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ABSTRACT

With the growing complexity of materials that are nowadays used in applications,

comes the need for an improved understanding and modelling of fine details of

their structure. Frequently it is found that local distortions of otherwise crystalline

materials give rise to interesting properties. One such group of materials is the 3d

transition metal oxides based on the perovskite structure. These exhibit a broad

range of interesting electronic and magnetic properties, including the so-called

colossal magneto-resistance effect that has recently attracted a lot of attention due

to its possible application in thin film device technology. Here the interesting

structural features are exhibited by the oxygen atoms, and are of magnetic

character, so neutron scattering  is an invaluable experimental tool. Whereas Bragg

scattering primarily yields information on the time-average long range structure,

local correlations correspond to diffuse scattering and examination of the latter

becomes important.

A reverse Monte Carlo (RMC) method for modelling the local atomic and

magnetic structure of crystalline materials has therefore been developed and applied

in a study of the local structure of such magnetic oxides. In this method model

configurations are adjusted in order to fit the calculated scattering cross-sections to

the experimental data. Neutron diffraction experiments were carried out on MnO in

order to test the RMC method, giving good agreement with other work. Neutron

diffraction studies were then performed over a wide range of temperatures on

La1-xSrxBO3 perovskites, with x in the range 0-0.4 and B=Mn,Cr,Co.

When RMC modelling was applied to these materials it was found that a)

the lattice distortions are not as local as has been suggested  elsewhere in the

literature and b) the spin orientations show a distinct local correlation coupled to

the lattice distortions, with a correlation length of order 5-10 Å, well above the

magnetic ordering temperature. Given these successful results, the prospects looks
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good for the application of this method to similar problems, e.g. lattice polarons in

the polaronic conductor La1-xSrxCrO3 and high-TC superconductors, or short-range

magnetic correlations in spin glasses.
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1. INTRODUCTION

A common factor concerning many crystalline materials that are used, or

considered for use, in applications nowadays is a close relationship between the

macroscopic properties and the detailed atomic and/or magnetic structures on a

microscopic scale. Often the microscopic features are ordered on a long range scale

and can be well characterised by techniques exploiting the long-range order of the

material. However, in many cases the local structure involves mainly short-range

correlations and local probes would be more useful to extract relevant information.

Although the local structure per se might bear little resemblance to the (average)

crystalline symmetry it still has to be compatible with the overall behaviour, unless

distorted regions are fairly large (in which case it seems to be more accurate to talk

about a phase separation). It should thus be clear that any model of the local

structure has at the same time to be consistent with the long-range order.

This thesis work has been concerned with studies of local atomic and magnetic

structure in crystalline magnetic oxides. Of main interest has been the study of the

so-called colossal magnetoresistance (CMR) materials which exhibit very large

changes in electrical transport properties as a function of composition, temperature

and magnetic field. The magnetoresistance, or change in resistivity with and

without applied magnetic field R(H)-R(0)/R(H), can be as high as 105 [1]. This

property is especially important since it makes these materials possible candidates

for future applications in magnetic information storage.

CMR compounds have distorted versions of or are based on the perovskite crystal

structure and hence this work has been undertaken in the wider context of the rare

earth/transition metal perovskites. The general formula is ABO3 where A is a

trivalent rare earth element (La,Nd,Y,...) and B is a 3d transition metal (Mn, Cr,

Ni, Fe,...). These materials are widely used in applications due to their manifold of
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electric and magnetic properties such as ferro-, piezo-, and pyro-electricity and as

polaronic conductors in solid state fuel cells.

In fig. 1 we show the ideal perovskite cubic crystal unit cell. Here the central B

cation is octahedrally coordinated by six O2- anions and the A cations are at the

corners of the cube. Interesting effects are often obtained if A cations are substituted

by divalent metals such as the alkaline earths (Ca,Sr,Ba). The direct effect of

substitution is to create a mixed population of B3+ and B4+ cations which can have

an enormous influence on macroscopic properties.

Figure 1 The cubic perovskite unit cell

Both pure and doped CMR materials exhibit a variety of long-range ordered

distortions of the cubic cell. In LaMnO3 a strong orthorhombic co-operative

distortion is observed. This is due to the presence of the Jahn-Teller ion Mn3+,

which causes MnO6 octahedra to tilt and be elongated along one direction. As La is

increasingly substituted the strong orthorhombic distortion relaxes. For Sr doping

the long-range order found in the CMR range, x=0.2-0.5, has rhombohedral

symmetry, corresponding to a collective rotation of MnO6 octahedra about the [111]

direction.



3

In the case of CMR materials it is generally believed that the colossal

magnetoresistance effect arises as a consequence of a distinctly local distortion,

often referred to as a small polaron. Over the years evidence for this local distortion

has gathered. Theoretical and experimental work ranging from the observation of

macroscopic properties down to detailed interpretations of the structure of the

distortion itself includes the following observations [2]:

• A ferromagnetic groundstate for the Mn ions was observed in the range x=0.2-

0.5 by magnetization [3] and neutron scattering experiments [4], though the end

compounds (x=0, 1) order antiferromagnetically.

• A simultaneous onset of metallic conductivity and ferromagnetism was found

from resistivity and susceptibility measurements [5-8]. At high temperature the

resistivity is characterized by an activated behaviour (indicative of conduction

due to polaron hopping)

• Zener [9] suggested that ferromagnetism and metallic conductivity arises due to

carrier spins hopping from site to site only if the core spins of the initial and

final site are sufficiently aligned. The theory of this new type of interaction,

called double exchange (DE), was later refined by Anderson [10] and de Gennes

[11].

• Millis et al [12] however pointed out that if DE was the only important factor

then TC would be order of magnitude larger than observed. In addition a strong

electron-phonon coupling, arising from the presence of Jahn-Teller Mn3+ ions,

was proposed [13,14]. In this theory TC would be reduced and local Jahn-Teller

distortions would be observable, for example as an anomalous increase of

oxygen thermal disorder around TC.

• Such behaviour was confirmed by neutron powder diffraction experiments

[15,16] where a distinct increase in oxygen Debye-Waller factors was found.



4

This increase was also found to vary significantly with the radius of the dopant

cations [17,18].

