the double well potential observed by EXAFS studies, while

still being consistent with the average structure studies.

3.2 Experimental

3.2.1 Sample Preparation

A 2.5 g sample of YBa2Cu3O7−δ was prepared using the citrate gel method described

in Ref. 222. Y2O3 (99.999%, dried at 900 ◦C), BaCO3 (99.997%) and CuO (99.9999%)
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Figure 3.2: SQUID magnetometry data for YBa2Cu3O6.93, showing field-cooled
(black) and zero-field-cooled (red) curves. Collected in a 100 Oe field.

were combined in a suitable stoichiometric ratio, and dissolved in a minimum volume

of 6 M nitric acid. Four mole equivalents of citric acid, together with 4 ml of ethylene

glycol, were added and the resultant mixture heated with continuous stirring. Once

the reaction was complete the gel formed was ground to a fine powder, placed in

a Ni foil-lined crucible, and pyrolysed in air at 600 ◦C. Ni foil was used to line all

alumina ovenware for subsequent heat treatment to prevent sample contamination.

The powder was then reground and pressed into 13 mm diameter pellets under a

weight of 5 tonnes, then heated to 920 ◦C under flowing O2 before being cooled to

room temperature at a rate of 1 ◦C min−1; this process was repeated three times.

Finally the sample was reground and fired for 12 hours at 600 ◦C under flowing O2

to produce a sample with as high an oxygen content as possible. Iodometric analysis

established that δ = 0.07(3), giving a final stoichiometry of YBa2Cu3O6.93.

X-ray powder diffraction was used to confirm phase purity, and refined lattice

parameters were found to be in good agreement with previously published values.

SQUID magnetometry was used to determine the superconducting transition tem-

perature, which was measured as Tc = 92(1) K [Fig. 3.2].
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3.2.2 Data Collection

Total scattering data were collected on the GEM diffractometer at the ISIS pulsed

neutron and muon source [20–22]. 1.8 g of the sample described above was placed in a

thin-walled, 3 mm diameter vanadium can of 5.8 cm height, and a closed cycle helium

refrigerator was used to cool the sample to 50 K, i.e. below the critical temperature.

Total scattering data were collected over a wide range of scattering vectors, covering

0.7 ≤ Q ≤ 50 Å−1. This corresponds to a real space resolution of approximately

∆r ' 3.791/Qmax ' 0.08 Å.

Standard data correction methods were applied, which accounted for the effects

of background scattering, multiple scattering within the sample, absorption, beam

intensity variations, and the Placzek inelasticity correction [7]. These were imple-

mented using the Gudrun software package [223]. The corrected data were converted

into experimental F (Q) and G(r) functions, as described in § 1.1.1. A Qmax of 40 Å−1

was selected, as it was found that this value gave the most reliable G(r) function.

Three sets of Bragg profile functions were extracted for use with the GSAS rietveld

refinement program [224], corresponding to detector banks centred on scattering an-

gles of 2θ = 63.62◦, 91.37◦ and 154.46◦. The data fitting processes used are described

in full in the following section.

3.2.3 Structure Refinements

Rietveld average structure refinements were performed using the General Structure

Analysis System (GSAS) package [224] using the structural model published in Ref. [225]

as a starting point. The primary purpose of the Rietveld refinements was to confirm

that our data produced a sensible average structure, with lattice parameters, atomic

coordinates and anisotropic displacement parameters that are consistent with pre-

viously published results. The secondary purpose was to use this sensible average

structure—consistent with our data—as a starting point for our RMC refinements.

Three instrument banks were used in the refinements to provide coverage of all the

principal structural peaks, while also including an adequate amount of the higher

angle peaks. The final fit gave residuals wRp = 0.0207 and Rp = 0.0218. The fits to

the separate banks are shown in Fig. 3.3, and the refined cell parameters are listed

in Table 3.1.
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Figure 3.3: Rietveld refinement fits for the three separate GEM detector banks
used. (a) Bank 4, 2θ = 63.62◦; (b) Bank 5, 91.37◦; (c) Bank 6, 154.46◦. Instrument
resolution is reduced at the low-angle end of the bank, leading to poorer fits of the high
d-spacing peaks in some cases. In each instance, data are shown as filled black circles,
fits as blue lines, and the difference curves (data–fit) as red lines shifted vertically for
clarity.
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Table 3.1: Crystallographic parameters, atomic coordinates and isotropic equivalent
displacement parameters determined from Rietveld refinement.

Crystal system Orthorhombic
Space group Pmmm
a (Å) 3.81412(5)
b (Å) 3.87694(6)
c (Å) 11.63970(22)
V (Å3) 172.117(3)
Z 1
T (K) 50

Atom x y z Uiso (Å2)

Y 0.5 0.5 0.5 0.0031(4)
Ba 0.5 0.5 0.18377(12) 0.00092(26)
Cu1 0 0 0 0.0038(4)
Cu2 0 0 0.35535(9) 0.0019(8)
O1 0 0.5 0 0.0115(7)
O2 0.5 0 0.37837(13) 0.0045(4)
O3 0 0.5 0.37727(15) 0.0020(4)
O4 0 0 0.15879(11) 0.0047(4)

RMC refinements were carried out using the program RMCProfile [71]. Starting

configurations were created from 24 × 24 × 8 supercells of the final GSAS-refined

structure. These contained 59 904 atoms and were approximately cubic with a side

of roughly 90 Å in length. As the value of δ in the sample was small, and to avoid

the risk of introducing bias to the model, no oxygen vacancies were created in the

structure, and the refinements assumed a stoichiometry of YBa2Cu3O7, i.e. δ = 0.

To prevent the formation of amorphous regions in the refinement, distance window

constraints were employed: these are listed in Table 3.2. Structures were refined

against Bragg, F (Q), and G(r) data sets, with an additional G(r) data set covering

the first 7 Å used to increase the importance of this region during the fitting process.

Example fits are shown in Fig. 3.4. The weightings attached to each data set are

shown in Table 3.3. The detector bank number 4 data set was selected for use as

the Bragg component of the RMC refinement, as this provided the largest d-spacing

peaks for constraining the average structure during the refinement.

The “save configurations” option was used to collect multiple configurations from

each refinement, with a print period of every 333 334 moves used to ensure that
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Figure 3.4: Fits obtained for neutron powder diffraction data for (a) Rietveld refine-
ment, and (b) RMC refinement. The corresponding RMC fit to G(r) data is shown
in (c). In each instance, data are shown as filled black circles, fits as red lines, and
the difference curves (data–fit) as blue lines shifted vertically for clarity.
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Table 3.2: Distance window parameters dmin and dmax used in RMC refinements of
YBa2Cu3O7. The final refined peak positions and standards deviations are given by
d̄ and σ(d) respectively.

Atom pair dmin (Å) dmax (Å) d̄ (Å) σ(d) (Å)

Y–O2,3 2.10 2.56 2.38 0.07
Ba–O 2.50 3.50 2.76 0.13
Cu1–O1 1.73 2.10 1.93 0.06
Cu1–O4 1.73 2.50 1.84 0.04
Cu2–O2 1.73 2.10 1.93 0.06
Cu2–O3 1.73 2.10 1.93 0.06
Cu2–O4 1.73 2.50 2.29 0.06

Table 3.3: The weighting parameters attached to each data set used in RMC refine-
ments, as described in § 2.3.2.1.

Data set Weighting

Bragg 0.005
F (Q) 0.005
G(r)1 0.005
G(r)2 0.002

each configuration saved was distinct. The total run time for each refinement was

8 000 mins, allowing between 7 and 10 configurations to be saved‡.

3.3 Results

3.3.1 Average Structure

The first analysis of the results consisted of checking the average structures produced

by both Rietveld and RMC refinements, to ensure consistency both between the two

and with external studies. The structural parameters and coordinates of the GSAS

refinement are given in Table. 3.1, and agree well with previously published studies

of near-stoichiometric YBCO [213, 216, 225]. The GSAS refined structure is shown

in Fig. 3.6(a), alongside the RMC refined structure in section (b). As can be seen,

there is good consistency between the atom positions and distributions between the

‡The exact number depended on the Qmax used. For reasons that will be discussed shortly,
multiple refinements were run using Qmax values other than the optimum value of 40 Å−1. Reducing
the Qmax speeds up the calculation time, allowing more moves to be completed within the time
limit, and hence more configurations to be saved; increasing Qmax has the opposite effect.
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two refinements.

Some details of the Rietveld refinement should be mentioned here. It was possible

to achieve a stable refinement of anisotropic displacement parameters for all atoms

except Ba, for which an unconstrained refinement consistently produced non-positive

values for the U22 parameter. This was consequently fixed at 0.001 Å2. It is also

noted that the O1 atoms (the ‘chain’ oxygens) have rather elongated ellipsoids in the

x-direction. This has been reported previously in many studies [213, 219, 226] and

is thought to be related to low-energy correlated displacements of the square CuO4

units.

As the focus of this study is the Cu2–O4 bond distribution, further Rietveld

refinements were performed to investigate the stability of split sites on either one or

other or both of these atom positions. In agreement with previous attempts made by

other studies [214–217], it was found that not one of these three refinements provided

a stable refinement or gave an improved fit to the data.

The distribution of atoms in a RMC-refined structure is not constrained to follow

an ellipsoidal pattern, allowing the atoms to take any form required by the data. This

can act as a useful check to the presence or otherwise of site-splitting. In this case,

by projecting the atom site distribution for the Cu2 and O4 atoms it is clear that

both sites are unimodal, and well-fitted using a single Gaussian function, not two

[Fig. 3.5]. This confirms that it is not necessary—or appropriate—to describe these

atom positions in terms of split sites. An examination of the RMC-refined structure

in Fig. 3.6(b) suggests that there may in fact be some site splitting for the O1 site.

This is related to the elongated ellipsoids observed in the Rietveld refinement, and is

likely associated with the postulated low-energy displacements.

3.3.2 Local Structure

Having ascertained that the average structure produced by the RMC refinements was

sensible, attention was turned to what could be revealed about the local structure.

The focus remained on the Cu2–O4 bonds, and the bond length distribution was

calculated from the refined configurations. These were clearly bimodal, and well

fitted using two Gaussian functions [Fig. 3.7(a), left]. The positions of these Gaussian

functions implied the presence of ‘short’ Cu–O bonds of length 2.167 Å, and ‘long’
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Figure 3.5: Atom site distributions (black) as a function of z-coordinate for the Cu2
and O4 atoms. The distributions are fitted with Gaussian curves (red), showing good
agreement. Attempts to fit the distributions using two Gaussians always resulted in
one Gaussian having essentially zero area.
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Figure 3.6: Refined structural models of YBa2Cu3O6.93, produced from (a) Rietveld
refinement, and (b) RMC refinement. The crucial Cu2–O4 bond is indicated by an
arrow. Thermal ellipsoids in (a) are shown at 80% probability. The representation
in (b) is produced by projecting an entire RMC configuration onto a single unit cell
and building intensity where most atoms are found.
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bonds of length 2.307 Å, which agrees remarkably with the values obtained in the

EXAFS study of Ref. 210, of 2.220 Å and 2.337 Å.

The experimental G(r) function was examined to determine the origin of this

splitting in the refinement. A clear peak can be observed at the appropriate distance,

and an examination of the partial pair distribution functions shows that only the

gCu2,O4(r) function is non-zero in this region [Fig. 3.8(a)]. All other Cu–O bonds

are much shorter—contributing to the main peak at around 1.9 Å—and do not stray

into this area. While there is some overlap at larger distances with the Y–O2/Y–

O3 partial PDFs, they have essentially zero intensity for r < 2.20 Å, despite the

distance window constraints allowing them to occupy the regions as low as 2.10 Å.

This establishes that—providing this feature in the data is real—the intensity in this

region of the PDF is correctly attributed as a separate distribution of short Cu2–O4

bonds.

This now required a demonstration that this feature was real, the concern being

that its magnitude is comparable to that of Fourier truncation ripples often found at

low r values. While such ripples are strongest at the very lowest r values (and most

noticeable in the region before the first peaks appear) they are found throughout the

PDF to a greater or lesser extent, and it is inescapable that a RMC refinement will fit

some intensity that has no physical origin. Generally these ripples are small compared

to the principal peaks in the PDF, and the presence of other data sets in the fitting

process helps to reduce their significance in the overall refinement. However in a

situation such as this, where a small feature of the pattern is of great importance, it

is worth assessing the impact that Fourier truncation ripples have. This was achieved

by performing a series of refinements using different values of Qmax, the highest value

of Q used when calculating the G(r) function. Qmax has a strong influence on the

positions and magnitudes of Fourier ripples, but does not greatly affect real features

in the same way, though a lower value of Qmax will result in a lower resolution.

Eleven sets of refinements were performed using Qmax values at evenly-spaced

intervals ranging from 30 Å−1 to 50 Å−1. The modified G(r) data sets are shown in

Fig. 3.8(b). At least seven independent configurations§ were collected for each Qmax

value using the SAVE CONFIGURATIONS option.

§Configurations used were separated by at least 140 000 = 59 904 ln 10 accepted moves.

64



2.1 2.5 2.12.3 2.52.3

Qmax

40 Å–1

Qmax

30 Å–1

(a)

(b)

Q
m

ax

2.10 2.15 2.402.352.302.252.20

30

50

46

42

38

34

rCu2–O4 (Å)

n C
u2

,O
4(r

)

0

300

100

200

rCu2–O4 (Å)

Figure 3.7: (a) Cu2–O4 bond histograms (solid points) determined by RMC re-
finements against G(r) functions generated for maximum scattering vectors of (left)
Qmax = 40 Å−1 and (right) Qmax = 30 Å−1. These two distributions correspond re-
spectively to the most and the least convincing bimodal distributions obtained for the
11 different Qmax values investigated. Calculated fits using a pair of Gaussian curves
are shown as a solid line, with the two individual Gaussian contributions shown as
red and blue dashed lines. (b) Qmax-dependence of the ‘short’ and ‘long’ Cu2–O4
bond lengths (red and blue circles, respectively), determined as the midpoints of the
corresponding Gaussian fits. Error-weighted averages are plotted as vertical red and
blue dashed lines. The range of values obtained using EXAFS in Refs. 208, 210 are
shown as shaded regions, with the Rietveld Cu2–O4 bond length value shown as a
bold black dashed vertical line.
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Cu2–O4 bond length distributions were calculated for each of the eleven sets

of refinements produced, and fitted with Gaussian curves as before. It was found

that two Gaussian peaks were always required to adequately fit the distribution, and

the peak positions never varied greatly from the EXAFS results of Refs. 208 & 210

[Fig. 3.7(b)]. Examples of this Gaussian fitting are given in Figure 3.7(a), where the

most (left) and least (right) convincing fits are shown to demonstrate the variation

observed. Good consistency was also found in the widths and areas of the peaks,

with variation of less than 10% across the set. It should be noted though that values

obtained for both the highest and lowest values of Qmax are expected to be less reliable

than those in the middle of the set. For low values of Qmax the resolution is reduced,

while for high values the PDF is greatly affected by Fourier ripples, diminishing the

data quality.

The average bond lengths obtained from this analysis are presented in Table 3.5

and compared to the EXAFS results of Ref. 210. An error-weighted average across all

eleven configurations gives the fraction of short Cu2–O4 bonds as being 12.3±2.8%.

To ensure consistency with previous PDF studies, further refinements were per-

formed using PDFgui, a small-box modelling program, often described as a ‘real-

space Rietveld’ method. Split sites for either the Cu2 or O4 atoms in a single unit

cell were refined against the G(r) function for two different rmax values. Different

rmax values were used as often short-range correlations have little impact in the PDF

at larger distances, which can affect the success of a refinement. Four different val-

ues of Qmax were also used to establish the sensitivity of these results to the Fourier

ripples. The results of this are given in Tables 3.4 & 3.5, and an example fit using

Qmax = 25 Å−1 data is shown in Fig. 3.9.

The previous study of Ref. 219 found that split sites could be refined for the Cu2

atom, but not the O4 position, and equated this to a difference ∆d(Cu2–O4) between

the short and long bonds of 0.18(6) Å. Here we also find that it is possible to refine

split sites for the Cu2 atoms, with improved fits being obtained only when low values

of rmax were used. In addition to this, it was also possible in some cases to refine

a split site for the O4 atom, though this never resulted in a bond length difference

greater than 0.05 Å.

67



T
ab

le
3.4:

F
ree

atom
p

osition
p
aram

eters
an

d
C

u
2–O

4
b

on
d

len
gth

s
d
eterm

in
ed

u
sin

g
variou

s
ex

p
erim

en
tal

tech
n
iq

u
es

an
d

refi
n
em

en
t

strategies.

R
ietveld

P
D
F
G
u
i

R
M

C
E

X
A

F
S

th
is

w
ork

R
ef.

213
th

is
w

ork
R

ef.
219

th
is

w
ork

R
ef.

210
z

B
a

0.18377(12)
0.18369(12)

0.1836(9)
0.1840(2)

0.18398(9)
–

z
C

u
2

0.35535(9)
0.35464(8)

0.3570(49)
0.3548(2)

0.35580(7)
–

z
O

2
0.37837(13)

0.37808(7)
0.378(3)

0.3780(3)
0.37701(11)

–
z

O
3

0.37727(15)
0.37808(7)

0.378(2)
0.3782(3)

0.37805(8)
–

z
O

4
0.15879(11)

0.15919(10)
0.15998(95)

0.1599(2)
0.15951(9)

–
〈d

(C
u
2–O

4)〉
2.2879(17)

2.2860(15)
2.268(14)

2.280(3)
2.2849(13)

–
d
(C

u
2–O

4)
sh

o
rt

–
–

2.20(10)
2.19(3)

2.197(10)
2.220(5)

d
(C

u
2–O

4)
lo

n
g

–
–

2.29(10)
2.37(3)

2.306(3)
2.337(5)

68



0

0.5

1.0

–0.5

–1.0
2 3 4 5

G
(r

)

r (Å)
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Table 3.5: Differences ∆d(Cu2–O4) between short and long Cu2–O4 bond lengths
determined using r-dependent PDFgui refinement of the experimental G(r) functions
generated for various Qmax values.

Qmax rmax ∆d(Cu2–O4) Rws Rwu

(Å−1) (Å) (Å)
25 5 0.08(7) 0.0908 0.0935

15 0.03(5) 0.0883 0.0901
30 5 0.089(26) 0.1224 0.1406

15 0.03(6) 0.0941 0.0951
40 5 0.099(28) 0.1207 0.1267

15 0.065(26) 0.1261 0.1276
50 5 0.093(22) 0.1863 0.1888

15 0.008(4) 0.2146 0.2157
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3.4 Discussion

The most significant result of this study is that a large-box RMC refinement fitting

to both local and average structure data is able to account for a number of seemingly

contradictory results:

i. That single crystal and powder diffraction experiments assert that the Cu2 and

O4 atom sites are unimodal [212–217].

ii. That Cu K-edge EXAFS spectra are best fitted using a double well potential,

implying two Cu2–O4 bond lengths [207–211].

iii. That PDFgui refinements are best fitted using a split Cu2 site when rmax is

small (' 5 Å), though this splitting disappears for larger rmax values [219].

iv. That the magnitude of the splitting is much larger than the U33 displacement

parameter of the Cu2 atom.

In order to have consistency between both unimodal atom sites and a bimodal bond

length distribution, it is necessary that the displacements of the Cu2 and O4 atoms

are correlated during long and short bond formation. Specifically, formation of a long

bond must involve displacement of the Cu atom in the +z direction and the O atom

in the −z direction (with respect to the axes and highlighted bond in Fig. 3.6), and

formation of a short bond requires coordinated displacements in the opposite direc-

tions. A model involving both split Cu2 and O4 atom sites would not be supported

by a Rietveld refinement as the required displacements would be smaller than the

magnitude of thermal motion, and so indistinguishable. Such a model would also

produce a trimodal Cu2–O4 bond length distribution unless correlations were taken

into account, and so would not be supported by the PDF results.

While the PDFgui refinements successfully produce a bimodal bond length distri-

bution, they do so in a way that cannot easily be resolved with the average structure

results—having the Cu2 atom take up the entirety of the displacement would result in

an unfeasibly large U33 parameter. The RMC refinement however, manages to resolve

this issue by dividing the required displacement between the two sites, producing a

structural model that is consistent with the average structure information.
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To explore whether any spatial correlations were present amongst short Cu2–O4

bonds in the structure—for example, whether any tendency to cluster was present—a

correlation function was defined as

χ(r) =
aeff

Nr

∑
i

∑
j

uiuj(r), (3.1)

where

ui =

{
+1 d(Cu2–O4)i > dc

−1 d(Cu2–O4)i < dc

, (3.2)

aeff =
√
ab, the distance dc is the critical Cu2–O4 bond length below which a bond is

considered to be ‘short’, N is the number of Cu2 centres in a configuration, and the

sums in Eqn. 3.1 are taken over all Cu2 centres i, j within the same [CuO2] layer and

separated by the distance r.

The unequal ratio of long and short bonds will lead to χ(r) being non-zero even

for random distributions of short bonds, which could be misleading. To counter this

a second correlation function was calculated, χrand(r), using the same set of ui values

as for χ(r), but with a randomised distribution. The difference function

∆χ(r) = χ(r)− χrand(r) (3.3)

was then used to examine the extent to which short Cu2–O4 bonds are more (∆χ(r) >

0) or less (∆χ(r) < 0) likely to cluster at a distance r than in a random configuration.

∆χ(r) was calculated for eight configurations and averaged to produce the final

correlation function plotted in Fig. 3.10. As can be seen the variation in the function

between data sets is of the same order of magnitude as the peaks themselves, meaning

that little significance can be attached to them—indeed few peaks lie more than two

standard deviations away from zero. This is shown clearly in Fig. 3.11. It is perhaps

worth commenting though that any tendency for short Cu2–O4 bonds to cluster into

pairs (hinted at by the positive peak at r/aeff = 1) could be consistent with a bipolaron

model of superconductivity, if accompanied by charge localisation [204, 227].¶

¶While it may be tempting to associate the two different Cu2–O4 bond lengths observed here
with a change in valence state—and a difference in bond length of 0.11 Å may well be consistent
with a change in Cu oxidation state—the neutron scattering data used here can give no information
on the electronic structure of the material, so no further comment can be given in this regard.
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Figure 3.10: The short-bond/short-bond correlation function ∆χ(r) calculated for
eight RMC configurations and then averaged. For ease of interpretation, the horizon-
tal axis corresponds to interatomic distances scaled relative to the average in-plane
lattice parameter. The positive peak at r/aeff = 1 indicates that short apical Cu2–O4
bonds may prefer to form neighbouring pairs.
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Figure 3.11: A: The correlation function ∆χ(r) plotted out to r/aeff = 13. B: A
plot of the correlation function divided by its standard error, to give an indication of
the significance of each peak. To investigate whether any significant anisotropy was
present the equivalent one-dimensional correlation function was calculated along (C)
the x-direction, and (D) the y-direction.
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3.5 Conclusions

In conclusion, neutron total scattering data collected for a sample of YBa2Cu3O6.93

have been used to drive a combination of Rietveld average structure refinements,

and both large- and small-box local structure refinements. The results have been

shown to be consistent with previously published work across all length scales. RMC

refinements benefit from fitting a large structural model to both local and average

structure data sets simultaneously, and in doing so have managed to resolve seemingly

contradictory results in the literature. The sensitivity of the RMC technique to subtle

structural features linked to charge disproportionation has also been demonstrated,

though the potential hazards of artefacts in the data, such as Fourier truncation

ripples, have been highlighted.

Two lengths of apical Cu2–O4 bonds have been identified: a short bond of length

2.197(10) Å, and a long bond of 2.306(3) Å. No strong evidence of clustering of the

short bonds within layers has been found.

Future work could involve trying to introduce vacancies into the refinement con-

figuration, to better replicate the stoichiometry of the sample, and the effects of these

vacancies on the location of long and short bonds could also be explored. A vari-

able composition study could provide interesting information on how the structure

changes with oxygen content. The behaviour of the CuO4 chain units could also be

investigated, to try to identify the cause of the elongated displacement parameters of

the chain oxygens.

74



Chapter 4

Jahn-Teller Symmetry Switching
in LaMnO3

We move on now to a more complicated system involving an orbital order–disorder

transition.

4.1 CMR and LaMnO3

The story of LaMnO3 in the field of solid state physics is inextricably linked to

that of the doped manganites, and their unusual magnetic behaviours. Chief among

these is the phenomenon of colossal magnetoresistance (CMR), whereby the electrical

resistivity of a material undergoes an order of magnitude change upon application of

an applied magnetic field [Fig. 4.1]. LaMnO3 is the parent compound of several CMR

families, including the series La1−xAxMnO3, where A = Ca, Sr, Ba. Indeed when

CMR was first discovered back in the 1950s, it was in doped lanthanum manganites

[228], and they have remained the focus of a large proportion of the subsequent work

on CMR [229–233].

The material has the perovskite structure, with an array of corner-sharing MnO6

octahedra surrounding the larger La3+ cations [Fig. 4.2] [235]. Tilting of the octahedra

results in an orthorhombic structure of space group Pbnm under ambient conditions.

At low temperatures it has an antiferromagnetic structure with a Néel temperature of

141 K [236]; however it is the higher temperature phase transitions that are the focus

of this study, and in particular the orthorhombic–pseudocubic transition that occurs

at ∼ 750 K, widely viewed to be the canonical orbital order–disorder transition [102,

235, 237]. Such a transition precedes CMR itself within the doped manganites [105,
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Figure 4.1: When optimally-doped La1−xCaxMnO3 is subjected to strong magnetic
fields, the resistivity changes dramatically. Figure adapted from Ref. 234.

238, 239], and is implicated more generally in charge and orbital ordering processes

in a variety of other functional condensed phases [240–242].

The issue of orbital order in LaMnO3 arises fundamentally from the degeneracy

of the Mn3+ t3e1 d-electron configuration [237]. This degeneracy is lifted by a JT

distortion of the [MnO6] coordination environment, which acts to couple Mn–O bond

displacements with orbital occupancies, and hence structural and electronic degrees of

freedom [243]. Crystallographic measurements of LaMnO3 performed under ambient

conditions indicate that these distortions (and consequently orbital occupancies) are

ordered throughout the crystal lattice, with a periodicity that coincides with that

imposed by the octahedral tilt system also present [Fig. 4.2A,B] [235]. The presence

of orbital order also affects the conductivity and magnetic properties of ambient

LaMnO3 [237, 244]: the material is an insulator with strongly anisotropic magnetic

interactions, as evidenced by a Weiss constant Θ = 52 K that represents a compromise

between ferromagnetism within the (a, b) plane and antiferromagnetic interactions

between adjacent (a, b) planes (i.e. along c). The disappearance of long-range orbital

order on heating to TJT = 750 K is observed experimentally by a convergence of

the crystallographic Mn–O bond lengths from three distinct values in the ambient
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Figure 4.2: A: The ambient (O′) structure consists of a framework of corner sharing
MnO6 octahedra (Mn atoms blue; O atoms red), with La atoms (green) occupy-
ing 12-coordinate extra-framework sites. The presence of octahedral tilts confers
orthorhombic Pbnm symmetry, with the c crystal axis (here shown vertical) approx-
imately

√
2 times larger than the a and b axes. B: Axial JT distortions are arranged

with the same periodicity as the octahedral tilts. Long Mn–O bonds (indicated by
arrows) are confined within the (a, b) planes; this particular arrangement results in
small difference between a and b lattice parameters. C: On heating to TJT = 750 K
there is an isosymmetric structural transition to the so-called O phase, with the same
octahedral tilts as in O′ but with no discernible JT distortion; the a and b lattice
parameters of this phase are essentially the same. On hole doping, the value of TJT

decreases such that CMR (e.g. in La1−xCaxMnO3) emerges from the disordered phase.
A discontinuous octahedral tilt transition occurs at ∼1000 K to give a rhombohedral
(R) phase that persists until decomposition. D: Centric (orange) and acentric (green)
JT distortions compete in LaMnO3. Centric distortions are enthalpically favoured
because they minimise anion–anion repulsions. Acentric distortions give rise to large
configurational entropies by virtue of an increased degeneracy of orbital orientations
and low strains associated with orbital disorder. The O′/O transition corresponds to
the temperature at which the free energies of these competing states cross.
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Figure 4.3: A: Magnetic susceptibility data, χ(T ) and χ−1(T ) for a single crystal
sample of LaMnO3, showing the transition at 750 K, and the change in magnetic
behaviour. Adapted from Ref. 237. B: Unit cell parameters obtained from neutron
powder diffraction, showing the O′/O transition at 750 K (T1) and the O/R transition
at 1010 K (T2). Lines act as guides to the eye. Adapted from Ref. 235.

phase (d(Mn–O) = 1.91, 1.97, 2.18 Å) to a single effective value (1.99 < d(Mn–O)

< 2.04 Å) above TJT [235]. Because the same octahedral tilt systems remain active

across this transition there is no change in unit cell symmetry, but the reduced unit

cell dimensions become pseudocubic within the disordered phase [Fig. 4.3B]; these

ordered and disordered orthorhombic phases are usually denoted by the labels O′ and

O, respectively. Also associated with the O′/O transition are changes in conductivity

and magnetism: resistivity falls by two orders of magnitude, and the Weiss constant

increases to a value Θ = 177 K [Fig. 4.3A] that is now consistent with isotropic

ferromagnetic interactions [237, 244]. A second structural transition occurs on further

heating to Ttilt = 1010 K to give a rhombohedral phase (denoted R) with a different

set of octahedral tilts [235], and which also supports orbital disorder [102] [Fig. 1(C)].

It is the O phase, however, that is of greatest scientific relevance to CMR. On

doping LaMnO3 with certain alkaline earth elements, the O′/O transition tempera-

ture falls rapidly, such that for the key CMR compositions the disordered O phase is

stabilised at temperatures immediately above the crucial metal–insulator transition

[Fig. 4.2C] [238]. Consequently, a microscopic understanding of orbital disorder—

even in the insulating end-member LaMnO3—has always been considered one of the
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fundamental challenges of CMR science [233]. The current generally-held view is that

orbital disorder in the O phase is accommodated by dynamic fluctuations of local JT

distortions, which in the doped manganites are probably best described in terms of

dynamic polarons [105, 242]. Experimental evidence for the persistence of JT distor-

tions in O phase LaMnO3 comes primarily from neutron pair distribution function

(PDF) and X-ray absorption fine structure (EXAFS) measurements, both of which

indicate negligible variation in local Mn–O bond lengths across the O′/O transition

[102, 245, 246]. The interpretation of these data at distances beyond the nearest

Mn–O separation differs between, on the one hand, a picture of ∼2 nm clusters with

structures related to that of the ambient O′ phase [102] and, on the other hand, an

antiferrodistortive three-state Potts model in which long Mn–O bonds are not con-

fined to the (a, b) planes [245, 247]. These two models have different implications

for understanding the configurational entropy, electronic structure, magnetic interac-

tions, and microscopic strain in LaMnO3—yet they cannot easily be discriminated

by average structure methods or by using local structure techniques that focus on

Mn–O separations alone. In fact it will be shown here that neither model accurately

represents the O phase.

4.2 Experimental

4.2.1 Sample Preparation

A polycrystalline sample of LaMnO3 (6.5 g) was prepared via the citrate gel route, as

follows. A stoichiometric mixture of La2O3 (Alfa Aesar, 99.999%) and MnO2 (Alfa

Aesar, 99.997%) was dissolved in a minimum quantity of 6 M nitric acid. An excess

of citric acid and 4 ml of ethylene glycol were then added and the solution heated

with constant stirring. The resulting gel was dried and ground to a fine powder,

placed in a crucible, and heated in air to 1000 ◦C for 10 h. The powder was then

re-ground and pressed into 13 mm pellets under a force of 5 t. The pellets were fired

at 1350 ◦C under flowing O2 for 40 h, re-ground and pressed, and finally fired at

1350 ◦C under flowing Ar. Phase purity was confirmed by X-ray powder diffraction

[Fig. 4.4]; the refined lattice parameters were found to be in good agreement with

previously published values—a = 5.53451(6), b = 5.73624(6) and c = 7.69431(7) c.f.

a = 5.5358(1), b = 5.7363(1) and c = 7.6994(2) from Ref. 248.
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Figure 4.4: X-ray powder diffraction was used to confirm sample purity.

4.2.2 Data Collection

4.2.2.1 X-ray Total Scattering Measurements

X-ray total scattering data were obtained on the I12 beamline at the Diamond Light

Source. A beam size of 1.5 mm × 1.5 mm using 0.14577 Å (85.05 keV) wavelength

radiation was selected, and a Thales Pixium RF4343 2D detector (CsI scintillator,

430 mm× 430 mm) mounted 474 mm from the sample collected the data. Only the

top half of the detector was used to avoid problems caused by pixel mismatch at the

connection between the two halves. The beam was centred in the corner of this half

to allow scattering to be detected to as high an angle as possible.

The finely ground sample was packed into a 1 mm quartz capillary; this was

mounted vertically and rotated about the vertical axis during collection. A hot air

blower was used to heat the sample to the required temperatures, and a thermocouple

was used to confirm that the upper temperature limit corresponded to the desired

temperature. Temperature calibration between X-ray and neutron total scattering

measurements (discussed below) was made possible by matching lattice parameter

evolutions and the two phase transition temperatures TJT and Ttilt. Background mea-

surements were collected using an empty quartz capillary in an otherwise identical

experimental configuration.

For each temperature point, 600 one-second exposures were collected and then
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averaged. Data were collected at 50 ◦C intervals between 50 ◦C and 250 ◦C, then

at 10 ◦C intervals from 260 ◦C to 750 ◦C. Background measurements were similarly

collected at 50 ◦C intervals between 50 ◦C and 250 ◦C, but then at 25 ◦C intervals from

275 ◦C to 750 ◦C. Beam downtime disrupted certain collections, though an adequate

range of temperatures was still obtained.

The program Fit2D was used for initial data processing [249, 250]. A custom

mask was used to remove dead pixels in the detector, and each image was integrated

to give a one dimensional scattering pattern. Background subtractions and further

corrections were performed using GudrunX [34]. The data were converted to the form

FX(Q) = ρ0

∫ ∞
0

4πr2GX(r)
sinQr

Qr
, (4.1)

where

GX(r) =
∑
i,j

cicjfi(Q)fj(Q)[gij(r)− 1], (4.2)

gij(r) =
nij(r)

4πr2drρ0cj
. (4.3)

The notation used is that of Ref. 8. For the latter stages of RMC refinement, the

Q-weighted version QFX(Q) was used.

4.2.2.2 Neutron Total Scattering Measurements

Neutron total scattering data were collected on the GEM diffractometer at the ISIS

pulsed neutron and muon source [22]. The powdered LaMnO3 sample was loaded into

a cylindrical thin walled vanadium can, of 8 mm diameter and 5.8 cm tall, which was

in turn placed in a furnace inside the instrument. Data were collected for 6 hours at

each of 8 temperatures: 523, 653, 753, 823, 903, 973, 1023, and 1103 K. Room temper-

ature data were measured during a separate (preliminary) experiment, making use of

a smaller sample volume. In that particular case the sample was loaded into a cylin-

drical thin-walled vanadium can of 4 mm diameter; no furnace was used. Standard

background and normalisation collections were performed in all cases [8, 22]. The data

collected span a wide range of scattering vectors, with magnitudes 0.7≤ Q ≤ 40 Å−1.