• Further evidence of local distortions was found by inelastic neutron scattering

experiments. A quasi-elastic magnetic component was observed just below and

above TC [6,19] and interpreted in terms of localized spins with a correlation

length of ∼ 10 Å. Also, small angle neutron scattering (SANS) experiments [20]

supported the idea of magnetic polarons extending over a few cubic cells.

With the idea of a localised distortion giving rise to the CMR effect firmly

established, it should now be of importance to determine the nature of such

polarons. In order to obtain direct real space information a local probe is needed.

One such technique is extended x-ray absorption fine structure, EXAFS, by which

the average distances to atoms in the first few neighbour shells, and the

corresponding mean square relative displacements (msrd), can be obtained. This

method has also been employed in the study of CMR materials and results for the

Mn-O msrd [21,22] agree well with the neutron powder diffraction results for

oxygen displacements. Attempts have also been made to fit two distances for Mn-O

pairs [23-25] as in the Jahn-Teller distorted MnO6-octahedron in LaMnO3, where

four Mn-O pairs are at ∼1.97 Å and two at ∼2.18 Å. However no clear evidence for

a split is observed.

Another technique capable of resolving local correlations is provided by neutron

total scattering experiments. In such experiments both Bragg and diffuse scattering

is considered and interpreted as being the Fourier transform of the static pair

correlation function g(r). In principle the inverse transform to real space can be

performed and analysed in terms of instantaneous pair correlations. This is the

basis of the so-called pair distribution function (PDF) analysis [26,27]. Two rather

different results using this method have been reported; Billinge et al [28] find a

feature interpreted as a uniform contraction of MnO6 octahedra around Mn4+  ions
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above TC. In the other experiment of this type, Louca et al [29] instead observed a

peak in g(r) at 2.2 Å which was ascribed to local Jahn-Teller  polarons.

In the present work we have used a similar technique to study the local structure of

La1-xSrxMnO3. However, since experimental data is always limited by some

maximum wavevector transfer the direct transform approach can suffer seriously

from truncation ripple (see section 3.2) and also any interpretation should involve a

proper real space model. In our work we are fitting a real space model directly to

the diffraction data, thus avoiding the transform problems. This is done using the

reverse Monte Carlo (RMC) method  [30-32]. Here the positions of atoms in a

model configuration are adjusted at random so as to give a good fit of the calculated

scattering cross-section to the experimental data. The resulting configurations

should then be a good representation of  the structure. In the particular application

to model powder crystalline data the Fourier transform is replaced by a direct

calculation [33]. For the purpose of this work the method has been further

developed and extended to include modelling of the magnetic structure. As reported

in paper III we find, by applying this technique to La1-xSrxMnO3, no evidence for a

separate resolved peak at 2.2 Å. Our results for the lattice distortions could however

be interpreted in terms of less distinct polarons at and above TC. Spins on the other

hand show a clear local alignment with a  correlation length < 10 Å. Furthermore,

the highest correlation is found for those spins residing on Mn ion pairs that are

closer to each other than the average Mn-Mn nearest neighbour distance. Although

lattice and magnetic local correlations in CMR materials have previously been

reported we would like to emphasize that this is the first time that such a direct

correlation between atomic and magnetic local structure has been observed.
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2. EXPERIMENTAL

2.1 Neutron scattering

2.1.1 Neutron sources

The usefulness of neutron scattering as a tool for characterisation of materials in

the condensed state derives from the rather direct corrrespondence of experiment

and microscopic structural and dynamical properties, together with the appropriate

magnitude of the energy and wavelength. Neutrons sources in use today are

basically of two types, thermal nuclear reactors and spallation sources. Neutron

diffraction research started with the advent of nuclear fission reactors where high

energy neutrons are produced by fission of uranium nuclei. These neutrons are then

slowed down to useful energies by inelastic scattering in a moderator containing

some light-weight elements. In the most common set-up this is heavy water at

ambient temperature, which gives a Maxwellian distribution of energies with a

peak flux at thermal neutron energies  of order 25 meV. Such thermal neutrons are

then optimal for condensed matter research since the mass of the neutron,

mn=1.67⋅10-27 kg, yields a de Broglie-wavelength of order 1.8 Å, comparable to

interatomic distances. Also, the neutron energy matches the energies of elementary

excitations. To provide a wider range of wavelengths many reactor facilities also

have hot moderators (e.g. graphite at 2400 K, enhancing the neutron flux at

wavelengths below 0.8 Å) and cold moderators (e.g., liquid deuterium at 25 K,

enhancing the neutron flux above 3 Å).

Today the use of spallation sources is  growing in importance. The spallation

process produces neutrons by the bombardment of a heavy metal target, such as

depleted uranium or tantalum, with highly energetic protons from a powerful

accelerator. Each proton produces many neutrons by knocking them off the heavy
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metal nucleus. The accelerators are usually pulsed, with a repetition rate of about

50 Hz, so neutron diffraction is primarily based on time-of-flight techniques with

fixed detector geometries.  With this technique the full spectrum of neutron

energies can be used, but moderators are used in this case as well to enhance the

flux in certain ranges of the spectrum.

2.1.2 Theoretical basis

In a neutron scattering experiment the basic quantity that is measured is the

intensity of neutrons scattered in a particular direction, possibly also resolving the

energy transfer. The geometry of the scattering process is shown in fig.2 where the

incident neutron has wavevector k0 and energy E0=(´k0)
2/2mn and is scattered into

an outgoing wavevector k with energy E. The momentum, ́Q, and energy, ∆E,

transferred to the sample are then given by

( )Q k k= − = − = −0 0

2

0
2 2

2
∆E E E

m
k k

n

!
(1)

Note that by this convention sample energy loss is signified by positive ∆E. A

formal expression for the scattered intensity, Is, may be written as

Is=N0⋅d2σ/dΩdE⋅dΩ⋅dE where N0 is the incident neutron flux, defined as the

number of neutrons per unit time and area. d2σ/dΩdE, having dimensions of

[area/energy], is called the double differential cross-section and d2σ/dΩdE dΩ dE

thus measures the probability that a neutron is scattered into the solid angle

element dΩ=sinθdθdϕ with an energy transfer ∆E in dE.
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Figure 2 Geometry of the neutron scattering process