Following collection the data were corrected using standard methods [34], taking

into account the effects of background scattering, absorption, multiple scattering

within the sample, beam intensity variations, and the Placzek inelasticity correction.
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The corrected data were converted to experimental F (Q) and G(r) functions of the

form:

FN(Q) = ρ0

∫ ∞
0

4πr2G(r)
sinQr

Qr
, (4.4)

GN(r) =
∑
i,j

cicj b̄ib̄j[gij(r)− 1], (4.5)

where

gij(r) =
nij(r)

4πr2drρ0cj
. (4.6)

In the latter stages of refinement the models were fitted using QFN(Q) and DN(r) =

4πrρ0GN(r) to emphasise local structure features in the data. Once again the notation

used is that of Ref. 8.

4.2.3 Structure Refinements

4.2.3.1 Rietveld Refinements

The average structure of the sample was refined using the GSAS software package

[224]. The structure was refined in the orthorhombic space group Pbnm for both the

orthorhombic and pseudocubic phases, while the space group R3̄c was used for the

rhombohedral phase, in accordance with a previous study [235]. Atomic displacements

were modelled using isotropic atomic displacement parameters. No positional con-

straints were employed beyond those required by the space groups employed. Banks

3–6 of the neutron data collected on the GEM diffractometer were used preferentially

to the X-ray data, being of higher resolution and with a better characterised peak

shape.

4.2.3.2 RMC Refinements

RMC refinements were performed using the RMCProfile code [71]. For each of

the temperatures 300, 523, 653, 753, 823, 903, 973, 1023, and 1103 K, four sets of

experimental data were used to drive RMC refinements: the neutron Bragg diffrac-

tion pattern, the X-ray and neutron reciprocal-space scattering functions, and the

neutron PDF. The X-ray PDF DX(r) was fitted only indirectly (i.e. via the X-ray

total scattering function) in order to avoid assuming equivalence in the X-ray form

factor Q-dependence for La, Mn, and O [8]. An ensemble of eight starting configu-

rations were prepared for each temperature point, formed from supercells produced
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Table 4.1: Weightings used for data sets in RMC refinements.

Data set 300 K Weighting Weighting for all others

GN(r)/DN(r) 0.0005 0.005
FN(Q)/QFN(Q) 0.001 0.01
FX(Q)/QFX(Q) 0.005 0.005
Neutron Bragg 0.0002 0.01

from the GSAS average structure refinements. 10 × 10 × 8 supercells were used for

the orthorhombic and pseudocubic phases, while for the rhombohedral phase the R3̄c

unit cell was converted to a larger, orthorhombic cell, of which a 10× 6× 4 supercell

was formed. The relationship between R3̄c (hexagonal setting) and RMC cells is

described by the transformation a
b
c


RMC

=

 10 0 0
−6 12 0
0 0 4

 a
b
c


R3̄c

. (4.7)

In all cases the refinements were allowed to proceed until all structural parameters

converged.

The four datasets used were weighted as in Table 4.1. Weightings were chosen

after a period of testing, to allow excellent fits to each data set. The 300 K neutron

data was collected under slightly different conditions to the rest of the temperatures,

and consequently the RMC refinements required different weightings to achieve com-

parable fits.

Closest approach distances were set to prevent atoms encroaching on each other,

and distance windows were employed to prevent certain atom pairs moving too far

apart [72]. Slight variations were used for each temperature to reflect the evolving

structure. Details of minimum and maximum distances allowed for each pair of atoms

at each temperature are given in Table 4.2. The maximum distance applies to pairs of

atoms that start the refinement within that cut off—these are defined as “neighbours”

for the remainder of the refinement.
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Table 4.2: Hard distance constraints used during RMC refinements, with all values
given in units of Å. For each atom pair, the given value (or first number if two are
given) corresponds to the minimum allowed separation; the second number (if present)
corresponds to the maximum allowed separation, where this was constrained. In some
instances an initial distance was used to define the neighbours, while a slightly larger
distance was used as a constraint during the refinement. The relevant entries are
marked by an asterisk; the initial maximum separation used was equal to either
3.20 Å (653 K) or 3.30 Å (all other temperatures).

T / K La–La La–Mn La–O Mn–Mn Mn–O O–O

300 3.00 2.00 2.28 3.00 1.70 / 2.27 2.20 / 3.20
523 3.00 2.00 2.29 3.00 1.78 / 2.28 2.20 / 3.20
653 3.00 2.00 2.28 3.00 1.78 / 2.27 2.20 / 3.30∗

753 3.00 2.00 2.26 3.00 1.78 / 2.25 2.20 / 3.40∗

823 3.00 2.00 2.25 3.00 1.78 / 2.24 2.20 / 3.40∗

903 3.00 2.00 2.25 3.00 1.78 / 2.24 2.20 / 3.50∗

973 3.00 2.00 2.27 3.00 1.78 / 2.26 2.20 / 3.50∗

1023 3.40 2.00 2.10 3.00 1.78 / 2.70 2.20 / 3.50∗

1103 3.40 2.00 2.10 3.00 1.78 / 2.70 2.20 / 3.50∗

4.3 Results

4.3.0.3 Data Resolution

Before discussing the results of the analysis performed, it is worth examining the

total scattering data collected. By employing state-of-the-art total scattering mea-

surements, the real-space resolution accessed in the D(r) functions used here is far

superior to that on which the PDF studies of Refs. 102 and 105 are based. This

improved resolution enables new insight into the physics of the O′/O transition in

LaMnO3 by revealing a clear discontinuity in D(r) over distances substantially shorter

than the crystallographic unit cell dimensions [Fig. 4.5(C,D)]. This has not been re-

ported previously, and in itself this result rules out a simple order/disorder interpre-

tation of the transition, which would require that D(r) remains essentially unchanged

for values of r less than some finite multiple of unit-cell lengths.

A direct comparison between the neutron D(r) functions for the disordered O

phase measured using the NPDF instrument at LANL, and the GEM instrument

data used in this study is shown in Fig. 4.6. While the qualitative features of both

functions are similar, the detailed features are more easily discernible in the GEM data
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Figure 4.5: (A) The reduced lattice parameters a′ = a, b′ = b, c′ = c/
√

2 deter-
mined by Rietveld fits to neutron total scattering data (filled black circles) converge
at TJT = 750 K, in agreement with the data of Ref. 235 (open black circles). The
Mn–O bond lengths determined from the corresponding average structure models
(filled red circles) reflect the existence of a JT distortion in the O′ phase, but are
all equivalent within the O and R phases. (B) Local Mn–O separations extracted
from our RMC refinements (filled black circles) show the persistence of a JT distor-
tion in all three phases, in accord with the neutron PDF analysis of Ref. 102 (long
Mn–O bond-lengths shown as open black circles; average over short and medium
Mn–O bond lengths shown as open black squares). Using this metric, there is no
obvious discontinuity in local structure at TJT. (C) High real-space resolution neu-
tron PDF data show subtle but reproducible distinctions in local structure over the
range 2 < r < 5 Å between O′ (orange lines; 3 data sets superimposed) and O
(green lines; 4 data sets superimposed) phases. The dashed line indicates the PDF
baseline; contributions involving Mn atoms can deviate below this line by virtue of
the negative neutron scattering length of Mn. (D) A similar discontinuity is ob-
served in the PDFs extracted from our X-ray total scattering data. In both cases
the variations observed at TJT are many times larger than the Fourier truncation
ripples (which have not been removed) and the differences between PDFs within
a given phase. The most obvious changes in these raw data are observed at dis-
tances that correspond to pairwise terms involving in La and Mn atoms; normalised
intensities Drel(T ) = [DX(T )−DX(573 K)]/[DX(893 K)−DX(573 K)] for peaks corre-
sponding to La–O (2.43 Å; open red circles), La. . .Mn (3.33 Å; open blue squares) and
Mn. . .Mn/La. . .La (3.81 Å; filled black circles) separations are given in the inset. For
each of these features, the O′/O transition involves a discontinuous change in D(r)
intensities. Consequently there is a switching in local geometry that takes place over
interatomic separations less than the unit cell dimensions.
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Figure 4.6: Comparison between NPDF (800 K) and GEM (823 K) neutron D(r)
functions for O-phase LaMnO3.

(e.g. the shoulder on the peak near r = 3 Å), and also the data normalisaton is more

robust for these same data. Normalisation is particularly important for RMC studies

since the absolute areas under each peak are accounted for in terms of a physical

number of interatomic separations derived from the atomistic configurations.

4.3.1 Average Structure

4.3.1.1 Rietveld refinements

The resultant Rietveld fits are shown in Figs. A.1–A.9 in Appendix A. As can be

seen, a good fit is achieved in each case. The refined lattice parameters for each

temperature point are given in Table 4.3, the positional and atomic displacement

parameters summarised in Table 4.4, and the corresponding Mn–O bond lengths listed

in Table 4.5. All values are in good agreement with previously published results, e.g.

Ref. 235, as can be seen in Fig. 4.5A.
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Table 4.3: Unit cell parameters determined by Rietveld refinement of neutron scat-
tering data.

T / K Space Group a / Å b / Å c / Å

300 Pbnm 5.52744(3) 5.73484(4) 7.68113(5)
523 Pbnm 5.54801(4) 5.72072(4) 7.73080(7)
653 Pbnm 5.55559(5) 5.70290(5) 7.75978(8)
753 Pbnm 5.57204(18) 5.58482(13) 7.8791(3)
823 Pbnm 5.58503(16) 5.57448(11) 7.8910(2)
903 Pbnm 5.59239(9) 5.57446(7) 7.89888(18)
973 Pbnm 5.59864(9) 5.57592(8) 7.90448(18)
1023 R3̄c 5.60938(3) – 13.57268(11)
1103 R3̄c 5.61647(3) – 13.60048(11)
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Table 4.5: Mn–O bond lengths extracted from Rietveld refinements of neutron scat-
tering data.

T / K short medium long

300 1.9022(4) 1.96453(11) 2.1757(4)
523 1.905830(10) 1.97525(2) 2.168790(10)
653 1.9080(6) 1.98143(15) 2.1579(5)
753 1.9680(19) 2.0078(5) 2.049(2)
823 1.9924(14) 2.0110(4) 2.0219(14)
903 1.99185(2) 2.01534(5) 2.02014(2)
973 1.9964(13) 2.0126(4) 2.0174(13)
1023 2.00241(6) 2.00241(6) 2.00241(6)
1103 2.00473(6) 2.00473(6) 2.00473(6)
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4.3.1.2 RMC Refinements

Good fits are obtained for all data sets, shown in Figs. A.10–A.18. To confirm that

the RMC-refined structures were still in good agreement with the Rietveld-refined

average structures, average atomic coordinates and thermal displacement parameters

were extracted from RMC configurations for the O′ and O phases according to the

following procedure. First, the configuration supercell was collapsed onto a single unit

cell and the extent of configurational drift established by the deviation of Mn positions

away from the 4b Wyckoff positions. The symmetry operations of Pbnm were then

applied in order to determine the average atomic coordinates in the asymmetric unit.

The thermal displacement tensors U were then calculated for each crystallographi-

cally independent species from the covariance of displacements away from the average

positions. The atomic coordinates and Uij values so determined are given in Table 4.6.

A similar procedure was followed for the two refinements in the R phase, except that

(i) the deviation of the Mn positions away from the 6b Wyckoff position was used

to determine drift, and (ii) the symmetry operations of R3̄c were used to determine

average atomic coordinates within the asymmetric unit.

Again these values are consistent with the literature values.
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Table 4.6: Average structure coordinates and anisotropic displacement parameters
from RMC refinements. Values of Uij terms are given in units of Å2.

T / K Atom x y z U11 U22 U33 U12 U13 U23

300

La 0.9904 0.0493 0.2500 0.0060 0.0077 0.0056 −0.0011 0.0000 0.0000
Mn 0.0000 0.5000 0.0000 0.0075 0.0081 0.0088 0.0005 0.0011 0.0006
O1 0.0732 0.4890 0.2500 0.0056 0.0135 0.0089 −0.0027 0.0000 0.0000
O2 0.7236 0.3056 0.0387 0.0068 0.0102 0.0099 −0.0019 −0.0001 −0.0030

523

La 0.9911 0.0483 0.2505 0.0260 0.0295 0.0151 −0.0050 0.0000 −0.0020
Mn 0.0000 0.5000 0.0000 0.0111 0.0146 0.0130 −0.0002 0.0000 −0.0033
O1 0.0695 0.4965 0.2509 0.0076 0.0191 0.0085 −0.0009 −0.0003 −0.0004
O2 0.7243 0.2968 0.0365 0.0084 0.0120 0.0110 −0.0042 −0.0004 −0.0013

653

La 0.9918 0.0493 0.2505 0.0381 0.0433 0.0204 −0.0067 −0.0007 −0.0005
Mn 0.0000 0.5000 0.0000 0.0165 0.0248 0.0143 −0.0007 0.0004 0.0017
O1 0.0687 0.4991 0.2490 0.0110 0.0181 0.0062 −0.0004 0.0002 −0.0003
O2 0.7278 0.2907 0.0365 0.0109 0.0156 0.0098 −0.0060 0.0006 −0.0022

753

La 0.9965 0.0390 0.2500 0.0240 0.0933 0.0188 −0.0083 0.0000 0.0001
Mn 0.0000 0.5000 0.0000 0.0119 0.0675 0.0063 0.0014 0.0000 0.0035
O1 0.0670 0.5121 0.2498 0.0184 0.0190 0.0062 −0.0008 −0.0002 −0.0004
O2 0.7323 0.2681 0.0387 0.0117 0.0159 0.0156 −0.0013 0.0008 −0.0008

823

La 0.9909 0.0406 0.2503 0.0700 0.0771 0.0392 −0.0124 −0.0010 −0.0007
Mn 0.0000 0.5000 0.0000 0.0426 0.0251 0.0169 −0.0021 0.0000 −0.0047
O1 0.0714 0.5112 0.2507 0.0274 0.0316 0.0085 0.0014 0.0000 0.0000
O2 0.7299 0.2659 0.0367 0.0202 0.0207 0.0235 −0.0074 0.0032 −0.0045

903

La 0.9917 0.0358 0.2497 0.0831 0.0698 0.0509 −0.0125 0.0007 −0.0004
Mn 0.0000 0.5000 0.0000 0.0485 0.0135 0.0252 −0.0018 −0.0004 −0.0001
O1 0.0692 0.5109 0.2497 0.0323 0.0363 0.0113 0.0023 −0.0009 −0.0006
O2 0.7316 0.2654 0.0376 0.0258 0.0239 0.0287 −0.0119 0.0043 −0.0056

973

La 0.9950 0.0344 0.2499 0.0686 0.0742 0.0498 −0.0091 −0.0005 0.0000
Mn 0.0000 0.5000 0.0000 0.0321 0.0349 0.0229 −0.0001 −0.0003 0.0029
O1 0.0664 0.5112 0.2498 0.0326 0.0271 0.0115 0.0010 −0.0001 −0.0002
O2 0.7346 0.2615 0.0386 0.0207 0.0220 0.0293 −0.0081 0.0018 −0.0035

1023
La 0.0000 0.0000 0.2500 0.0523 0.0523 0.0126 0.0000 0.0000 0.0261
Mn 0.0000 0.0000 0.0000 0.0303 0.0303 0.0079 0.0000 0.0000 0.0151
O 0.2313 0.3333 0.0833 0.0311 0.0268 0.0388 −0.0149 −0.0075 0.0134

1103
La 0.0000 0.0000 0.2500 0.0231 0.0231 0.0157 0.0000 0.0000 0.0115
Mn 0.0000 0.0000 0.0000 0.0209 0.0209 0.0095 0.0000 0.0000 0.0104
O 0.2296 0.3333 0.0833 0.0360 0.0300 0.0348 −0.0129 −0.0065 0.0150
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4.3.2 Local Structure

4.3.2.1 Mn–O Bond Lengths

The first stage of the local structure analysis was concerned with once again checking

consistency with previous studies, such as Ref. 102. To that end, the average (local)

Mn–O bond distances were determined by averaging over the two longest, the next

two longest, and finally the two shortest Mn–O bond lengths for each Mn centre.

These values are given in Table 4.7, and a comparison with Ref. 102 is shown in

Fig. 4.5B.

An example of the partial structure factors is shown in Fig. 4.7 as a visual depiction

of the local bond distributions in a refined configuration.

Figure 4.7: Representative partial pair correlation functions gij(r), extracted from an
RMC configuration refined against data collected at 823 K.

4.3.2.2 O–Mn–O Angles

As the focus of this study is the JT-distorted MnO6 octahedra, the next stage of

the analysis involved checking the distortion of these octahedra by looking at the

orientations of the two longest Mn–O bonds. The established understanding of orbital

order and disorder in this material suggests these bonds should be antiparallel for all

three phases. For the orbitally ordered O′ phase the bond angle histograms show, as
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Table 4.7: Mn–O bond lengths determined from RMC refinements (values given in
units of Å).

T / K short medium long

300 1.88960(7) 1.99843(9) 2.17661(7)
523 1.8925(2) 2.0120(4) 2.1627(2)
653 1.8914(10) 2.0141(12) 2.1595(15)
753 1.8973(3) 2.02334(13) 2.1407(5)
823 1.9007(2) 2.02756(18) 2.14351(14)
903 1.9024(3) 2.0300(3) 2.1451(3)
973 1.89898(18) 2.0286(2) 2.1501(4)
1023 1.8910(2) 2.0199(2) 2.1688(4)
1103 1.90565(13) 2.01781(16) 2.14778(18)

expected for a trans∗ arrangement of long bonds, a peak at an angle of 180◦ [Fig. 4.8A].

What is more, the spatial distribution of these long bonds within the configuration

reflects the expected chequerboard ordering pattern [Fig. 4.8C].

However, for the orbitally ‘disordered’ O phase, the maximum in the histogram

instead occurs at 90◦, indicating an unexpected cis arrangement of the two long

bonds. Now, as there are twelve possible ways to orient an octahedron in the cis

arrangement, but only three in the trans arrangement, a purely statistical distribution

would appear to favour the cis arrangement over the trans. With this in mind, the

ratio of cis :trans octahedra was calculated for each temperature [Table 4.8], and

compared to the value expected for a random distribution [Fig. 4.8B]. The results

show a large preponderance for the cis arrangement in the O phase, which disappears

again in the R phase, demonstrating that this feature of the refinement is driven by

the data. It is also noted that there appears to be a certain tendency for cis octahedra

to cluster with other octahedra of the same orientation [Fig. 4.8D].

This basic trend is also observed when the refinements are repeated using the

neutron PDF data of Ref. 102 [Fig. 4.9]. Thus the first unexpected result to emerge

from this study is that the local symmetry of the JT distortion appears to change

across the O/O′ transition.

∗In this thesis, the term trans is used to describe an arrangement of long bonds in an octahedron
where the bonds are found 180◦ apart. The other possible situation, where the bonds are to be
found at 90◦ is referred to as a cis arrangement.
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Figure 4.8: (A) O–Mn–O angle histogram functions, calculated using the two longest
Mn–O bonds associated with each Mn centre in the RMC configurations. The maxi-
mum switches at TJT from ∼180◦ (trans-JT distortion) to ∼90◦ (cis-JT distortion).
(B) The ratio of cis-to-trans-JT distortions (black circles) within the O phase is many
times larger than the statistical limit (black horizontal line). The mean-squared mag-
nitude of Mn off-centre displacements (red circles) also varies discontinuously across
the O′/O transition. (C), (D) Representative regions of RMC configurations re-
fined against data collected at (C) 523 K and (D) 903 K reveal the spatial correlation
between JT distortions in the O′ and O phases: Mn atoms are shown as dark blue
spheres, long Mn–O bonds as red cylinders, and MnO6 coordination polyhedra as thin
black lines. At 523 K, trans-JT distortions are correlated according to the checker-
board ordering pattern given in Fig. 1(B); there are a minority of cis-JT defects. In
the O phase, however, cis-JT distortions dominate, forming correlated nano-domains
(shaded region) with ferroelectric Mn displacements. All 12 possible cis-JT orienta-
tions are sampled; some shown here involve Mn–O bonds that lie perpendicular to the
plane of the diagram. (E), (F) Local MnO6 coordination geometries at (E) 523 K and
(F) 903 K extracted from the RMC configurations, taking into account octahedral
tilts and JT distortion orientations.
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Table 4.8: Average numbers of cis- and trans-JT MnO6 octahedra in RMC configu-
rations.

T / K Number of cis Number of trans Ratio cis :trans

300 523 2677 0.195(2)
523 1583 1617 0.980(12)
653 2049 1151 1.79(6)
753 2961 239 12.5(5)
823 2936 264 11.3(4)
903 2906 294 9.9(2)
973 2928 272 10.8(3)
1023 2557 323 7.94(14)
1103 2377 503 4.73(3)

Figure 4.9: Ratio of cis :trans distorted octahedra for refinements using the current
data collected on the GEM diffractometer, ISIS, and the older data from Ref. 102,
collected on the NPDF diffractometer, LANL. It should be noted that a different
sample of LaMnO3 was used for the NPDF data collection, which explains the slightly
different temperature dependence observed.
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4.3.2.3 Local MnO6 Structure

Having established the presence of cis octahedra as well as trans, it was desirable that

these distortions should be described by a local coordinate system centred on each

Mn atom, to allow comparisons to be made easily. The local geometries of each type

were obtained by averaging over the ensemble of refinements for each temperature,

using the following process.

First, the two longest Mn–O bond vectors r1, r2 were determined. For a cis-JT

geometry, the two Mn–O bond vectors r3, r4 corresponding to those Mn–O bonds

opposite these longest bonds were identified next; for a trans-JT geometry, r3 was

taken to be the shortest Mn–O bond vector, and r4 to be the remaining Mn–O bond

vector contained within the plane described by r1, r2, r3. The lapack Fortran library

dsyevx was then used to fit a plane to the four vectors ri; the normal to this plane

was identified as the local z axis. For a cis-JT geometry, the local x axis is determined

according to

x =
r1 + r2

|r1 + r2|
; (4.8)

whereas for a trans-JT geometry the equation

x =
r1 + r3

|r1 + r3|
. (4.9)

was used. In both cases, y is defined as y = z× x. It should be noted that the local

coordinate system used here automatically accounts for octahedral tilts, and also

that—because the x,y plane is fitted to the ri vectors—a reduced apparent mean

squared displacement of these atoms in a direction normal to this plane is expected.

Having established a local coordinate system for each Mn centre, the average

O positions were determined for each RMC configuration for each of the two JT

geometries. Effective thermal displacement parameters were determined from the

covariance of the local displacements away from the average positions, having taken

into account the change of axis system described above. Absolute coordinates (Å)

and atomic displacement parameters relative to these local axes for each temperature

in this study are listed in Tables ??–??, and examples of each type are shown in

Fig. 4.8E,F.

While the average trans-distorted octahedron has a geometry essentially identical

that observed in the average structure of the O′ phase, the geometry of the cis phase
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Figure 4.10: A visual comparison between the MnO6 octahedra found in LaMnO3

(left hand side), Ca2MnAlO5 (centre), and {[Mn(C18H18N2O4)(CH3COO)]CH3OH}n
(right hand side), with a view from above (top row) and oblique view (bottom row).
Key bond angles and lengths are indicated. The larger atomic displacement parame-
ters in the LaMnO3 diagrams are a result of some disorder that is inevitable in RMC
refinements, and the flattening of the ellipsoids is due to the way the octahedra are
extracted from the configuration and averaged.

is rather different: the centre of symmetry is lost, and while the individual Mn–O

bond lengths remain similar to those observed within the ordered phase, their relative

arrangement is modified. These cis-distorted octahedra are not without precedent:

they do in fact bear close resemblance to the handful of established systems with

acentric Mn3+ environments [251, 252]. An illustration of the similarities between the

cis-JT octahedra we observe in LaMnO3, and the MnO6 octahedra in Ca2MnAlO5

and MnN2O4 octahedra in the compound {[Mn(C18H18N2O4)(CH3COO)]CH3OH}n
is included in Fig. 4.10.
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Table 4.9: Mean-squared off-centre displacement of Mn atoms determined from RMC
refinements.

T / K Displacement / Å2

300 0.1063(3)
523 0.1446(16)
653 0.171(3)
753 0.2110(13)
823 0.1978(13)
903 0.1888(13)
973 0.1962(11)
1023 0.2021(6)
1103 0.1593(4)

4.3.2.4 Mn Displacements

The acentric Mn environment results in a larger than expected Mn displacement

parameter, meaning that these displacements can also be used to monitor the pres-

ence of cis-distorted octahedra. Mean squared manganese off-center displacements

u(Mn) were calculated by first determining for each MnO6 coordination polyhedron

the centroid of the O6 cage:

x̄ =
1

6

6∑
i=1

x(Oi), (4.10)

where x(Oi) is the position of O vertex i in absolute coordinates. We then have

u(Mn) =
1

N

∑
j

(xj(Mn)− x̄j)
2 , (4.11)

where the sum is taken over all Mn centres (of which there are N). The values

so determined are listed in Table 4.9. It can be seen that the magnitudes of the

displacements rise and fall in the same manner as the cis :trans ratio.

4.3.2.5 Comparison of JT Geometries

Having obtained descriptions of the average JT distortions of each type, more detailed

comparisons can now be made between the two. Here follows some discussion of the

volumes, axial variances, and similarity to the Mn4+ geometry of the two distortions.

98



Volume Calculations Effective MnO6 octahedron volumes were calculated from

the local atomic coordinates determined using the approach described in section 4.3.2.3.

The six O atom positions were used as input for the convex hull determination pro-

gram qhull [253]. This program computes the convex hull volume, which is exact

for an octahedral geometry. Computed volumes for the trans- and cis-JT states (523

and 903 K, respectively) are 10.832(8) Å3 and 10.726(7) Å3. The uncertainties quoted

here correspond to the standard deviations in octahedral volumes calculated across

the eight independent RMC configurations refined for each temperature.

Axial separation variance The extent to which JT distortion axis re-orientations

introduce local strain can be estimated from the variance in axial O. . .O separations.

Making use of the local geometries extracted from configurations as described above,

we determined that the variance observed in the trans-JT geometry (523 K) is equal to

0.0401(4) Å2, and that of the cis-JT geometry (903 K) is 0.0042(2) Å3. The uncertain-

ties quoted here correspond to the standard deviations in variances calculated across

the eight independent RMC configurations refined at each temperature. The ratio of

cis :trans variance terms is equal to 0.105(6); hence there is an order of magnitude

difference in variances between the two distortion geometries.

Comparison with Mn4+ geometry The comparison to the MnO6 geometry in

CaMnO3 was determined in a similar manner, except that the variance term

Var(O . . .O) =
1

3

∑
i

[r(O . . .O)i − r̄]2 (4.12)

is modified such that r̄ is no longer the average O. . .O separation, but rather the

average axial dimension of the MnO6 octahedra in CaMnO3. The corresponding value

r̄ = 3.805 Å gives variances of 0.0887(5) and 0.0450(6) Å2 and for the trans- and cis-

JT, respectively. The ratio of cis :trans variance terms is equal to 0.507(7); hence

there is a factor of two difference in variances between the two distortion geometries

and the Mn4+ coordination environment.

4.3.2.6 Quadrupolar Order Parameters

JT distortions generate localised quadrupolar moments in a structure, which, if quan-

tified can be used to monitor or assess the extent of the distortion present. This has
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been used previously for this system in Ref. 254, where a combination of neutron total

scattering and geometric modelling is used to argue that the quadrupolar distortions

present in the O′ phase persist into the orbital disordered O phase. Taken at face

value, this result appears to contradict the results of the present study. However it is

shown below that the analysis performed in that former study obfuscates the trans-

to cis-JT distortion.

The approach taken in Ref. 254 was to determine for each MnO6 octahedron the

following quadrupole moments

q1 = 2
6∑
i=1

xiyi, (4.13)

q2 = 2
6∑
i=1

yizi, (4.14)

q3 = 2
6∑
i=1

zixi, (4.15)

q4 =
6∑
i=1

(x2
i − y2

i ), (4.16)

q5 =
1√
3

6∑
i=1

(2z2
i − x2

i = y2
i ), (4.17)

where xi, yi, zi are the cartesian components of the six Mn–O bond vectors. A nor-

malised magnitude of the total quadrupole moment is then defined as

P 2 =
3

16(b2 − a2)2

(
5∑
j=1

q2
j

)
, (4.18)

where a and b correspond to the average lengths of “short” and “long” Mn–O bonds,

respectively. This particular formulation was chosen such that a configuration in

which all MnO6 octahedra adopted the average-structure trans-JT geometries would

correspond to a mean quadrupole moment P = 1. The inference was made that the

absence of trans-JT distortions would give rise to a zero value of P . The key result

of Ref. 254 was to show that the distribution of P values for atomistic configurations

refined against neutron scattering data were peaked near P = 1 for temperatures in

all three phases O′, O, and R.

In order to compare the results of this study with those of Ref. 254 the quadrupole

moment for each octahedron in these refinements was calculated, and the probability

100



Figure 4.11: Probability distributions of quadrupole magnitudes, P, at different tem-
peratures.

distributions of the quadrupole magnitudes, P, for each temperature were plotted

[Fig. 4.11]. It is found that the histograms of this study are centred on a value of

∼1.2 for the O′ and R phases, and near ∼0.9 in the O phase. The difference in

P values between O′ and O phases that is observed is almost identical with that

reported in Ref. 254, and so what is found here is that the particular quadrupolar

normalisation used in that study is not particularly sensitive to the type and extent

of Jahn Teller distortion.

4.3.2.7 3-State Potts Model

The transition at 750 K in LaMnO3 is a well known example of an order disorder tran-

sition, and many attempts have been made to describe it. One of these is the modified

three-state Potts model proposed by Ahmed et al., also known as the anisotropic Potts

model [247].

The Potts model is effectively an extension of the Ising model to higher dimensions,

which allows a more varied phase structure. The three-state Potts model discussed

here is based on a cubic lattice, with three equivalent choices of axis for the distortion,
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Table 4.10: Distance window constraints employed to maintain the three-state Potts
model during RMC refinement.

Atom pair Minimum separation / Å Maximum separation / Å

Mn1–O1 2.08 2.28
Mn1–O2 1.70 2.08
Mn1–O3 1.70 2.08
Mn2–O1 1.70 2.08
Mn2–O2 2.00 2.28
Mn2–O3 1.70 2.08
O1–O1 2.20 3.40
O1–O2 2.20 3.40
O1–O3 2.20 3.40
O2–O2 2.20 3.40
O2–O3 2.20 3.40
O3–O3 2.20 3.40

and where the interactions depend on the relative orientation of the orbitals as well as

the vector joining them. Essentially this potential acts to avoid the situation where

the JT axes of neighbouring MnO6 octahedra coincide on the same O atom, i.e. to

avoid having two adjacent long Mn–O bonds. For further details please see Ref. 247.

In order to compare the refined structures of the present study with this model,

RMC refinements were set up that were suitably constrained to conform to the three-

state Potts model. These were allowed to refine to the data, and then the fits were

compared. A Monte Carlo algorithm was used to create a starting structure that

obeyed the proposed interactions, and distance window constraints prevented the

atoms from straying too far during the refinement. In order to achieve this, two

separate groups of Mn atoms had to be defined, as well as three groups of O atoms.

The distance window constraints used are described in Table 4.10, and a cross section

of the structure is shown in Fig. 4.12.

A representative set of fits is shown in Fig. 4.13. As is evident when compared to

those fits in Figs A.10–A.18, the fits obtained using the Potts model constraints are

inferior to those obtained without the constraints. It is also noted that if one of the

Potts model refined structures has its constraints removed and it is allowed to refine

freely it returns to a cis-distorted structure like those obtained previously.
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Figure 4.12: A cross section through a three-state Potts-constrained model, with long
Mn-O bonds highlighted.
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Figure 4.13: Representative fits to data for an RMC refinement performed using
Potts model constraints. A) Neutron Bragg data; B) neutron QF (Q) data; C) X-ray
QF (Q) data; D) neutron D(r) data. Data collected at 753 K.
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4.3.2.8 PDFgui refinements

Some simpler refinements—using far fewer parameters than in the RMC refinements—

were performed as a precaution against the hazards of over-fitting data. PDFgui [36]

was chosen for this task, as it uses much smaller structural models (typically only one

unit cell) to fit to PDF data, resulting in far fewer degrees of freedom.

The two extracted JT geometries were used to generate structural models de-

scribed using only a single JT distortion parameter, u: in one set of refinements this

parameter described a trans-JT distortion; in the other a cis-JT distortion. The octa-

hedral tilts, lattice parameters, and average Mn–O bond lengths were taken from con-

ventional Rietveld refinements. The oxygen coordinates are described in Table 4.11

as a function of u, the average bond length r, the octahedral tilt angles θ and ϕ, and

the lattice parameters a, b and c.

Both models were fitted to neutron PDF data in the range 1.5 Å–6.0 Å at each

temperature in the O′ and O phases, and for each case the same parameters were

refined. Only the oxygen coordinates were allowed to refine (via the ‘u’ parameter);

the La and Mn positions were kept fixed on their average positions. Scale, damping

and broadening factors were also refined, as were Uiso values. The reduced χ2 was

compared to establish which model gave the better fit. The results are presented in

Fig. 4.8B and Table 4.12 below.

It was found that for temperatures below 750 K, i.e. in the O′ phase, the trans-

distorted model fitted the data better, while for temperatures covering the O phase

the cis-distorted model was superior. This demonstrates that the data favour the

cis-distortion whether refined using large-box or small-box methods, and the feature

observed in the RMC refinements is not simply an artefact of the process resulting

from over-fitting.

4.3.2.9 EXAFS calculations

As a final consistency check against previously published local structure data, Mn K-

edge EXAFS signals were calculated from the RMC configurations using the FEFF7

code [255] in order to compare these against experimental EXAFS data [246]. As

in that publication, the primary interest in this case was in assessing the difference

between calculated EXAFS spectra across the O′/O transition. The comparison
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Table 4.11: Oxygen positions in the distorted unit cells, described in the form A+Bu,
where u is a parameter describing the extent of the distortion, r is the average Mn-O
bond length, θ and ϕ are the octahedral tilt angles, and a, b and c are the lattice
parameters. The other oxygen positions may be easily obtained by applying suitable
symmetry operations.