The principal interaction of a neutron and matter is through the nuclear force, but

since the neutron possess a magnetic dipole moment it can also be scattered by

unpaired electrons and thus probe the magnetic structure. Because of the very short

range of nuclear forces neutrons interact weakly with matter. Using first-order

perturbation theory and applying the Born approximation one can show that the

double differential scattering cross-section takes the 'master' form

( )d

d dE

k

k
p V E E E

o

2

0
2

0

0

0

σ λ λ δλ
λ λ

λ λΩ
∆= + −∑ k k 0

�
(2)

Here the sum runs over all possible initial states λ0, occuring with a weight pλ0
, and

final states λ of the sample, with energies Eλ0
 and Eλ respectively. �V  is the

interaction potential between the neutron and the sample. In the Born

approximation the interaction with a single nucleus located at R is given by the

Fermi pseudo-potential
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( )�( )V
m

br r R= −2 2π δ!
(3)

where  b is the scattering length of the nucleus and δ is the Dirac delta function.  b

can vary strongly between the different isotopes of the same chemical element and

also depends on the spin state of the nucleus. From (2) it is now seen that only

elastic events, Eλ0
=Eλ, or such inelastic processes that correspond to the creation or

annihilation of one or more excitations in the sample, can occur. Wavevector

transfers Q are also restricted to those  that can be given or taken from the sample,

so that the scattering triangle shown in the inset to fig. 2 is in general only fulfilled

for special Q.

2.1.3 Correlation functions

For a many-particle system the interaction potential is simply generalised to a sum

over the contributions from N nuclei located at Rk. Expressing the energy delta

function as an integral over time, with ∆E = ́ ω, the cross-section can be written

( ) ( )d

d dE N

k

k
dt e b b e ei t

k l
i i t

k l

k k

2

0

01

2
σ

π
ω

Ω
= − − ⋅ ⋅

−∞

∞

∑∫
!

*

,

Q R Q R
(4)

where <...> indicates that a thermal average over initial states is to be taken.

Usually nuclear spins and isotopes can be considered to be randomly distributed

over the atomic sites. The average over scattering lengths can then be taken outside

the thermal average.  Denoting this average by a  bar over the scattering lengths

b b b b b b bk l k l k l k k l
* *

,
*= + −



δ 2

(5)

so that we can separate Eq. (4) into coherent scattering due to interference of

different atoms and incoherent scattering coming from terms with k=l. In the
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monatomic case, b bk ≡ , and upon introducing the total and self intermediate

scattering functions

( ) ( ) ( )

( ) ( ) ( )

I t
N

e e

I t
N

e e

i i t

k l

s
i i t

k

k l

k k

Q

Q

Q R Q R

Q R Q R

,

,

,

=

=

− ⋅ − ⋅

− ⋅ − ⋅

∑

∑

1

1

0

0
(6)

we can express  Eq. (4) as

( )

( )

d

d dE

k

k
b dt e I t

b b dt e I t

i t

i t
s

2

0

2

2 2

1

2

1

2

σ
π

π

ω

ω

Ω
= +







+ −











−

−∞

∞

−

−∞

∞

∫

∫

!

!

Q

Q

,

,

(7)

I(Q,t) is directly linked to the microscopic properties of the material through its

spatial Fourier transform, the van Hove pair correlation function [34]

( )
( )

( )G t d e I tir Q QQ r, ,= − ⋅

−∞

∞

∫
1

2
3

3

π
(8)

This real-space/time correlation function is related to the particle density-operator

( ) ( )( )ρ δr r R, t tk
k

= −∑ (9)

as

( ) ( ) ( )G t
N

d tr r r r r, , ,= ′ ′ ′ +
−∞

∞

∫
1

03 ρ ρ (10)

The classical interpretation of G(r ,t) is that it represents the probability to observe

an atom at the origin at t=0 and another atom at r  at  time t, and so is a measure of
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the fluctuations in time and space of the sample particle density. Finally, we also

introduce the dynamical structure factor

( ) ( )S dt e I ti tQ Q, ,ω
π

ω= −

−∞

∞

∫1

2 !
(11)

and its incoherent analogue

( ) ( )S
N

dt e I tinc
i t

sQ Q, ,ω
π

ω= −

−∞

∞

∫1

2 !
(12)

in terms of which

( ) ( )d

d dE

k

k
b S b b Sinc

2

0

2 2 2σ ω ω
Ω

= + −













Q Q, , (13)

S(Q,ω) is thus the Fourier transform of G(r ,t) with respect to  time and space,

( ) ( )S dte d e G ti t iQ r rQ R, ,ω
π

ω= − ⋅

−∞

∞

∫∫1

2
3

!
(14)

2.1.4 Elastic and inelastic scattering

For most solids, where diffusion processes are of minor importance, we can write

the position of atoms as Rk(t)= rk+uk(t) where r k are the average positions and uk(t)

are the instantaneous displacements from these average positions, and hence

( ) ( ) ( ) ( )S dte e e ei t i

k l

i i tl k k lQ Q r r Q u Q u,
,

ω
π

ω= −

−∞

∞
⋅ − − ⋅ ⋅∫∑1

2
0

!
(15)

In the limit of small displacements forces can be assumed to be harmonic so that uk

can be expressed as a superposition of 3N normal modes of vibration. For crystals,

with long-range translational order, the situation is of course simplified since then

the number of independent modes is reduced to the number of atoms in the unit-cell
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multiplied by 3. In the harmonic approximation the thermal average in eq. (15) can

be reduced to

( ) ( ) ( ) ( ) ( ) ( )e e e e
i i t W W t

k l k l k l− ⋅ ⋅ − − ⋅ ⋅=Q u Q u Q Q Q u Q u0 0
(16)

where the first factor contains the Debye-Waller factors

( ) ( )Wk kQ Q u= ⋅1

2
0

2
(17)

Still assuming small displacements, the second exponential in eq. (16) can be

expanded in a power series, the so called multiphonon expansion. Elastic scattering

is obtained from the zeroth term and corresponds to the time-average position of

atoms. It is given by the elastic structure factor

( ) ( ) ( ) ( )S Q
N

e eel
W W

k l

ik l l k= − − ⋅ −∑1 Q Q Q r r

,

(18)

which for crystals of course reduces to Bragg scattering, observed only at reciprocal

lattice vectors τ,

( ) ( ) ( )d

d V
F

el

coh

c
N

σ π
δ

Ω
= −∑

2
3

2
Q Q

τ

τ (19)

where Vc is the volume of the unit cell and, for a lattice with basis, the unit-cell

structure factor is

( ) ( )F b e eN
i WQ d

d

Q d Qd= ∑ ⋅ −
(20)

d now runs only over the average positions of atoms in the unit cell.