Atom(coordinate) A B

trans-distorted

O1(x) 0.5 + tan θ
2
√
2

0

O1(y) tanϕ sin θ

2
√
2

0

O1(z) 3
4

0

O2(x) 0.5 + cos θ cosϕ−sinϕ
4 cos θ cosϕ

cos θ cosϕ−sinϕ
4r cos θ cosϕ

O2(y) cos θ sinϕ+cosϕ
4 cosϕ

cos θ sinϕ+cosϕ
4r cosϕ

O2(z) 0.5− tan θ
4
√
2

0

cis-distorted

O1(x)
r(cos θ cosϕ−sinϕ)√

2a

0.143 cos θ cosϕ−0.008 sinϕ
a

O1(y)
r(cos θ sinϕ+cosϕ)√

2b

0.143 cos θ sinϕ+0.008 cosϕ
b

O1(z) 0.5− r sin θ√
2c

− 0.143 sin θ
c

O2(x) 0.5 +
r(cos θ cosϕ+sinϕ)√

2a

0.143 cos θ cosϕ+0.008 sinϕ
a

O2(y)
r(cos θ sinϕ−cosϕ)√

2b

0.143 cos θ sinϕ−0.008 cosϕ
b

O2(z) 0.5− r sin θ√
2c

− 0.143 sin θ√
2c

O3up(x) 0.5 + r sin θ cosϕ
a

0.143 cos θ cosϕ
a

O3up(y) r sin θ sinϕ
b

0.143 cos θ sinϕ
b

O3up(z) 0.5 + r cos θ
c

− 0.143 sin θ
c

O3down(x) 0.5− r sin θ cosϕ
a

0.143 cos θ cosϕ
a

O3down(y) − r sin θ sinϕ
b

0.143 cos θ sinϕ
b

O3down(z) 0.5− r cos θ
c

− 0.143 sin θ
c

Table 4.12: Results for PDFgui refinements showing the reduced χ2 for both the
cis and trans refinements. Below 750 K the trans refinements have the lower χ2, but
above the transition it is the cis refinements that provide the better fit.

Temperature / K trans cis

300 0.499 0.895
523 0.413 0.638
653 0.299 0.381
753 0.470 0.419
823 0.503 0.430
903 0.445 0.365
973 0.414 0.367
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between EXAFS spectra determined from our RMC models for temperatures of 653

and 753 K is shown in Fig. 4.14. It should be noted that it is well established that

FEFF7 calculations making use of RMC configurations give rise to EXAFS spectra

with broadened features [141], so the absolute differences between calculated and

experimental data are not particularly meaningful. What is important is that the

periodicity of the difference function ∆χ(k) is well represented by the variations in

local Mn environments in these RMC configurations. Consequently the local JT

geometry transition observed is consistent not only with the scattering data that

have been collected, but also with EXAFS measurements carried out independently.
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Figure 4.14: Comparison between RMC (coloured lines) and experimental EXAFS
spectra (symbols and black lines) of Ref. 246. In the top panel, the k2-weighted
spectra are shown for temperatures in the O′ (blue lines; filled symbols) and the O (red
lines; open symbols) phases. The lower panel shows the difference function calculated
from the RMC configurations (red line) and as reported in Ref. 246. Quantitative
overlap is not to be expected for atomistic FEFF7 calculations. What is important is
that the periodicity of the difference function (which arises from the changes in the
real-space scattering pathways) is well matched.
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4.3.3 Other

4.3.3.1 Comparative Energetics of the JT Distortions

In the absence of first principles techniques capable of calculating electronic and lattice

enthalpies for orbital disordered states, the enthalpy difference between trans- and cis-

JT distortions has been estimated by considering separately the symmetry-adapted

crystal field stabilisation and lattice energies. Crystal field energies were calculated

using the generic coordinate approach described first in Ref. 256, taking into account

symmetry-allowed mixing of 3d, 4s and 4p states. Local atom coordinates were taken

from the RMC refinements near TJT; the specific values used are summarised in

Table 4.13. The ligand field strength parameter ∆ was adjusted to give a crystal field

stabilisation near the experimental value of between 1.5 and 2 eV (Ref. 257). The

final difference in crystal field stabilisation energies scales linearly with this value;

in these calculations EJT = 1.71 eV. The corresponding orbital energies are listed in

Table 4.14, which also documents the effect of 3d/4p mixing on the cis-JT state. The

corresponding crystal field terms for the EJT value given above are 1.71 and 1.55 eV

for trans- and cis-JT geometries respectively.

The volume discontinuity at TJT also gives rise to a change in lattice enthalpy at

the transition. This discontinuity occurs in the counterintuitive direction: the high-

temperature, disordered, state actually has a lower molar volume than does the low-

temperature orbital ordered state [258]. Consequently the change in lattice enthalpy

favours the disordered state and will act to balance the cost in crystal field energy

determined above. In order to estimate the lattice enthalpy difference between O′ and

O phases the gulp simulation code [259] was used. The input consisted of atomic

coordinates taken from the Rietveld refinements of neutron scattering data together

with point (Mulliken) charges determined from ab initio calculations described below.

Mulliken charges were allocated on the basis of a spin-polarised DFT calcula-

tion using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [260]

as implemented within castep 6.11 [261]. The geometry was optimised starting from

experimental values with an antiferromagnetic spin configuration. The resulting con-

figurations agreed well with experimental data; unit cell lengths and Mn–O bond

distances were 13% larger than experimental values, as expected for this functional.

Charges for subsequent calculations were assigned from the final electron density.
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Table 4.13: Local O atom coordinates used in crystal field energy calculations. The
first six rows describe a typical trans-JT geometry and the subsequent six rows de-
scribe a typical cis-JT geometry.

Mn–O bond vector x (Å) y (Å) z (Å)

1 1.925 0 0
2 0 1.959 0
3 0 0 2.153
4 −1.925 0 0
5 0 −1.959 0
6 0 0 −2.153

1 1.586 −1.433 0
2 −1.282 −1.426 0
3 −1.282 1.426 0
4 1.586 1.433 0
5 0.134 0 1.960
6 0.134 0 −1.960

Table 4.14: Crystal field stabilisation energies for 3d states in trans- and cis-JT
MnO6 geometries; all values are given in units of eV relative to the distortion-free
3d energy. Mixing of 3d and 4p states is forbidden for the trans- geometry but is
symmetry-allowed for the cis-JT state.

Orbital Orbital cis-JT cis-JT
symmetry trans-JT symmetry no d/p mixing d/p mixing

B3g −0.958 A1 −0.795 −0.914
B2g −0.828 B1 −0.620 −0.712
B1g −0.293 A2 −0.688 −0.688
Ag 0.370 B2 0.894 0.760
Ag 1.709 A1 1.209 1.209
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Table 4.15: Mulliken charges and corresponding lattice enthalpies (in eV) for the O′

and O structures at TJT. The first row contains the values determined in the DFT
calculations, and the subsequent rows correspond to ±5% fluctuations in those values
in order to explore the sensitivity of ∆Hlatt values.

La charge Mn charge Hlatt(O
′) Hlatt(O) ∆Hlatt

1.47 0.84 −95.4368 −95.5515 0.1147
1.42 0.89 −95.2437 −95.3582 0.1144
1.52 0.79 −95.7787 −95.8937 0.1151

Ultrasoft pseudopotentials were generated on-the-fly using the default castep pa-

rameters. The plane-wave basis set was truncated at 21.6 Ha, and the Brillouin zone

was sampled using two equally-weighted k-points equivalent to a 2×2×2 Monkhorst-

Pack grid. At these values the total energy had converged to within 15 meV, which is

well within the error of subsequent calculations. A Hubbard U potential of 4 eV was

applied to the Mn atoms; this value was based on literature fits to experimental en-

thalpies of oxidation of manganese oxides [262] and has been used in previous studies

of LaMnO3 [263]. As a check, the calculations were repeated with a potential of 8 eV

[264]; the charges varied by less than 6%. The calculations were similarly repeated

using the local density approximation (LDA); here the charges varied by less than

7%.

Lattice enthalpy changes were then calculated using the Mulliken charges taken

from the first principles calculations. In Table 4.15 these are compared with the values

obtained for 5% variation in the charges in order to determine the sensitivity of the

enthalpy difference obtained to errors in the DFT results. In all cases the difference

between O′ and O lattice enthalpies was equal to 0.115 ± 1 eV, corresponding to a

total enthalpy cost of roughly 40 meV and a transition temperature of 884 K. Given

the robust nature of the lattice enthalpy calculations, the greatest uncertainty in

these calculations is likely the ligand field parameter used in crystal field calculations

together with estimation of the extent of d/p mixing. We explored the effect of

perturbations in these values on the final transition temperature obtained: a ±10%

change in parameters gives transition temperatures between 500 and 1270 K. While

this range is large, it nonetheless demonstrates that the balance of energy terms is

appropriate for a transition that takes place at temperatures of the order of 1000 K.
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Figure 4.15: Normalised phonon densities of states at 625, 725, 775 and 875 K
obtained using inelastic neutron scattering measurements. The DFT partial densities
of states (PDOS) are shown in the top part of the figure, from which it is clear that
the largest discontinuity observed across the orbital order/disorder transition occurs
in a region of the phonon spectrum dominated by Mn displacements (marked by a
red asterisk). The feature that dominates discussion in Ref. 265 is the broadening of
O atom displacements between 60 and 80 meV (marked by a blue asterisk). Figure
adapted from Ref. 265.

4.3.3.2 Inelastic Neutron Scattering

Ref. 265 reports the results of a recent high-temperature inelastic neutron scattering

study of LaMnO3, where the authors interpreted their results with reference to a series

of first principles DFT calculations. The phonon densities of states measured in this

study are given in Fig. 4.15. For the most part there is relatively little change in the

phonon spectrum across the order/disorder transition other than subtle shifts in peak

positions arising from thermal expansion effects; this is pointed out by the authors.

There are however discontinuities within two main regions of the phonon spectrum:

near 20 meV and again near 75 meV. The former is not discussed in Ref. 265 whereas

the latter is attributed to broadening of the MnO6 coordination polyhedra accompa-

nying orbital disorder. It should be noted however, that the changes in the density

of states between 725 K and 775 K in these regions is much larger than the changes

observed for either 265–725 K or 775–875 K and hence they cannot be ascribed to

anharmonicity effects. The authors’ DFT calculations allow coarse assignment of the

density of states. Taking into account the slight mismatch in energies, the region near

20 meV for which there is a discontinuous change is dominated by displacements of
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the Mn atoms. In an earlier paper, Ref. 266 the same group made use of this DFT

model to predict a number of thermodynamic properties, including the atom-specific

displacement parameters. That the Mn displacements were severely underestimated

within the disordered phase is consistent with the shift to lower energies for the Mn-

dominated phonon density of states. Taken together, these observations are consis-

tent with a microscopic structural model in which the Mn coordination environment

changes symmetry across the orbital order/disorder transition.

4.4 Discussion

4.4.1 Enthalpic Considerations

Having observed this unexpected alteration in local symmetry across the transition, it

now comes to us to consider why such a fundamental change might occur—especially

given the large (∼ 1.7 eV) JT stabilisation of the electronic ground state. Based on

the coordination geometries discussed above, it is possible to calculate the difference

in crystal field and lattice energies for the trans- and cis-JT states. The corresponding

crystal field splittings for the two geometries are shown in Fig. 4.16; both configura-

tions are stabilised with respect to the undistorted octahedral case (i.e. they are both

valid JT distortions), but the cis-JT geometry lies circa 150 meV higher in energy.

The energy difference is balanced, however, by a 115 meV decrease in lattice enthalpy

that arises from the (anomalously) smaller volume of the MnO6 coordination geometry

in the high-temperature cis-JT state [§ 4.3.3.1]. The volume of the cis-JT geometry

is smaller than that of the trans-JT by around 1.5%, corresponding to a unit cell

volume reduction of comparable magnitude to that observed in experiment—0.6 Å3

compared to 0.9 Å3 [267]. This leaves a sufficiently small (∼35 meV) total enthalpy

change ∆HJT associated with the cis/trans switching that the process may be driven

by entropy.

4.4.2 Configurational entropy

Specific heat measurements indicate an entropy change ∆SJT = 0.515(±0.02)R as-

sociated with the orbital disordering process in LaMnO3 [245]. Taking this value

alongside the enthalpy change listed above, calculations predict a crossover in free
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Figure 4.16: The crystal field splittings for the two different JT distortions, labelled
according to their approximate symmetry. The effects of d/p mixing are included
where relevant, but 4p states have been omitted for clarity.

energies for the two JT states at a critical temperature Tc = 880 K—surprisingly

close to the experimental value of 750 K. This level of agreement is probably quite

serendipitous, though even with significant perturbations the calculations still return

a Tc of order 1000 K.

Considering now the origins of the observed entropy change, if this value can be

interpreted entirely in terms of configurational entropy, then the various descriptions

of orbital order presented in the literature can be summarised in the following way.

1. Orientationally-disordered nanodomains of O′. The configurational en-

tropy within an individual nanodomain is vanishingly small, so in this model

the configurational entropy arises from the number of possible nanodomain

orientations. For nanodomains of average dimension L (in units of Mn–Mn

separations), one obtains

∆S = L−3 ln 6, (4.19)

since each domain has six degrees of freedom. The experimental value of ∆S

requires L = 1.5, which suggests that most “nanodomains” would not persist

beyond a single MnO6 octahedron. The formulation in Eq. (4.19) breaks down

in this case, because not all six degrees of freedom (translational and rotational)

are realistically available to every MnO6 octahedron.
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2. Decoupled static or dynamic disorder of trans-JT distortions. In this

model, each MnO6 octahedron samples any one of the three possible axial

arrangements of trans-JT distortions; the strain associated with coupled dis-

tortions is neglected [245]. The corresponding configurational entropy ∆S =

R ln 3 = 1.098R is larger than that observed experimentally, but it is widely

accepted that strains will be too large for this model to provide a realistic de-

scription of orbital order.

3. Three-site antiferrodistortive Potts model on a cubic lattice. In this

model, the three trans-JT states interact via an effective Hamiltonian that

penalises like orientations on neighbouring sites. In this way, the model crudely

accounts for the lattice strain that arises were neighbouring MnO6 octahedra

to be joined by two consecutive long Mn–O bonds [245, 247, 268]. The ground

state of this system has a configurational entropy ∆S ' 1
2
R ln 2 = 0.347R,

which is too small to account for the experimental value.

4. Orientationally-disordered nanodomains of a three-site antiferrodis-

tortive Potts model. This hybrid approach was proposed in Ref. 245, and

involves accounting for the difference between experimental and three-site Potts

entropies by including an additional L−3 ln 6 term associated with orientational

disorder of decoupled three-state Potts regions. The requisite value of L is then

2.3, which suggests that coherent three-state Potts correlations persist only over

pairs of neighbouring MnO6 octahedra. Consequently, the strain term associ-

ated with this model is unlikely to be realistic.

5. Anisotropic three-site antiferrodistortive Potts model. This modifica-

tion of the Potts model takes into account the relationship between orbital

orientations and the vector joining adjacent sites [269]. The point is that like

orientations of trans-JT distortions on neighbouring sites only give rise to large

strains if the distortion axis is parallel to the vector joining the two sites. This

model has a configurational entropy close to R ln 2 = 0.69R, but is not strain-

free because Mn centres joined by, say, a pair of Mn–O bonds where one is long

and one is short are assumed to adopt an equivalent separation to two centres

joined by a pair of short Mn–O bonds.
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A transition to a cis-JT distortion as observed in these RMC refinements might be

expected to exhibit a positive value of ∆SJT for a couple of reasons. Firstly, there are

twelve possible distortions axes for a given octahedron, compared to only three for the

trans distortion, and secondly, the variance in octahedral axis dimensions [§ 4.3.2.5]

is an order of magnitude lower than for a trans arrangement, minimising the strain

involved in sampling different JT orientations and favouring dynamical nano-domain

evolution.

A model of uncorrelated distortion orientations for the cis-JT distortion would

predict a large configurational entropy (R ln 12 = 2.48R) that is clearly inconsistent

with the experimental value. But two empirical correlations were observed to occur

between neighbouring MnO6 octahedra that act to reduce this value: first, there

is a strong tendency for long-bond avoidance on shared sites; and, second, there

is evidence of ferrodistortive coupling between neighbouring octahedra. Taking the

first of these correlations by itself, it can be shown that the resultant configurational

entropy is close to R ln 8 = 2.08R. Ferrodistortive coupling with a coherence length of

ca 6 Å reduces this value to 0.6R, which is close to the experimentally observed value.

Consequently, it would seem that the driving force responsible for ferrodistortive

correlations is likely to be electronic in nature.

To summarise, the emerging picture is one of an entropy-driven ‘excited’ JT state

that is stabilised relative to the ground state JT distortion at sufficiently high tem-

peratures [Fig. 4.2], in a situation that mirrors that of the thermally-driven symmetry

lowering in lead chalcolgenides [270]. Of relevance to the doped manganite compounds

is the observation that the geometry of the O6 octahedral shell in the cis-JT distor-

tion deviates 50% less markedly from the Mn4+ environment in CaMnO3 [103] than

does the trans geometry. Consequently the negative value of dTJT/dx likely reflects

the effect of reduced strain on the value of ∆HJT as x increases. Finally it is noted

that a return to trans-JT distortions in the higher temperature R phase suggests that

the situation is finely balanced between the free energies of competing distortions, the

lattice symmetry and the activation of different octahedral tilt systems.
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4.4.3 Other Considerations

The JT-switching model presented here also helps to rationalise a number of other

observations concerning this transition. Firstly, Mn K-edge EXAFS measurements

have previously suggested a change in the Mn environments across the transition,

beyond nearest-neighbour Mn–O distances [245, 246, 271]—it has already been seen

that the refinements presented here can reproduce these features [§ 4.3.2.9]. XANES

measurements have presented the results that Mn 3d/4p mixing occurs at the transi-

tion [246], a process that is forbidden unless the Mn environment becomes acentric,

making these results difficult to interpret under the established order/disorder model

of the transition.

This 3d/4p mixing, combined with the changes in Mn. . .Mn distances and Mn–O

angles that occur, will renormalise the electronic bond structure, and could therefore

account for the resistivity anomaly observed at TJT [237].†

Off-centering of the Mn atom in the cis-JT distorted octahedra would lead to

the creation of a dipole moment, meaning one would expect to see evidence of this

in dielectric spectroscopy. Indeed a relaxor-like dielectric anomaly has been mea-

sured in Ref. 272, with the suggested explanation being the emergence of a nanoscale

polar domain structure. The results of this study show that this observation and

interpretation would in fact be consistent with neutron and X-ray scattering data.