The first term in the expansion corresponds to scattering due to creation or

annihilation of single phonons and the second and higher terms involves higher

order processes (two-phonon scattering etc.). For crystals the coherent scattering
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cross-section for one-phonon creation can be written as a sum over the reciprocal

lattice vectors τ and Brillouin zone vectors q,

( ) ( )

( ) ( ) ( )[ ]

d

d dE

k

k NV
F j

n
E

coh c j

j

j
j

2

1 0

3

1

22

2

1

σ π

ω
δ δ ω

Ω
,

, ,
+

=

×
+

− − −

∑∑ !

!

Q q

q
Q q q

q,τ

τ

(21)

where ωj is the frequency of the jth mode, nj is the Bose-Einstein population factor

and F1 is a one-phonon structure factor similar to the elastic unit-cell structure

factor. In the case of one-phonon annihilation scattering nj+1→nj and q→-q. Thus

one-phonon inelastic scattering is only possible for

 ( )Q q q= ± =τ , E j!ω (22)

so that measurements of wavevector and energy transfer can be used to derive the

phonon dispersion relations of a crystal.

When displacements become large the harmonic picture breaks down and higher-

order terms must be included in the evaluation of eq. (15). To a first approximation

however, the effect of such anharmonic terms is that the harmonic picture is

essentially maintained but with renormalised phonon energies. Also it means that

phonons will interact, i.e. the delta function of energy in eq. (21) will be replaced

by a peak with an inherent width corresponding to a finite life-time.

2.1.5 The total  scattering experiment

If there is no long-range order, as in liquids and amorphous materials, or the lattice

symmetry is broken by random local distortions, then the methods outlined above

for crystals are not of so much use as they mostly give information on the time-

average structure. Such materials do however show local correlations and it would

be desirable to design an experiment that probes these properties. Now, if  in a
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neutron diffraction experiment intensity is only observed as a function of scattering

angle, then we are effectively integrating the double differential cross-section over

some range of E and Q for a particular scattering angle. Energy loss must of course

be less than the incident neutron energy E0. For energy gain there is in principle no

limit to that which can be taken up from the sample. If all possible energy transfers

are small compared to the incident energy one can employ the static

approximation. This states that, since ∆E<<E0 , we have k≈k0, so k/k0 is unity and

we can extend the energy integral to infinity in both limits. The differential cross-

section is then given by

( )d

d

d

d dE
dE b S b b

σ σ
Ω Ω

= ≈ + −
−∞

∞

∫
2

2 2 2Q (23)

where

( ) ( )S S dQ Q=
−∞

∞

∫ ,ω ω (24)

is the zeroth energy moment of  S(Q,ω). S(Q) is called the static structure factor

and indeed contains information on short range correlations. Performing the

Fourier transform over Q we obtain
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( ) ( )1

2
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π
S e d GiQ Q rQ r

−∞

∞
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but it can also be shown that

( ) ( ) ( ) ( ) ( )G
N

gk l
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r r r R R r r,0
1

0= + − + = +
≠

∑δ δ δ ρ� (26)

where g(r ) is the static pair distribution function and ρ0 is the average atomic

density. g(r ) measures the probability to observe pairs of atoms separated by r , at

the same time, and hence provides  an instantaneous picture of  (short- and long-
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range) pair correlations. S(Q) is thus simply the Fourier transform of g(r ), apart

from the delta function which corresponds to a constant incoherent scattering level.

This approach is then termed a total scattering experiment and has been extensively

used to determine the structure of liquids and amorphous materials [31]. Today it is

also coming more into use for interpreting powder diffuse scattering in terms of

local correlations. In a liquid or powder experiment what is actually measured is

S(Q) averaged over all directions of Q. It can be shown that this leads to

( ) ( )( )S Q
Q

r g r Qr dr= + −
∞

∫1
4

10

0

πρ
sin( ) (27)

where S(Q) is the spherically averaged S(Q) and correspondingly

( ) ( )( )g r
r

Q S Q Qr dQ= + −
∞

∫1
1

2
1

2
0 0

π ρ
sin( ) (28)

is the spherically averaged g(r ). If we have a polyatomic system a similar

formalism as for the monatomic case can be employed using partial correlation

functions. Whereas there is common agreement on the definition of partial pair

distribution functions, some different formulations of partial and total structure

factors are found in the literature. For completeness the formalism used in the

present work, and some useful limiting values, are given in appendix I.

For many liquids and amorphous materials the major part of the coherent inelastic

spectrum is truly at low energy so that corrections for inelasticity effects on the

experimental energy integral are small. These corrections, generally called Placzek

corrections, are in their simplest form based on expanding S(Q,ω) in terms of its

first few (theoretically known) moments. The expansion also takes into

consideration that the experimental integral is weighted by  the k/ko factor and the

detector efficiency (possibly varying with scattered neutron energies)  and truncated

at E0.
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In crystalline materials the same method can be used given that the excitations of

interest have sufficiently small energies so that the experimental integral is

obtained mainly within the limit of maximum energy loss and along constant Q

paths. It follows from the expressions in (1) that the relation between wavevector

and energy transfer for a fixed scattering angle 2θ is

( )Q

k
E E E E

0

2

0 02 2 1 2






 = − − −∆ ∆cos θ (29)

This is then the integration path along which the experimental S(Q) is obtained.

The SLAD diffractometer used in this work has an incident neutron energy E0=66

meV. Figure 3 shows the paths in this case for some selected scattering angles. The

paths for small scattering angles are all quite satisfactory for low energy transfers in

the sense that they have small departures from constant Q scans. At high energy

loss the low and high angle paths depart significantly from constant Q scans and

these regions are also those most affected by the limit of maximum energy loss.
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Figure 3 The constant 2θ paths along which energy integration is
performed in a total scattering experiment for an incident energy
E0=66meV (as on the SLAD instrument)
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The value of powder total scattering experiments thus depends on the range of the

excitation energies that are involved. It is important here to make the distinction

between single- and multi-phonon contributions. The former usually have sharp

energy distributions at each Q but their relative contribution decreases with

increasing Q whereas the latter, essentially given by the convolution of two or more

single excitation spectra, are rather smooth as a function of E and Q and dominate

the spectrum at high Q. Because of the smoothness of the multiphonon terms the

average coherent scattering level can usually be well corrected for by Placzek

methods in the so-called incoherent approximation. The detailed structure of

integrated inelastic scattering is then essentially determined by the integral over

single-excitation contributions. At low T the conditions for proper integration are

somewhat improved since mainly low energy modes are thermally populated. With

increasing T, the population of higher energy modes grows and these become more

important. However, as discussed in section 2.1.4 anharmonic effects in general

causes a softening of excitation modes towards lower energy so that the total

scattering approximation can still be valid.