As demonstrated above, the measured value of ∆SJT—too large to be accounted

for by previous models of orbital disorder (e.g. three-state Potts [268])—can now

be quantitatively explained. The statistical sampling of all twelve possible cis-JT

orientations can account for both the emergent isotropy in ferromagnetic interactions

and the pseudocubic metric of the O phase Pbnm cell [235].

The discontinuity in cell volume at the transition reflects the change in the MnO6

coordination geometry, and consequent volume reduction [§ 4.3.2.5]. The discontinu-

ity in the Mn atomic displacement parameters reported here [§ 4.3.2.4] and elsewhere

[235, 266] can be explained by Mn off-centering. This could also suggest an origin for

the anomalous shift in phonon energies associated with Mn displacements recently

measured using inelastic neutron spectroscopy [§ 4.3.3.2 and Ref. 265].

†Unfortunately the understanding required to perform accurate density functional calculations
on states that are both excited and extensively disordered is not currently available, so supporting
ab initio calculations cannot be provided at the present time.
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The implications of a JT symmetry transition reach beyond the specific case of

LaMnO3. At the heart of functional oxide science are the possibilities available for

exploiting the complex relationships between structural, electronic, magnetic and

orbital degrees of freedom. The discovery that orbital transitions can be associated

with finely balanced shifts between fundamentally different electronic states hints at

the possibility that orbital switching transitions could play a key role in manganite

physics. Certainly it seems likely that any polaronic phase that emerges upon doping

will be more complex than was perhaps previously envisaged, with the potential

for coupling between hole localisation and Mn off-centering. If nothing else, then the

observation of an unexpected local structure within orbital-disordered LaMnO3 serves

to highlight the importance of characterisng fully the disordered states of matter from

which so much of contemporary condensed matter physics is found to emerge.

4.5 Conclusions

Rietveld average structure refinements, and both small- and large- box local structure

refinements have been performed using newly-collected neutron and X-ray total scat-

tering data. RMC refinements, using the RMCProfile code, have produced large

atomistic configurations, consistent with both average and local structural informa-

tion, and form the backbone of this study. They have been shown to be consistent

with previously published results from a range of sources covering both average and

local structure techniques.

The key finding from the work is that the local symmetry of the JT distorted

MnO6 octahedra changes from a centrosymmetric to an acentric arrangement when

moving from the orbitally ordered phase to the pseudocubic phase. This demonstrates

that in fact the established view of the transition as a simple change from long-range

to short-range order is incorrect, or at best, incomplete.

The two different JT distortions have been characterised, and compared in detail.

The transition from trans- to cis-distortions has been shown to explain a number of

other previously unaccounted for observations, including dielectric, X-ray absorption,

and volume anomalies at TJT. Again this illustrates the benefit of taking an holistic

approach to structural modelling.
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The interplay between orbital and structural degrees of freedom would appear to

be quite finely balanced. This suggests that there could be more unexpected results

found for doped phases, e.g. La1−xCaxMnO3, particularly in the dynamic polaron

region of the phase diagram. This could provide a further opportunity to test the

ability of the RMC technique, particularly with regard to modelling substitutional

disorder.‡ Finally, this unexpected result in what was thought to be a straightforward

and well-understood order-disorder transition hints at the possibility that other seem-

ingly uncomplicated order-disorder transitions may in fact be masking some hidden

complexity.

‡It should be noted of course that the techniques used here are not directly sensitive to dynamics.
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Chapter 5

Magnetism and charge ordering in
Fe3O4

Having looked at a system concerned primarily with charge ordering, and one con-

cerned primarily with orbital ordering, we now move on to a more complicated system

concerned with both charge and magnetic ordering—magnetite, or Fe3O4.

5.1 Magnetite and the Verwey Transition

The study of magnetite goes back a remarkably long time. As the naturally magnetic

mineral commonly referred to as lodestone, it was the first known magnetic material,

and indeed references to it date back more than 2500 years.∗ Early uses included

primitive compasses for maritime navigation [273]; nowadays it is far more likely to

be found as a catalyst [274]. Some organisms have also made use of the mineral [275]:

magnetotactic bacteria such as Magnetospirillum magnetotacticum [276] use magnetic

alignment of carefully grown crystals to navigate towards more favourable conditions,

while pigeons are thought to achieve remarkable navigational ability through the use

of magnetic material located in their necks [277, 278].

The room temperature structure of magnetite [Figure 5.1] is well known and

understood—it has the AB2O4 inverse spinel structure with cubic Fd3̄m symme-

try, where tetrahedral (A) sites are occupied by Fe3+ ions, and equal numbers of Fe2+

and Fe3+ ions are distributed across the octahedral (B) sites—however the low tem-

perature structure is an area of contention. The extensive amount of research that

∗One of the first references occurs in Aristotle’s De Anima 1.2, 405a19, though the author of this
text concedes he has not read it himself.
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Figure 5.1: The room temperature structure of Fe3O4. Iron atoms are coloured red,
and oxygen atoms blue.

has been done on this system makes a complete review of the literature here unman-

ageable. Instead some of the more salient points in the story will be covered, and the

reader is referred to published review articles for a complete discussion [279, 280].

In 1939, prompted by an earlier heat capacity study [281], Verwey observed that

magnetite exhibits a strong discontinuity in its conductivity at around 120 K [282]

[Fig. 5.2]. This led to extensive attempts to explain the phenomenon, and understand

the accompanying structural distortion, sparking the huge interest in the material that

has continued until this day. It was originally postulated that charge ordering of the

Fe2+ and Fe3+ ions on the octahedral sites was the origin [283], and while some studies

at first seemed to confirm this model [284], it was later shown to be incorrect [285].

This left open the question of what was the low temperature structure of magnetite,

and did it exhibit any charge ordering?

Early studies were hampered by certain obstacles that stood (and still stand) in

the way of what might otherwise have been a relatively straightforward process. The

non-stoichiometry of Fe3O4 is arguably the biggest challenge, and it was not until the

Mott conference in 1979 that the need for extreme care during sample preparation

and quality control was widely recognised [279]. The structural distortion lowers the

symmetry from cubic to what is generally believed to be a monoclinic symmetry,

causing extensive twining to occur, adding to the difficulties of single crystal work.
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Figure 5.2: Early evidence for the Verwey transition in magnetite. A: A heat capacity
anomaly at around 115 K was reported in Ref. 281. B: Verwey observed a discontinuity
in the resistivity of magnetite. Panel adapted from Ref. 282.

Finally, the distortion away from cubic symmetry is very subtle, making accurate

measurement difficult, even with modern instruments. The combination of these

challenges means that early progress was slow, and it is only comparatively recently

that significant advances have been made.

Diffraction has arguably been the principal technique in this search, with a high

quality single crystal study of a stoichiometric single domain sample being the ul-

timate goal. A great many other techniques have been applied to the problem:

Mössbauer spectroscopy [286–289] and 57Fe NMR [290–292]—both of which are sensi-

tive to the local Fe environments—EXAFS [293], and resonant diffraction [294, 295].

Many charge ordering schemes have been proposed [296–298], some of which satisfy

the Anderson criterion for minimising electrostatic repulsion [299], and yet no single

model has been universally accepted.

A number of more recent studies have obtained reliable structure solutions from

high quality samples: Iizumi et al. used neutron single crystal scattering and a de-

twinned crystal [300]; Wright et al. used a combination of high resolution neutron and

synchrotron data and a highly stoichiometric powder sample, avoiding the twinning

issue [251, 301]; and Senn et al. used high energy synchrotron scattering to perform

a single crystal study on an individual 40µm grain, also neatly avoiding the twinning

problem [302]. These all concluded that the low temperature structure was best de-
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scribed by a monoclinic Cc symmetry unit cell four times larger than the Fd3̄m unit

cell [Fig. 5.3]; however, in some cases the refinement was performed using a higher

symmetry approximation. Other studies using different techniques have ruled out

any symmetry higher than triclinic [303–305]; however, a Raman and infrared study

subsequently ruled out all spacegroups lacking an inversion centre [306]. It is clear

that this is not a straightforward system to study, and it is certainly not as straight-

forward as the initial model suggested by Verwey. For one thing, it has been shown

repeatedly that charge ordering of Fe2+ and Fe3+ ions is not present—any charge

ordering observed consists of intermediate charge states [280, 307, 308].

As may be expected, the magnetic structure of magnetite has also received much

attention over the years—indeed it was one of the first compounds to be studied in

the early days of magnetic neutron scattering [309, 310]. Néel was the first to suggest

a ferrimagnetic arrangement of the magnetic moments on the Fe sites [311, 312], and

this was soon corroborated [310]. The simplest spin model assumes integral charges,

where the A site Fe3+ ions have a moment of −5.0µB, and the B site Fe3+ and Fe2+

ions have moments of +5.0µB and +4.0µB. The orbital moments are quenched, and

the moments on the Fe3+ ions cancel, giving a net spin moment of +4.0µB.

This simplified picture may not be representative of the true situation. While it

is well accepted that this ferrimagnetic model fits the data well, there is a paucity

of neutron diffraction studies where the moments are explicitly refined. Iizumi et al.

hoped to derive the charge ordering in the low temperature structure from magnetic

scattering measurements, but failed to refine the B site moments with reasonable

uncertainties [300]. The study by Wright et al. did present refined moments, but

constrained all moments to lie along the c axis, with a single magnitude for all A sites

and a second magnitude for all B sites (+4.44(3)µB and −4.17(2)µB respectively)

[251].

Most studies have measured instead the average moment for the bulk sample,

through for example X-ray magnetic circular dichroism (XMCD) or spin-polarized

Compton scattering, which are then interpreted as the net moment from the octa-

hedral Fe2+ ions—the Fe3+ ions having cancelled out. These have not always agreed

with one another, particularly on the issue of the orbital contribution. Some studies

reported negligible orbital contributions [313–317], while others reported larger val-
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ues, such as 0.65±0.07µB [318] or 0.51±0.05µB [319]. This has perhaps now been

resolved, with the publication of a further study revealing the presence of large orbital

moments of >1µB per atom on both the A and B sites, but which cancel out making

them invisible to methods that average over the whole cell [320]. This cancellation is

quite sensitive to oxygen stoichiometry, with any deviation from perfect stoichiometry

potentially leading to an imbalance, which could explain why an orbital contribution

has previously been observed in some cases.

Returning to the spin moments that have been observed, there has been some

variation in the reported values: these range from 3.54±0.05µB [319], to 3.68±0.09µB

[318], 3.90±0.09µB [313], and 3.98±0.03µB [316]. As can be seen these are reasonably

close to the expected value of +4.0µB. It is worth mentioning that these data have

been collected at a range of temperatures and magnetic fields, but that no anomalies

have been observed in the magnetic behaviour across the transition [316], other than

the switch in the magnetic easy axis from 〈111〉-type directions above TV to parallel

to the c-axis at low temperatures [321–323].

There is certainly still scope for further research to be performed on magnetite,

and the apparent discrepancy between conventional diffraction [251, 300–302] and

magnetoelectric [303, 304] studies hints at the possibility of localised symmetry low-

ering. It would be reasonable to expect that local structure probes may be well

suited to this problem, as they will not be troubled by the difficulties faced by aver-

age structure probes as outlined previously, and are specifically sensitive to localised

distortions. RMC methods have also proved sensitive to complex magnetic structural

features in previous studies, such as MnO [130, 133] and FeO [324], so it is possible

that total scattering methods may be able to provide some insight into this system

as well. As in the preceding chapters of this thesis, this study is based around RMC

refinements of total scattering data. The main distinction is that in this case there

is a magnetic contribution to the scattering intensity, requiring the magnetic mo-

ments of the iron atoms to be included in the refinement. Two different magnetic

moments are included, representing the “Fe2+” and “Fe3+” ions, and these two differ-

ent moments are allowed to swap positions across different sites. This combination of

magnetic refinement and swapping atoms between sites explores new territory for the

RMCProfile code, and acts as a testing ground before these features are required
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Figure 5.3: Some common space groups used during the analysis of Fe3O4, showing
the relationships between them [251].

for analysis of the La1−xCaxMnO3 series (which will be carried out by a subsequent

student).

5.2 Experimental

5.2.1 Sample Preparation

The sample† is a highly stoichiometric polycrystalline sample of Fe3−3δO4, where

δ < 0.0001, produced using the skull melter technique [325], and is the same sample

that has been used in Refs. 251, 301, 302, 326, 327. Hence it is of reliable quality,

and there are no concerns over its purity.

5.2.2 Data Collection

Neutron total scattering data were collected on the GEM diffractometer at ISIS,

at a temperature of 10 K. The collection spanned scattering vectors in the range

1 > Q > 50 Å
−1

, giving real-space resolution of the order ∆r ' 0.08 Å
−1

. Appro-

priate corrections were performed using standard methods to account for the effects

of background scattering, absorption, beam intensity variations, multiple scattering,

and the Placzek inelasticity correction [7, 34]. The data were then transformed into

the function F (Q) (as described in Eqn. 1.9) and the Bragg intensities were extracted.

No conversion into a real-space function was performed, as the magnetic component

†Kindly provided by Prof. J. Paul Attfield.
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of the scattering could not be separated from the nuclear component, meaning that

an accurate pair distribution function could not be produced.

5.2.3 Structure Refinements

Rietveld average structure refinements were first performed using the GSAS software

package [224]. The purpose of carrying out these refinements was to obtain a reliable

set of lattice parameters for use with the subsequent RMC refinements, and to check

for consistency with previous studies, rather than to gain any unique insight into

the problem. The subtlety of the structural distortion makes a stable refinement of

Fe3O4 at low temperatures somewhat difficult. To simplify the process a P2/m unit

cell was used, rather than the larger and more complex Cc cell reported elsewhere,

and additional Fd3̄m symmetry constraints were added to improve the robustness.

This approximation has been used previously in other powder refinement studies [251].

Isotropic displacement parameters were used, and were constrained to be the same for

all atoms, again to improve the stability of the refinement. Magnetic moments were

constrained such that tetrahedral Fe atoms all had the same magnitude of moment,

and pointed along the c-axis in the positive direction, while octahedral Fe atoms were

also constrained to share the same magnetic moment (but distinct from that of the

tetrahedral sites), and had moments fixed along the negative c-axis. This constraint

has also been used previously [251].

The fits produced are shown in Figure 5.4. It can be seen that not all the in-

tensities are well reproduced, but the peak positions are good: this is sufficient to

fulfil requirements. Refined lattice and atom parameters are displayed in Table 5.1

alongside values from Ref. 300. It can be seen that there is good agreement between

the two.

RMC refinements were performed using the RMCProfile code. Starting con-

figurations were produced from 8 × 8 × 6 supercells of the GSAS refined P2/m cell

(10 752 atoms, ∼50 Å width). This size was chosen as it is roughly cubic, and so

maximises the useful volume, and because this is equivalent in size to a 4 × 4 × 3

supercell of the Cc unit cell setting, allowing easy comparison with previous studies

that used this cell.
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Figure 5.4: Shown above are the GSAS Rietveld refinement fits to the Fe3O4 neutron
scattering data collected on the GEM diffractometer. Data are represented as black
dots; the calculated fits by red lines; and the difference curves are plotted in green.
Reflection positions are indicated by black tick marks.
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Table 5.1: The results of the Rietveld refinement are displayed in the table below.
Atom parameter entries in italics denote results from Ref. 300.

This study Ref. 300
Crystal system Monoclinic Monoclinic
Space group P2/m Cc
a (Å) 5.9346(5) 5.934(2) (equivalent)
b (Å) 5.9169(4) 5.926(2) (equivalent)
c (Å) 8.3844(6) 8.376(4) (equivalent)
β (◦) 90.242(6) 90.20(3)
V (Å3) 294.414(7) 294.5(8) (equivalent)
Z 4 4 (equivalent)
T (K) 10 10

Atom x y z Uiso (Å2) Mult.
FeA1 0.25 0.5 0.375 0.00132(5) 2

0.25 0.5067(2) 0.3774(1) 0.0006(4)
FeA2 0.25 0 0.125 0.00132(5) 2

0.25 0.0049(3) 0.1270(1) 0.0006(4)
FeB1 0.25 0.75 0.75 0.00132(5) 4

0.25 0.7549(5) 0.7492(2) 0.0001(3)
FeB2 0 0.5 0 0.00132(5) 1

0 0.5 0 0.0016(5)
FeB3 0 0 0.5 0.00132(5) 1

0 0.0099(3) 0.5 0.0018(5)
FeB4 0.5 0.5 0 0.00132(5) 1

0.5 0.5 0 0.0016(5)
FeB5 0.5 0 0.5 0.00132(5) 1

0 0.0099(3) 0.5 0.0018(5)
O1 0.01173(11) 0.5 0.75586(5) 0.00132(5) 2

0.0067(6) 0.4950(3) 0.7512(1) 0.0014(5)
O2 0.25 0.76173(11) 0.50586(5) 0.00132(5) 4

0.25 0.7696(6) 0.5054(2) 0.0025(5)
O3 0.48827(11) 0.5 0.75586(5) 0.00132(5) 2

0.4933(6) 0.5050(3) 0.7512(1) 0.0014(5)
O4 0.25 0.73827(11) −0.00586(5) 0.00132(5) 4

0.25 0.7477(6) −0.0009(2) 0.0016(6)
O5 0.51173(11) 0 0.25586(5) 0.00132(5) 2

0.5116(6) 0.0089(3) 0.2590(2) 0.0022(5)
O6 −0.01173(11) 0 0.25586(5) 0.00132(5) 2

−0.0116(6) 0.0089(3) 0.2590(2) 0.0022(5)
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Configurations were refined against Bragg and F (Q) data sets. As mentioned

above, no PDF data could be used due to the presence of magnetic scattering. Mag-

netic moments on Fe atoms were included in the refinement to allow fitting of the

magnetic scattering components in the data. Two magnitudes of moment were in-

cluded, to allow for some Fe sites being nominally “Fe2+” and others “Fe3+”. Several

types of move were allowed during refinements: standard translational moves; rota-

tions of magnetic moments on Fe atoms; and swapping moves. Swapping moves were

only allowed between different Fe atoms, to permit the “Fe2+” and “Fe3+” moments

to explore varying arrangements throughout the configuration.