2.1.6 Magnetic scattering

Since neutrons carry a magnetic moment they can also interact with unpaired

electron spins giving rise to magnetic scattering. From standard results of quantum

mechanics the interaction potential of a neutron in spin state σ with an electron of

momentum p and spin s is

( )V curlN Br
s r

r

p r

r
= − ⋅ × + ×









γµ µ2

1
3 3

σ
!

(30)

where γ=1.9132 and  µN and µB are the nuclear and Bohr magnetons. For

unpolarised neutrons and spins localised on atomic positions Rk it can be shown
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that the double differential cross section of a system with Nm spins, in analogy with

eq. (4), is given by
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where r0=e2/(4πε0mec
2)=0.2818l10-12 cm, and  µk and fk is the magnetic dipole

moment and form factor respectively for the unpaired spin on site k.

Many of the topics discussed above for nuclear neutron scattering can be carried

over to magnetic scattering. Elastic scattering yields the time-average magnetic

structure which by virtue  of the sum over x,y and z terms can be classified in terms

of the long-range magnetic order, e.g. ferro- or antiferromagnetism. In favourable

cases it is also possible to deduce the absolute orientation of the magnetic moments

relative to the crystal axes. Introducing the magnetic unit-cell structure factor

( ) ( )F f eM k k
i

k

kQ Q Q R= ⋅∑ µ (32)

and

F Q F QM M⊥ = × ×� � (33)

the elastic magnetic scattering cross-section from an ordered magnetic structure is
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(34)

i.e. magnetic ordering also gives Bragg scattering. If the magnetic and nuclear unit

cells do not coincide then magnetic Bragg scattering is observed at different
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reciprocal lattice vectors τM which could then be a further advantage for the

structure determination.

Further, magnons, collective spin fluctuations, correspond to phonons. These are

also often found to soften with energy as temperature increases. Diffuse magnetic

scattering now gives information on short-range spin correlations. At temperatures

well above magnetic ordering, i.e. in the paramagnetic regime, spins are completely

uncorrelated and the magnetic cross-section takes on the limiting paramagnetic

form
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gf
S S

Mσ γ
Ω
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 +0

2

2

2

3
1

Q
(35)

for identical spins S with Landé splitting factor g.

2.2 Powder diffraction experiments

2.2.1 SLAD, a neutron diffractometer for disordered materials

The major experimental part of this work has been carried out using the Studsvik

Liquids and Amorphous Diffractometer, SLAD, at Neutronforskningslaboratoriet

(NFL) in Studsvik. The SLAD instrument is a medium-resolution diffractometer

designed for the study of disordered materials. The design was originally chosen to

be suitable for studies of liquids and amorphous materials but recently the set-up

has been modified and a large proportion of experiments have been devoted to

studies of disorder in crystalline materials. These experiments include fast-ion

conductors and high-Tc superconductors and RMC modelling has been successful

in  providing detailed information on the local structure.
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Figure 4 Layout of the SLAD diffracometer. Numbered items are 1)
sapphire filter, 2) monochromator, 3) beam slit, 4) monitor, 5) beam
aperture, 6) sample tank, 7) beam stop, 8) ORC, 9) detector box, 10)
boron shielding wall, 11) PSD, and 12) side view of PSD's.

The incident wavelength, presently λ=1.116 Å, is selected by a vertically focusing

monochromator, consisting of a set of Cu(220) crystal pieces. Very low background

is achieved by the oscillating radial collimator together with the shielding walls in

the detector box. The instrument is equipped with twelve Reuter-Stokes position-

sensitive detectors (PSD's), horizontally mounted in four banks. This arrangement

offers the possibility of fast measurements with good signal-to-noise-ratio over the

entire scattering angle range, corresponding to scattering vectors Q = 0.4 - 10.5 Å-

1. For studies of diffuse magnetic scattering the low background at small Q is

obviously of particular importance. The small vertical extension of a single PSD,

2.54 cm, also means that, although the full height of each detector bank is about 10

cm, the peak shapes are fairly symmetrical except in the lower and upper detectors

at lowest Q.

One might consider that a standard powder diffractometer, e.g the NPD instrument

also available at  NFL, would be a more natural choice for studying crystalline
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materials. However, although such instruments in general have higher resolution

the maximum Q is often only about 8 Å-1 and the incident energy is only about 30

meV which is not suitable for total scattering experiments. Also, NPD has a rather

high background at low Q and the resolution is not so good due to the vertically

mounted detectors. Considering other neutron facilities, there are e.g. the D4 and

D20 diffractometers at the Institute Laue-Langevin, ILL, Grenoble. Although these

instruments offers much higher neutron fluxes and are better suited (than NPD) for

total scattering experiments, the resolution is worse (D4) or just comparable to

SLAD (D20). With the new D20 instrument there can also be a problem with high

background. The total scattering diffractometer, LAD, at the ISIS pulsed neutron

source would of course offer a much wider Q range (40 Å-1) but the performance of

this instrument is not so stable and problems of joining different detector banks

together on an absolute scale is frequently encountered. Also, with pulsed sources

there can be some ambiguity in the overall consistency since at low Q mostly long

wavelength neutrons are used whereas high Q scattering is obtained from shorter

wavelengths, and also the resolution is quite different for detector banks in forward

and backward scattering directions. So, despite some small problems found with

calibration in this work, we believe that the overall performance of the SLAD

instrument in combination with the software used is fully competitive.