The ratio of each type of move generated can be controlled. Experience suggests

that best results are obtained by alternating between only allowing translational

moves, and allowing magnetic moment and swap moves together. This iterative ap-

proach allows the refinement to focus on improving the fit to the nuclear scattering,

and then focus on the fit to the magnetic scattering. Allowing all three moves simul-

taneously leads to predominantly translational moves being accepted, with almost no

successful swap moves.‡

Standard refinements (which we shall call type A) began with only translational

atom moves allowed. Magnetic moments were initially set to the GSAS-refined values

and positions, i.e. tetrahedral sites with a moment of 4.625µB aligned in the positive

c-direction, and octahedral sites with a moment of 4.130µB aligned in the negative c-

direction. Refinements were continued in this manner until little further improvement

in χ2 was made. Typically this was found to occur after 17 000 minutes had elapsed.

After this process was complete, the moments were changed so that tetrahedral sites

were now 5.0µB and octahedral sites were 50 % 5.0µB and 50 % 4.0µB. Refinements

were then continued, allowing spin moves and swapping to take place with equal

probability of generation, but without any translational moves. This stage proceeded

until little further improvement was made to the χ2, or until few swapping moves

were accepted—whichever occurred first. Finally, the configurations were refined

once again using translational moves only until the χ2 reached a steady state, which

typically occurred after a further 4 000 minutes.

‡Swap moves are generally far less likely to be accepted than the other two types of move, as
they can often lead to substantial (negative) changes in the fit.
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To explore the effects of the initial conditions on the refined magnetic structure,

three other variations of refinement were set up. These started with (i) magnitudes

as above, but random orientations (type B); (ii) orientations as above, but 4.0/5.0µB

locations randomised (type C); and (iii) both random orientations and 4.0/5.0µB

locations (type D).

Example fits from the RMC refinements are shown in Fig. 5.5. As can be seen,

good fits were obtained for the principal features in each data set, however it should

be noted that the low intensity details in the Bragg data set were not adequately

fitted. This is a consequence of the fitting process used in the RMC refinement, and

the implications of this will be discussed later.
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Figure 5.5: Shown above are the RMC refinement fits to the Fe3O4 neutron total
scattering data collected on the GEM diffractometer. Top: fit to Bragg profile. Top
inset: close up of low intensity peaks, showing poor fit. Bottom: fit to F (Q) data.
Data are shown in black; the calculated fits by red lines; and the difference curves
are plotted in green.
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5.3 Results & Discussion

5.3.1 Average Structure

As outlined in § 5.2.3, the Rietveld refinement carried out was a simple one, designed

primarily to obtain reliable lattice parameters, and act as a reasonable starting point

for the subsequent RMC refinement. As such we cannot expect any new insights to

come from this refinement, but can confirm that so far our work is consistent with

previous studies. It is quite possible that the RMC refinement may reveal something,

however, and it is certainly sensible to check the average structure produced by the

refinement to ensure it is realistic. This can be achieved by collapsing the refined

configuration down onto a single unit cell and applying the symmetry operations of

the appropriate space group. This also allows the positional variation for each atom

site to be easily seen. A refined configuration that has been collapsed onto a P2/m

unit cell is shown in Figure 5.6. It can be seen that the sites have narrow positional

distributions, as might be expected for low temperatures.

The findsym online web program [328] was used to try to extract a space group

from several collapsed configurations, after obtaining the average position for each

site. This was attempted first using Cc cell settings, but it was found that the

program could not cope with so large a cell, so a P2/m-sized unit cell was used

instead. This reduced cell size meant that no information could be obtained regarding

the suitability of the Cc unit cell in the average structure data. The results may

be summarised as follows: for low tolerances the space group P1 was returned, as

expected; for higher tolerances, higher-symmetry space groups were found, with some

variation between refinements; above a threshold tolerance only spacegroup Pma2

was returned. The disorder inherent in RMC refinements will inevitably lead to a

structure without any symmetry—if the allowed tolerances are low—producing a P1

spacegroup. This disorder will naturally lead to small variations between separate

refinements, hence the variation present in the intermediate-tolerance regime. The

spacegroup Pm occurred frequently, however, which may suggest a certain sensitivity

to the mirror symmetry present in the Cc cell. By the time the Pma2 cell is returned,

the tolerances are too high for the result to have much significance.
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Figure 5.6: Refined P2/m unit cells of Fe3O4. A: The GSAS–refined structure,
highlighting the tetrahedra and octahedra present in the structure. NB : only complete
polyhedra have been shown. B: The RMC–refined structure, collapsed down on to a
P2/m unit cell. C: The average magnetic structure obtained from RMC refinement.
Tetrahedral sites are indicated by an asterisk. D: A complete RMC refinement of the
magnetic structure, collapsed onto a single unit cell to show the variation on each
site. Iron atoms are coloured red, and oxygen atoms blue.
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The result of this is that no significant contribution can be made regarding the

average (nuclear) structure of the low temperature phase of magnetite based on these

RMC refinements. The disorder present in the refined structures is too large for

the subtle distortions involved in the transition to be seen. Further confirmation of

this comes from close examination of the fit to Bragg data for the RMC refinements

[Figure 5.5, top inset]. Many small peaks and shoulders can be seen, evidence of sym-

metry lowering distortions present in the structure. Their small size in comparison to

the main peaks (∼0.5 %) means that they are essentially ignored during the refine-

ment process, leading to poor or nonexistent fitting by the model. To address this

issue would require changes to be made to the RMCProfile code, and is beyond

the scope of this project. Possible solutions might be to fit the Bragg data using a

logarithmic intensity scale, to increase the significance of the low intensity peaks, or

a fitting mechanism using the inverse of the intensity. These solutions are not simple

and would require much further work to establish the best operating procedures.

5.3.2 Magnetic Structure

The RMC spin configurations were collapsed onto P2/m unit cells to view the varia-

tion in spin orientation for each site. This was well-ordered, with the majority of spins

pointing within a narrow distribution [Fig. 5.6 D]. The magnetic moments were also

averaged for each site to give the structure shown in Figure 5.6 C. Certain features

are clearly apparent. The tetrahedral sites align approximately ferromagnetically to

one another, as do the octahedral sites, though the alignment between the two groups

is roughly antiferromagnetic, and canted.

Considering first the orientations of the magnetic moments, there is good con-

sistency in the final orientations of each site between refinements that start from

the GSAS-refined orientations (types A & C). Not all octahedral sites point in ex-

actly the same direction, but pairs of sites exist that do have very similar directions.

These pairs are consistent across different refinements, though small variations in the

orientation do occur between refinements. The coordinates of these pairs are listed

below:
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As can be seen, these pairs are all separated by a vector (1
2
, 1

2
, 1

2
).

For refinements that began with random spin orientations there is greater vari-

ability in the final absolute orientations for each site, though the relative orientations

between octahedral and tetrahedral sites are reasonably consistent at about 130 ◦ [Ta-

ble 5.2]. Octahedral sites are still paired up in the same combinations, though the

distinctions between the pairs is less clear. Taken together, these results suggest that

the most robust aspect of the refinement is the relative orientations between octahe-

dral and tetrahedral sites, rather than the absolute orientations. Another implication

is that, starting from a random set of spin orientations, it is much easier to reorient

the spins such that they are correct with regard to one another, than it is to reorient

them to a correct absolute orientation. This result was also found for MnO [130].

In contrast, when the distribution of 4.0/5.0µB spin magnitudes is examined, no

patterns or features of note are observed. This suggests either that there is per-

haps not enough information available to control the swapping moves of the different

magnitudes and encourage some sort of ordering to form, or that any variation in

magnitude for each site is accounted for by adjusting the spread of orientations for

the sites in question, as a wider spread will tend to lower the average moment on that

site—the presence of 4.0µB versus 5.0µB moments would then be of no consequence.

Indeed when looking at the average magnetic moments on each site it is clear that

there is minimal variation between different sites. The greatest variation is seen for

the refinements that started from the fully ordered GSAS orientations, where the

octahedral sites had an average moment of 4.18µB, while the tetrahedral sites had

an average moment of 3.45µB.

The refined structures have also been investigated in the Cc unit cell setting;

however, there is insufficient evidence that there is any distinction between that and

an expanded P2/m cell, so only the results for the latter cell have been presented

here.

It is notable that the average net moment per formula unit is always significantly

larger than the value expected based on previous studies, where values of . 4µB are
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Table 5.2: A summary of the refined magnetic moments. Average vectors for different
sites are not presented for type B & D refinements, as large variations in orientation
between refinements lead to deceptively small values.

Type A refinements
Average net moment 6.121(12)µB

Average angle 136.6(5) ◦

Group mx(µB) my(µB) mz(µB) |m|(µB)
1 −0.958 1.042 −3.966 4.212
2 −0.865 −1.014 −3.983 4.202
3 0.415 0.130 −4.175 4.200
4 −0.892 0.072 −3.987 4.089

Tet. −1.961 0.147 2.802 3.447

Type B refinements
Average net moment 5.93(4)µB

Average angle 130.8(11) ◦

Group |m|(µB)
1 3.876
2 4.151
3 3.949
4 3.873

Tet. 3.886

Type C refinements
Average net moment 5.779(31)µB

Average angle 134.8(3) ◦

Group mx(µB) my(µB) mz(µB) |m|(µB)
1 −0.554 1.713 −3.746 4.199
2 −0.674 −1.738 −3.769 4.249
3 −0.435 −0.023 −3.991 4.083
4 −0.176 −0.040 −4.202 4.262

Tet. −2.577 −0.402 3.281 4.196

Type D refinements
Average net moment 5.787(29)µB

Average angle 135(5) ◦

Group |m|(µB)
1 3.961
2 4.031
3 3.865
4 3.859

Tet. 3.665
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reported for the spin moments. While little has been reported on the orbital moment,

it is perhaps presumptuous to attribute the full value of the difference to their con-

tributions, especially when they are expected to cancel for a stoichiometric sample.

It is possible that the spin moments used in the refinement were too large, though it

is expected in this case for the refinement to respond by increasing the angular varia-

tion for each site, in order to lower the net moment. Considering only the component

along the c-direction, the magnitude is closer to what we might expect—5.25µB for

type A refinements, and 4.57µB for type C—though still too large, especially when

compared to the net moment produced by the GSAS refinement, 3.635µB.

The average spin vectors for each site in type A refinements were used in a GSAS

refinement to confirm that the RMC model did in fact fit the data better, and was not

simply an artefact of the refinement process. The directions of the spins were fixed,

but the magnitudes of the spins were allowed to refine, with the octahedral sites al-

lowed to scale independently of the tetrahedral sites. The GSAS-refined atomic struc-

ture was used, but with symmetry reduced to P1, and non-magnetic atom parameters

fixed. This was compared to an otherwise identical refinement that constrained the

spins to lie along the c-axis. It was found that the canted spins model obtained from

the RMC refinement gave an improved fit, with a reduced χ2 of 154.6, compared to

162.9 for the c-axis-confined model. It is worth noting that—though allowed to scale

freely—the overall magnitude of the moment for the canted spins model remained

large, at 5.925µB.

When considering the symmetry of the refined magnetic structure, we shall con-

fine ourselves to the type A and C refinements, as the overall orientations of the

magnetic moments in type B and D refinements are inconsistent. It can be seen that

predominantly, the spin components lie within the ac plane. For the tetrahedral sites,

and groups 3 and 4 of the octahedral sites, the my components are small. The notable

exceptions to this are the groups 1 and 2 of the octahedral sites, which have large my

components that are approximately equal but opposite.

Considering first the expected symmetry of a P2/m cell, there are mirror planes at

b equals 0, 1
2
, and 1, with two-fold rotation axes parallel to the b-axis. Inversion centres

exist where the rotation axes intersect the mirror planes. The magnetic atoms that lie

within the mirror planes are the tetrahedral sites and groups 3 and 4 of the octahedral

138



sites, and have their spins lying approximately within the mirror plane. The groups

1 and 2 octahedral Fe atoms lie outside of the mirror planes, but are mapped onto

one another by the planes. The fact that their my components are approximately

equal and opposite now means that they are consistent with this symmetry element.

However, the large mx components held by many sites violates the two-fold rotation

axis, meaning that P2/m is not an appropriate description of the space group. This is

not unexpected: as detailed above, many studies have concluded that magnetite has

a lower symmetry Cc structure, and we cannot expect the symmetry of the magnetic

structure to be any higher than that of the atomic structure.

Now considering the Cc space group, there are c-glide planes at b equals 0, 1
2
, and

1, and diagonal glide planes at b equals 1
4

and 3
4
. However, when translating this into

the metrically smaller cell used in the present analysis, we must consider c-glide planes

at 0 and 1, and a diagonal glide plane at 1
2
. The translational element of the glide can

also be ignored, as a translation of half of the larger unit cell equates to a translation

of the complete smaller cell, returning the atom or spin to its starting position. There

are no other symmetry elements to consider, and we have already established that

the magnetic structure outlined here is consistent with mirror planes at 0, 1
2
, and

1. Therefore, the RMC-refined magnetic structure appears to be consistent with a

Cc-symmetry unit cell.

5.3.3 Local Structure

Investigation of the local structure must come purely from the RMC refinements. The

widespread interest in charge ordering in magnetite led us to explore bond valence

sums first. These were calculated using the formula and coefficients presented in

Ref. 329,

Vi =
∑
j

exp

(
Rij − dij

b

)
(5.1)

where Vi is the valence of species i, bonded to species j; Rij is termed the bond

valence parameter, with a value of 1.759 Å for Fe3+ bonded to oxygen; dij is the bond

length between species i and j; and b is a constant equal to 0.37 Å.

Strictly speaking, the bond valence parameter varies with valence state, however

in this case we do not know in advance what the valence state of a particular atom

is meant to be. In addition, there is extensive evidence that the valence states in
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Figure 5.7: Histogram of bond valence sums for octahedral (black) and tetrahedral
(red) Fe atoms in refined configurations (average over six refinements).

Fe3O4 below the Verwey transition are non-integral (for which there are no tabulated

bond valence parameters) [280]. For this reason we have simply used the parameter

for Fe3+ throughout, noting that doing so will give a higher calculated BVS than

expected for iron in a lower valence state.

Figure 5.7 shows the calculated BVS distributions for both the octahedral and

tetrahedral sites. Considering first the octahedral iron atoms, the distribution of

bond valence sums can be seen to be bimodal, showing that the RMC refinements are

sensitive to some form of change in local environment. The two Gaussian peaks are

centred at BVS values of 2.51 and 2.89, with an unequal division—the ratio of peak

areas is approximately 1.8:1, with a greater weighting to the higher valence states.

This uneven splitting goes against the traditional model of charge ordering proposed,

where there should be equal numbers of Fe2+ and Fe3+ ions on the octahedral sites.

There is however a Mössbauer study that finds much the same ratio of valence states—

1.88:1—in its analysis [289], which lends some support to this observation.
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Now considering the BVS distribution for the tetrahedral sites, a single peak is

observed in almost the same position as the higher peak found in the octahedral

distribution—centred at a valence of 2.8 rather than 2.9 [Fig. 5.7]. This is consistent

with expectations, which would be for the tetrahedral sites to be occupied by Fe3+

ions, the higher valence species. The average BVS on octahedral sites is 2.78, while

for tetrahedral sites it is 2.74. This gives a total valence sum per formula unit of 8.30,

reasonably close to the expected value of 8.00, and as mentioned previously our use

of the Fe3+ bond valence parameter for all Fe atoms will have overestimated the BVS

in some cases.

No ordering is immediately discernible among the different valence states of the

octahedral iron atoms upon visual inspection. The following correlation function χ(r)

was defined and calculated to assess this more rigorously:

χ(r) =
a2

eff

Nr2

∑
i

∑
j

uiuj(r) (5.2)

where

ui =

{
+1 vi ≥ 2.7

−1 vi < 2.7
; (5.3)

aeff is the effective lattice parameter,
√
ab; N is the total number of atoms involved;

and vi is the BVS of atom i. This function is plotted in Figure 5.8, and shows that

there does appear to be a slight tendency for dissimilar valence states to be nearest

neighbours, while there is a tendency to find the same valence state at twice this

distance. As can be seen from the error bars, this is a very weak tendency, limiting

its significance when considered in isolation.

The next stages of the investigation were prompted by the most recent of the

high resolution diffraction experiments [302]. A key result of this study was the

observation of so-called ‘trimerons’—linear three atom clusters formed from a central

Fe2+ ion surrounded by two Fe3+ ions. These are distinguished in the structure (which

could otherwise be considered to hold a great many of these clusters) by shorter than

expected Fe–Fe distances, and form a network throughout the structure connected

mostly by the ends of the trimerons [Fig. 5.9].

The RMC refined structures were probed in search of similar trimerons by looking

for closer-than-normal Fe atom clusters, but no evidence was found for clusters of
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Figure 5.8: Correlation function describing the likelihood of finding different valence
states of octahedral Fe atoms at a distance r. A positive peak implies likelihood of
finding similar valence states at that distance.

this kind. In fact very little intensity is present in the Fe–Fe bond length histogram

at the required distances, and the peak is not bimodal [Figure 5.10]. Nonetheless,

the average Fe–Fe distance among octahedral iron atoms is 2.963 Å, which is in good

agreement with the average value found in Ref. 302, 2.967 Å. In the absence of the

results of Ref. 302 these findings would not be unexpected, and indeed, still seem

reasonable.

The next attempt again sought out possible trimerons, but this time using bond

valence sums to distinguish the ends and centres, rather than the Fe–Fe distances.

This proved somewhat more successful: as noted earlier the ratio of Fe3+:Fe2+ ions

on the octahedral sites is roughly 2:1, which fits well with the trimeron model of

one central Fe2+ and two peripheral Fe3+ ions. The small correlations that favour

dissimilar atoms at a distance of ∼3 Å but similar atoms at ∼6 Å could also support

the trimeron model.

Suitable three atom clusters could be identified in great numbers, though no par-

ticular patterns or trends could be seen. It is hard to discern between the observed

arrangement, and what might be observed for a purely random arrangement of valence

states. Applying the short bond length requirement on top of the BVS to identify

the trimerons leaves a negligible quantity remaining.
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Figure 5.9: Ref. 302 reported a network of ‘trimeron’ structures below the Verwey
transition in magnetite, which are shown above. Trimerons are indicated by grey
bonds, while atoms designated as Fe2+ and Fe3+ are shown in blue and yellow, re-
spectively.

Figure 5.10: Histograms of octahedral Fe–Fe distances in Fe3O4. The distribution of
octahedral Fe–Fe distances obtained from RMC refinement is shown as a black line,
while the distribution obtained in Ref. 302 is shown as coloured bars. The distribution
is broken down according to the valences of the Fe atoms involved, as indicated by
the key, and those involved in trimeron formation are indicated by hatching. The
distribution from Ref. 302 has significant intensity at low distances, while the RMC
distribution does not, though they are both centred about the same distance.
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Ref. 302 also quantified the distortions present in FeO6 octahedra in terms of a

tetragonal JT mode and a radial breathing mode, termed QJT and QRad respectively.

These were chosen for their apparent sensitivity to charge and orbital ordering. The

radial breathing mode, QRad, is defined simply as:

QRad =
d+x + d−x + d+y + d−y + d+z + d−z

6
− dav (5.4)

where d+x refers to the Fe–O bond length in the positive x-direction, etc. and dav is the

average Fe–O bond length for the octahedral sites. The tetragonal distortion mode,

QJT is obtained from the following process. First, three Eg symmetry amplitudes,

Qx, Qy and Qz are calculated using:

Qx =
2(d+x + d−x)− (d+y + d−y + d+z + d−z)

2
√

3
, etc. (5.5)

These are ranked in order of increasing magnitude, such that |Q1| > |Q2| > |Q3|,
to identify the unique axis. The distortion will fall somewhere between two limits,

designated QT (= QJT) and QO, and can be described as a linear combination of the

two. For QT, Q1 = QT, and Q2 = Q3 = −QT/2, while for QO, Q1 = −Q2 = QO and

Q3 = 0. From these, QJT can be calculated.

In Ref. 302 the distributions can be easily separated, such that the 8 sites with the

larger QRad values are also the 8 sites with the smallest QJT values [Figs. 5.11,5.12].

QRad is clearly related to the BVS, as both depend on the Fe–O bond lengths, so

a division can also be made in the BVS distribution. There then seems to be a

correlation between the BVS and the distortion of the site, with the lower valence

sites having the higher magnitude of distortion, which may be consistent with the

trimeron model.

The distortion magnitudes were calculated as outlined above for RMC-refined

configurations. Fig. 5.11 shows a plot of QRad vs QJT for the octahedral Fe atoms

in one refined configuration, while Fig. 5.12 shows a similar plot for a Cc-sized unit

cell produced by averaging over 12 configurations (without applying any symmetry

operations). The results of Ref. 302 are also included in both figures for comparison.

As can be seen from Fig. 5.11, the distribution is much larger for individual atom

sites than for the 16 Cc atom sites of Ref. 302. This is to be expected, as RMC

refinements always produce a more disordered structure than an average structure
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Figure 5.11: The distribution of QJT and QRad values for each octahedral Fe atom in
a refined configuration (blue circles). The results reported in Ref. 302 are shown as
red triangles for comparison.

model, though it should be noted that the majority of atom sites have distortion

magnitudes comparable to those of Ref. 302.

In contrast, the distribution of the RMC-refined structure found in Fig. 5.12 is

much smaller than that of the aforementioned study, particularly for the QRad dis-

tribution. This suggests that while individual Fe octahedral sites have reasonable

magnitudes of distortion (and BVS), there is insufficient long range order of suitable

symmetry in the RMC-refined configurations for these distortions to be found in the

averaged structure. This does not necessarily imply that (i) the distortions described

in Ref. 302 are not present, or that (ii) the symmetry of the low temperature structure

is not Cc, as it is likely that the RMC refinements are not sensitive to subtle features

of the data, as outlined in § 5.3.1.

Quadrupole moments q1–q5 (as outlined in § 4.3.2.6) were calculated for Fe atoms

as a more in-depth investigation of octahedral distortions. The magnitude of the total

quadrupole moment was defined as

P =

(
5∑
j=1

q2
j

) 1
2

, (5.6)
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Figure 5.12: The distribution of QJT and QRad values for each octahedral Fe atom in a
Cc unit cell produced by averaging the sites from a collection of standard refinements.
The results reported in Ref. 302 are shown as red triangles for comparison, and
are fewer in number due to symmetry elements rendering certain sites equivalent.
Histograms of the distributions are presented along the sides of the chart. While the
results of Ref. 302 can be divided into two separate, equal regions by both QJT and
QRad, the results of this study cannot.
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Figure 5.13: Distribution of total quadrupole moment P against BVS. There is a
slight tendency for lower valence Fe sites to be have a larger quadrupole moment.

and plotted against BVS for each site in a refined configuration, to establish whether

or not there was any correlation, like that seen between QRad and QJT in Ref. 302. The

result is shown in Fig. 5.13. The distribution is quite wide, though again the majority

of sites have moderate values. There appears to be a slight tendency for lower valence

sites to have larger quadrupole moments, though no significant conclusions can be

drawn, and this does not appear to be a suitable method for identifying ordering

amongst Fe sites.

5.4 Conclusions

In conclusion, previously collected neutron total scattering data were used to drive

a RMC refinement of the 10 K structure of magnetite. Both nuclear and magnetic

structures were refined, with varying results.

A previously unrecognised limitation in the RMC technique has been identified,

namely, the failure to adequately fit to low-intensity features in the diffraction pattern.

The result of this is that an accurate description of the average structure of the low

temperature phase of magnetite could not be obtained in this study. For a system
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such as magnetite, with a very subtle distortion away from cubic symmetry, the

program is not sensitive enough to respond to the small signals involved, with slight

variations in atomic position being lost amongst the noise. The disorder inherent

in RMC refinements will always make precise identification of atomic coordinates

difficult, though alternative fitting processes (as outlined in § 5.3.1) could ameliorate

the problem. However, the inclusion of additional data sets could assist with this

particular system—the use of only Bragg and F (Q) data sets was fewer than might

ordinarily be desired, as the inability to separate nuclear and magnetic scattering

components from one another precluded the use of a PDF data set. Other options

that might greatly assist a future refinement would be the inclusion of X-ray data

sets, either as total scattering or single crystal patterns. Currently this study can

find no evidence to contradict previous reports presenting a Cc symmetry unit cell.

The magnetic structure was analysed using a small cell of the size of the P2/m

cell used for the initial Rietveld refinement. Reasonably narrow distributions of spins

were obtained, with certain key features being observed: octahedral sites align ap-

proximately ferromagnetically within themselves, as do tetrahedral sites, though the

two sites align themselves at ∼ 130◦ to one another; pairs of sites separated by a

(1
2
, 1

2
, 1

2
) vector can be identified that have similar spin vectors; and the net moment

produced by these refined structures is higher than expected, with a value ∼ 6µB

rather than ∼ 4µB. These features are present regardless of the starting arrangement

of spins. The overall orientation of the magnetic spins is however dependent on the

initial conditions. If the refinement starts from an ordered arrangement then a final

structure consistent with Cc symmetry is reliably obtained, while refinements starting

from random arrangements cannot (within reasonable timescales) reorient themselves

suitably to achieve this. Rietveld refinements confirm that the RMC-produced mag-

netic structure gives an improved fit in comparison to a simpler magnetic structure

confined to be parallel to the c-axis.

The local structure was also investigated. An analysis of the valence states of

the Fe atoms reveals an unequal bimodal distribution on the octahedral site. This

suggests that the RMC refinement is sensitive to certain aspects of local structure,

and that some sort of charge disproportionation may exist. This unequal distribution,

in a roughly 2:1 ratio, may be consistent with an earlier Mössbauer study [289],
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though it is not immediately obvious why this ratio should be found. Examination of

the distribution of different valence states shows no evidence for strong charge order;

however, calculation of the correlation function implies a weak tendency for dissimilar

valence states to be neighbours.

Much comparison has been made with a recent high-profile X-ray single crystal

study [Ref. 302], in particular regarding the trimeron structures reported. This study

finds no evidence for shortened Fe–Fe distances in the structure, or trimerons de-

scribed by such distances, though appropriate three-atom clusters may be identified

using BVS. The ordering scheme reported in Ref. 302 cannot be observed in this

refinement. FeO6 octahedral distortions were characterised by different distortion

modes, again to compare with the specified study. Here again the same behaviour

could not be observed in the RMC refinement.

Overall, some good contributions have been made to this field. The first detailed

magnetic structure for the low temperature phase has been presented, and while there

are still questions that remain, the model presented here should provide a useful

starting point for future work. This could involve an examination of why the refined

moments are larger than expected, and an appraisal of the magnetic symmetry—

which cannot be higher than the atomic symmetry. While no contribution has been

made here towards better understanding the average nuclear structure, a deficiency

in the RMC method has been identified, which—once addressed—should assist in the

refinement of systems with similarly subtle distortions. Finally, the determination

of the BVS distribution may prove useful in further explorations of charge ordering.

Aside from the progress made on this system, this work has also proved useful in

expanding the scope of RMC refinements to disordered magnetic systems, which will

open up other areas of research to this technique.
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Chapter 6

Conclusions

In this thesis, it has been shown how high quality total scattering data may be used

in combination with reverse Monte Carlo refinements to elucidate detailed structural

information about complex systems. We began with an introduction to the theory

and practicalities of total scattering data collection and processing, before reviewing

some of the main areas and systems for which it has been of use. The RMC algorithm

was introduced, and some details of the RMCProfile program [71] discussed. The

changes made to the RMCProfile code during the course of this research project

were then outlined.

The first of three canonical systems to be examined in detail was the high-

temperature cuprate superconductor, YBa2Cu3O7−x. Using Rietveld, RMC and small-

box PDF refinement of neutron total scattering data, the apical Cu–O bonds were

investigated. These bonds—important for charge transfer—were the subject of an

apparent disagreement between average structure diffraction experiments [212–216]

and local structure techniques such as EXAFS [206–211], but this was resolved by

demonstrating the presence of correlated displacements of the atoms involved.

LaMnO3, part of the CMR manganite family, and the host of a well-known orbital

order–disorder transition followed. A combination of state-of-the-art high resolution

X-ray and neutron total scattering revealed that in fact this transition was not as

straightforward as previously thought, but in fact involved changes to the symmetry

of the octahedral distortions involved. Though unexpected, this result was shown to

help explain a number of other inexplicable observations.

Finally Fe3O4 was discussed, the oldest known magnetic material, and well-studied

even in recent years since the discovery of the Verwey transition [282]. A sensitivity
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to different valence states was found, and much progress made into ascertaining the

magnetic structure of the low temperature phase.

Through these studies, some of the abilities of the RMC technique have been

demonstrated. It has handled a variety of different systems (albeit all metal oxides)

displaying charge, orbital and magnetic ordering, and some combinations thereof.

Its ability to refine to multiple data sets of different types has been proven, along

with the clear benefit of this—producing a final structure that is consistent with the

data provided, helping to resolve any apparent conflict between different data sets.

Another advantage that is perhaps understated is that the refinement process makes

no assumptions about the final symmetry of the structure, leaving it free to accept

whatever configuration best fits the data. While still partly influenced by the initial

conditions of the refinement, this reduces the effect of any bias (whether conscious or

unconscious) that the researcher may have.

Nevertheless, there are still certain limitations to the process, as has been discussed

in this thesis. Artefacts in the data, such as Fourier truncation ripples, can lead to

spurious results if not treated appropriately. Over-fitting of data is a danger too, as

a large refinement will inevitably have more degrees of freedom than there are data

points used. One solution that we have exploited is to use a small-box refinement

program such as PDFgui in tandem to confirm a key results extracted from the RMC

solution. The focus on larger peaks at the expense of smaller features in the data

is another problem we have encountered, which can prove problematic in cases that

involve subtle global symmetry lowering. A further aspect not highlighted previously

is the consequences of the periodic boundary conditions employed: any repeating

pattern or unit found within a refinement will have a size and/or repeat distance set

by the box size used, which may bear no relation to the size of these features found

in the physical material.

Certain themes have run through this thesis as well. The principal one is that

of the need to combine local and average structure information when investigating a

material. In many respects, these are two sides of the same coin: both the small-scale

detail and how this comes together to create the bigger picture are required to gain

a full understanding of a complex system.
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Related to this local structure–average structure theme is an order–disorder theme.

For example, in the O phase of LaMnO3 the cis-JT distorted octahedra are locally

ordered into nanoscale domains, but the lack of long range order means that the

average structure does not see this, and the distortions are lost from view. The

YBa2Cu3O7−x system could be thought about in a different way: the average structure

gives the impression of a well-ordered material, with no evidence of site splitting, while

the local structure reveals the variations in bond lengths present. Where disorder is

present on one length scale, there may be order present on the other—further support

for the notion that both length scales are required.

Similarly the theme of unifying disparate data sets or results has also been present.

In YBa2Cu3O7−x the average structure data sets were in conflict with the local struc-

ture ones; LaMnO3 also had further unusual results to take into account, such as

dielectric spectroscopy and the measured entropy change. It would seem that for

well-studied systems such as these, there is often a great deal of information available

already, and the challenge is simply to unify it.

These things point towards some possible future directions for the area. First and

foremost will be the requirement to include a greater variety of data sets in an analysis.

In the case of programs like RMCProfile this could include regular use of EXAFS

and/or single crystal diffraction data beside the ‘standard’ total scattering and Bragg

data sets. A further goal must also be to maximise the information extracted from

the available data—I refer here to situations like that found for the Fe3O4 Bragg data,

where subtle low intensity features were not properly fitted during the refinement.

Systems related to those discussed here, such as other cuprate superconductors

[330–332], or the Ca-doped lanthanum manganites [104, 333–335] could present good

opportunities for future work. Other systems, such as the spin glass Y2Mo2O7 [336,

337], that shows interesting spin and orbital degrees of freedom, would also be worthy

of study. In almost all these cases, an RMC refinement would have to allow for

swapping of magnetic species, and an additional outcome of this thesis is that this has

now been enabled. The results presented here show that even well studied systems

can still hold some secrets, which means that there is scope—especially now that

we have improvements in instrumentation and software packages—to revisit other

archetypal systems. It may be possible that other surprises await us.
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Appendix A

Appendix: Fits to Data for
LaMnO3
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Figure A.1: Rietveld refinement of 300 K neutron powder diffraction data.
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Figure A.2: Rietveld refinement of 523 K neutron powder diffraction data.
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Figure A.3: Rietveld refinement of 653 K neutron powder diffraction data.
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Figure A.4: Rietveld refinement of 753 K neutron powder diffraction data.
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Figure A.5: Rietveld refinement of 823 K neutron powder diffraction data.
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Figure A.6: Rietveld refinement of 903 K neutron powder diffraction data.

161



Figure A.7: Rietveld refinement of 973 K neutron powder diffraction data.
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Figure A.8: Rietveld refinement of 1023 K neutron powder diffraction data.
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Figure A.9: Rietveld refinement of 1103 K neutron powder diffraction data.
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Figure A.10: RMC fits to data for the 300 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.11: RMC fits to data for the 523 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.12: RMC fits to data for the 653 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.13: RMC fits to data for the 753 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.14: RMC fits to data for the 823 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.15: RMC fits to data for the 903 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.16: RMC fits to data for the 973 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.17: RMC fits to data for the 1023 K refinement: A) neutron Bragg, B)
neutron QF (Q), C) X-ray QF (Q), and D) neutron D(r).
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Figure A.18: RMC fits to data for the 1103 K refinement: A) neutron Bragg, B)
neutron QF (Q), and C) neutron D(r). There is no X-ray data for this temperature.
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65, 1675 (1990).

[208] J. Mustre de Leon, S. D. Conradson, I. Batistić, A. R. Bishop, I. D. Raistrick,
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[245] M. C. Sánchez, G. Sub́ıas, J. Garćıa, J. Blasco, Phys. Rev. Lett. 90, 045503

(2003).

[246] R. A. Souza, N. M. Souza-Neto, A. Y. Ramos, H. C. N. Tolentino, E. Granado,

Phys. Rev. B 70, 214426 (2004).

[247] M. R. Ahmed, G. A. Gehring, Phys. Rev. B 74, 014420 (2006).

[248] Q. Huang, A. Santoro, J. W. Lynn, R. W. Erwin, J. A. Borchers, J. L. Peng,

R. L. Greene, Phys. Rev. B 55, 14987 (1997).

[249] A. P. Hammersley, Fit2d: An introduction and overview, Tech. Rep.

ESRF97HA02T , ESRF (1997).

[250] A. P. Hammersley, S. O. Svensson, M. Hanfland, A. N. Fitch, D. Häusermann,
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