SLAD diffraction data was obtained for the different samples at various

temperatures ranging from 15 to 1100 K, using a commercial closed-cycle

refrigerator below room temperature and a custom-built furnace for higher

temperatures. 5-8 g of powder was loaded into a thin-walled vanadium can with a

diameter of 8 mm. Low temperatures were controlled within 0.1 K and furnace

measurements within 1 K, though the absolute offset from these nominal

temperatures could be as much as 5 K. Measurements were started when the control

temperature had settled, and since the cross-section was measured for at least five

hours for each temperature the effect of any further sample temperature relaxation

was small.
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Each measurement was divided into 10-30 individual runs which were then

compared to each other before the final reduction of data. Because of variations in

reactor power, and occasional malfunctioning detectors, it is sometimes found that

some of the data are inconsistent and should be discarded. Each individual detector

block was thus checked for statistical consistency over the runs using the program

PREP1, which was developed during this work. In the set of chromite experiments,

for example, it was found that some malfunctioning detectors had to be excluded

from the combined data.  At some temperatures one (or occasionally two) single

runs were also discarded, since the statistical check indicated thermal relaxation

effects.

Since the aim of the total scattering experiments is to put the differential scattering

cross-section on an absolute scale, in order to allow modelling of both Bragg and

diffuse scattering, it is extremely important that corrections for experimental effects

are applied properly. Whereas multiple scattering and the Placzek inelasticity

corrrections discussed above would mainly influence the interpretation of the

diffuse part, Bragg scattering is more affected by absorption of the singly scattered

neutrons and all of these should be taken into account. Background corrections are

also important so for each series of sample data we also measured the scattering

cross-sections for the empty beam and empty sample containers. Finally, the data

must be normalised and to this end a standard vanadium 8 mm rod was also

measured for each series.

The final reduction of data was done with the program CORRECT [35], taking all

of the corrections discussed above into consideration. Most similar programs repeat

the numerical correction calculations for each case, which means that the

corrections themselves can take a very long time. The CORRECT program is based

on the simple observation that whereas the differential cross-sections can vary

strongly with angle, absorption and multiple scattering corrections mostly depends

on the geometry of the sample and the macroscopic scattering and absorption cross-
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sections. Multiple-scattering contributions can then be pre-tabulated for some range

of macroscopic parameters and scattering angles, and then interpolated for the

actual case. Absorption factors are calculated in each actual case for a few angles,

and then interpolated. Absorption factors and multiple-scattering corrections are

calculated for each of the sample, empty container and vanadium data and used for

the final calculation of the sample scattering cross-section.

During this work it was realised that the procedure for calibration of the scattering

angles needed higher accuracy and some of the ideas developed in order to improve

the situation are described in appendix II. This first became clear when the powder

RMC method was applied (see section 3.4) where a direct fit to the experimental

data, taking resolution into account, is used. For some of the data sets, where

appropriate calibration data were lacking, it was then only possible to apply  the

new ideas in an approximate way.

Initially the crystal structure of the samples was refined by the Rietveld method,

using the FullProf program [36]. This was done for the purpose of basic

characterisation but also since the lattice parameters are needed as input to the

RMC modelling. Here we give an overview of the experiments that were carried out

together with a summary of the crystal properties.

2.2.2 MnO

In order to test the new RMC powder method on a real material we have performed

neutron scattering experiments on MnO. This system, famous for being the first

material where antiferromagnetism was experimentally confirmed using neutron

scattering [37], has the advantage of being fairly simple yet showing large amounts

of diffuse magnetic scattering above the Néel ordering temperature, TN=140 K, and

also some nuclear diffuse scattering, mainly due to thermal vibrations.

Accompanying the magnetic ordering is a small rhombohedral distortion from the

high-temperature cubic NaCl type lattice.
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Figure 5 Experimental F(Q) of MnO (solid lines) for T=200 K (top)
to 1100 K (bottom) with a step of 100 K. Succesive offset is 0.1. The
theoretical paramagnetic scattering cross-section is also shown
(dashed line).

The sample used was taken from a standard commercial batch (Aldrich Chemical

Company) of 99 % purity. According to the product information crystallites were

mainly in the range 90-250 µm so that we did not expect any significant

broadening of Bragg peaks due to grain size, and also no effect of preferred

orientation. Data were taken in two series, one in the CCR at temperatures 15, 100,

120, 130, 150, and 200 K and the other series in the furnace at 300, 350, 400, 450,

500, 550, 600, 650, 700 and 800 K. These data were taken at a similar time to some

calibration data and Rietveld refinements were in good agreeement with earlier

work, clearly demonstrating the rhombohedral distortion below TN. Fig.5 shows the

low Q part of the experimental data for some of the temperatures above TN.

Evidently there are deviations from the paramagnetic high-temperature limit even

at 1100 K indicating that the spin orientations still are correlated on a short-range

scale.
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Both the saturated moment at low T (data not shown here) and the level of the

(almost) paramagnetic form factor at 1100 K was consistent with a spin 2.4, close

to the spin-only value 2.5 for Mn2+, and this value was subsequently used in the

RMC modelling as reported in paper II.

2.2.3 La1-xSrxBO3

The lanthanum perovskite samples, La1-xSrxCrO3, x=0.0, 0.2 and 0.4,

La1-xSrxMnO3, x=0.0, 0.2 and 0.4, and LaCoO3 were prepared by Sten Eriksson at

the Department of Inorganic Chemistry at Göteborg University. They were

synthesised by solid-state reaction technique from stoichiometric high-purity

mixture of the corresponding oxides and carbonates as described in paper III. The

quality of the samples was checked with x-ray diffraction at the time of preparation

and the materials were found to be single-phase. When the neutron scattering

experiments, which have a relatively higher weight of scattering from oxygen, were

undertaken it was however discovered that the La0.8Sr0.2CrO3 and La0.6Sr0.4CrO3

samples contained small amounts of impurity phases, most probably some

strontium oxides.
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Figure 6 Experimental data of La1-xSrxCrO3, a) x=0, b) x=0.2 and c)
x=0.4 at room temperature together with the sum of incoherent
scattering and a paramagnetic formfactor based on an ideal mixed
spin  S=(1-x) 3/2+x 2/2 at each x.

The La1-xSrxCrO3 system, the classic example of a polaronic conductor, was the first

investigated, with the intention of  studying the small lattice polarons believed to be

responsible for conduction at high T. The x=0.2 sample was thus measured at

T=300, 400, 500, 600, 700, 800, and 900 K and data for x=0.4 were taken at the

same temperatures except 800 K. The undoped sample was only measured for

reference at room temperature. Although these samples contained some impurities

as mentioned above, it could be established that the lattice was orthorhombically

distorted (spacegroup Pnma) in all samples, and at all temperatures investigated,

mostly in agreement with earlier observations [38,39]. In this system no double

exchange is apparent and, regardless of Sr doping, the samples should all be

antiferromagnetic at low T. Since data was only obtained above room temperature,

i.e. above TN, only a diffuse feature is observed at 1.4 Å-1, the location of the main

antiferromagnetic peak for G type [4] antiferromagnetism, as shown in fig. 6.
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Above room temperature the experimental data rapidly approaches the

paramagnetic so that here no short-range magnetic order is observed.
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Figure 7 SLAD data for LaCoO3 at room temperature (solid), with

incoherent contribution (dots) and incoherent+estimated

paramagnetic contribution (dashes).

LaCoO3 was found to have the rhombohedral distorted R3c structure at room

temperature. This sample was investigated to serve as a non-magnetic reference for

the chromites and manganites, as cobalt ions mainly go into the low-spin CoIII  state.

From the slight upturn of diffuse scattering at low Q, shown in fig.7, it can

nevertheless be deduced that there  must be some (essentially para-) magnetic

scattering, corresponding to a 20% presence of Co3+, assuming a spin-only

magnetic moment of 4.9 µB for these. This would be in agreement with the

observed difference of about 0.01-0.08 meV of the CoIII  and Co3+ states.
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Figure 8 Experimental neutron diffraction data for LaMnO3 at 15 K

(solid) and 700K (dashed), and incoherent part (short dots). The

paramagnetic+incoherent level (dots) was calculated with the spin-

only S=4/2 for the Mn3+ ions. It is seen that this overestimates the

observed cross-section and indicates that there is Mn4+ present in the

sample.

LaMnO3 was measured in two series at T= 15, 140, 180, 240, and 290 K in the

CCR and T=295, 300, 400, 500, and 700 in furnace. This sample was found to be

ferromagnetic below TC=140 K in disagreement with [4,40,41]. A phase transition

from orthorhombic (Pnma) to rhombohedral (R3c) distortion was observed, just

above room temperature, which is anomalously low. Together with the fact that we

do not observe any Jahn-Teller distortion in the orthorhombic phase, this is

believed to be evidence that this sample is slightly non-stoichiometric. The doped

manganites (discussed in paper III), with x=0.2 and 0.4, on the other hand, are in

good agreement with the litterature [7,17], showing rhombohedral long-range order

at all T and ferromagnetism below TC=325 and 360 respectively. Small extra Bragg

peaks were observed in the x=0 and 0.4 samples at the lowest temperatures
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investigated, indicative of spins being canted. For x=0.2 these peaks could be

indexed using an orthorhombic cell but since this choice of cell yields unphysical

thermal factors it is believed that the long-range symmetry is more like the

rhombohedral structure.

2.3 Single crystal experiments

2.3.1 NdPbMnO3

To complement the total scattering experiments on SLAD on CMR manganites we

have also performed some single crystal studies. The reason a different system

(Nd0.5Pb0.5MnO3) was chosen was mainly that it also shows strong CMR behaviour

and good quality single crystals were available. In fact early experiments [6] on this

system were one of the triggers of the recent interest in doped manganites, due to

the discovery of a quite strong magnetoresistive effect, dR/R0∼100%. The same

observation as with La based CMR manganites is found here in that large

resistance changes are found only in the doped compounds where the system orders

ferromagnetically.

The Nd0.5Pb0.5MnO3 sample used in the SXD/IN8 experiments was a single crystal

(0.5cm3) grown by a flux technique. Earlier work [6] included electron-probe

microanalysis to check the Nd3+/Pb2+ ratio, which was found to be 1:1. Powder

neutron diffraction data indicated that most of the orthorhombic distortion of the

pure NdMnO3 was removed by the Pb substitution. In the SXD and IN8

experiments described below however we observed Bragg peaks indicative of a

larger cell and a doubled cubic cell was used for indexing. From susceptibility

experiments the Curie temperature was found to be TC ∼184 K which was

confirmed in the present experiments from the appearance of magnetic Bragg

peaks.
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2.3.2 Diffuse scattering experiments on SXD

The SXD diffractometer at ISIS is a general purpose single crystal diffractometer,

using the time-of-flight technique to determine the scattering wavevectors. The

utilisation of both the time-of-flight technique to sort the white beam and large area

PSD's (192x192 mm2, 4096 elements) makes it possible to access large volumes of

reciprocal space in a single measurement. Experiments which exploit this property

are most ideally suited to the instrument. These include diffuse scattering studies

where the features of interest are broad and often in unexpected regions of

reciprocal space, allowing short range structure, defect structure and local

orientational correlations to be probed. Measurements on magnetic materials which

show satellite peaks can also be readily accommodated on SXD, as can studies of

phase transitions, since prior knowledge of where the scattering occurs is not

necessary.

SXD (cf. fig. 9) is situated on beam line S3 at the spallation source ISIS,

Rutherford-Appleton Laboratories, UK. The SXD instrument receives neutrons

from a 316K H2O moderator located near the target. The incident spectrum of

wavelengths is 0.2 - 10Å and the overall moderator to sample distance is 8.0m.

Currently, two ZnS scintillator area PSD's are used on the instrument. The PSD's

are mounted on arms which allow rotation (varying 2θ for the centre of the detector

between 50° and 90° for the low angle arm and 90° and 130° for the high angle

arm) and also manual adjustment of the sample to detector distance in the range

70-500 mm, yielding Q=4πsinθ/λ  in the range 0.36-30 Å-1 with a resolution ∆d/d

~ 1%.
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Figure 9 Layout of SXD

Scattering data was obtained at temperatures 8, 120, 150, 180, 210, 240 and 293 K

in a CCR and 293, 423, 673, 873, 1073, and 1273 K in a furnace. The crystal was

aligned with the cubic hk0 scattering plane equatorial. Two detector settings were

used at each temperature to cover the unique quadrant in reciprocal space of the

cubic cell. Besides the diffuse scattering occuring under magnetic reflections at low

Q the only other distinct diffuse feature was a peak at ±(0.6,0,0) reciprocal lattice

units away from strong Bragg reflections (i.e. those corresponding to the single

cubic cell). This feature was seen in several Brillouin zones out to very high

momentum transfer, thus obviously coming from nuclear scattering, and did not

change significantly with temperature.

2.3.3 Inelastic scattering experiments on IN8

The diffuse feature observed on SXD were thought to be of a dynamic origin.

Possible explanations could be a longitudinal soft mode branch or a Kohn anomaly.
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To resolve this we decided to perform inelastic neutron scattering experiments.

These experiments were carried out on the triple-axis neutron spectrometer IN8 at

the Institut Laue-Langevin in Grenoble, France.

IN8 is designed for inelastic measurements on single crystals over a wide range of

energy and momentum transfers. The spectrometer is located close to the reactor

core, receiving neutrons from a thermal moderator. A set of vertically focussing

monochromator crystals (Pyrolytic Graphite (002), Ge (111), Cu (111), Cu (220))

are mounted on a computer controlled carrousel to allow fast change of wavelength

and resolution. The incident wavelength is selected through the simultaneous

positioning of the monochromator and rotation of the shielding drum. The

monochromator covers an angular range of 20°<2θM <90°. The scattering angle at

the sample, 2θS, depends severely on 2θM and on the spectrometer configuration,

but is generally < 120°. The analyser, selecting the energy of scattered neutrons,

covers an angular range of -110°<2θA<110°. Usually this type of experiment is

performed in the standard 'W' configuration (referring to the view from above of

the beam path) to optimize the resolution.
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Figure 10 Top view of IN8

The sample was mounted in a CCR in the same orientation as in the SXD

experiment. Constant Q and ω scans were performed at various temperatures below

and above TC with the 'W' configuration. Two different set-ups were used: First a

Cu(111) monochromator and a PG(002) analyser were used for scans in the (600)

zone at room temperature. As this did not provide sufficient resolution we changed

to a PG(002) monochromator and scans in the (400) zone were performed. We

could see the SXD feature but it turned out to be completely elastic (within the

experimental resolution) and also did not change very much as the magnetic

ordering temperature was crossed. We also tried to trace  some phonon dispersion

curves along (4+q,0,0)  below and above TC. Close to the zone centre we found well

defined phonon peaks but beyond the zone boundary the intrinsic peak widths were

too large to allow any detailed conclusions. In any case we could establish that

these acoustic branches range out to about 12 meV and that apparently there is no

softening of these modes (see fig.11). Further details are discussed in paper IV.
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Figure 11 Dispersion of two acoustic branches in Nd0.5Pb0.5MnO3 at

T=150 (Ä), 180 (Ê) and 300 K (Ö) along (4+qh,0,0) in reduced cubic

reciprocal lattice units. No softening of energy is observed in either

branch as TC=180 K is traversed.
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3. STRUCTURAL MODELING

3.1 How to construct a model

Underlying all interpretations of diffraction data from many-particle systems there

is a real space model of the structure. From a physics point of view the optimal

situation might  be to have a "real" model, i.e. as large as the particular system

under investigation and accurate particle interaction potentials,  so that e.g. a

complete molecular dynamics simulation could reveal what atoms are actually

doing on a microscopic time and space scale. This could then be considered as the

"true" nature of the material if it reproduces experimental data and one could verify

that the model is unique. Of course this is not really possible because it would

involve of the order of NA atoms. To deal with this one has to reduce the

dimensions of the model system.

This reduction can be to as little as the few parameters, e.g. lattice constants and

atomic positions, which describe a single unit cell in the case of refinement of

crystallographic structures. However, it can also be an explicit large-scale model,

built perhaps from many thousands of atoms or molecules, such as those used in

standard Monte Carlo (MC) simulations or the reverse Monte Carlo (RMC) method

described below. For modelling local order (or disorder) one can also sometimes

use a very small section of the full structure or a cluster as in quantum chemistry

(clusters are then not necessarily linked to the overall structure). Each of these

approaches has proved to be capable of giving important information on various

aspects of the microscopic structure and dynamics of condensed matter.

In the crystallographic picture atoms are essentially vibrating in coupled

oscillations about their average positions. In order to model local structure,

distortions breaking the lattice symmetry, one necessarily has to use some of the

latter approaches in the previous paragraph. The small cluster model may then



36

seem attractive due to the relatively few extra parameters that are involved, and

possibly may be varied to obtain a good fit to (part of) a set of experimental data.

However, such models might often be inconsistent with the overall structure

because there is no constraint on how they should be linked to the general matrix of

the host lattice.

If overall consistency is considered important (which it in general should be) then it

is thus necessary to have a model that at the same time accounts for long-range

order and also allows realistic modelling of the local structure and the linking

thereof to the lattice. A straightforward approach would then be to revert to a very

large model where all individual atom positions are considered explicitly but that

would be computationally very expensive. As a compromise one could then use a

moderate-size configuration and apply periodic boundary conditions, in order to get

the long-range order, but still consider atoms individually to also allow studying

short-range order. This is the approach taken in the RMC methods we have been

using and is further discussed in sections 3.3-4 and the papers I-III.

3.2 How to connect to data

Having chosen a particular model to represent the real space structure one is

studying, the question arises as how to connect the model to the experimental data.

Given that one has good diffraction data ranging out to high Q it might seem

straightforward to perform a direct Fourier transform of the diffraction data once

and for all and then perform all modelling in real space, thus avoiding all time-

consuming back-transforming into reciprocal space. This is the approach used in

the so-called PDF (pair distribution function) analysis method [26,27]. There are

however a number of problems associated with such a procedure which are all

related to the truncation of reciprocal space data at some maximum scattering

vector Qmax.
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The first and most serious one is that the transform of the F(Q) itself will suffer

from Fourier ripple around each G(r) peak unless the F(Q) is truly flat at, and well

below, Qmax. Attempts to avoid this by use of 'modification functions' lead to further

loss of real space resolution. This would be most serious for thermal neutron

sources where Qmax∼10 Å-1 so that the resolution is 2π/Qmax ∼ 0.6 Å, i.e.

considerably more than the broadening of G(r) peaks due to thermal vibrations.

Even at pulsed sources where one can obtain data out to Qmax ∼ 40 Å-1 this can still

be a problem, resolution is still not better than 0.15 Å, but now is so sharp that a

truncation oscillation might be mistaken for a real G(r) peak (which would not be

the case for thermal sources where the ripple is to broad).

Second, there are always statistical errors associated with the experimental data.

The statistical errors should be fully uncorrelated but since also these errors are

truncated at Qmax, they necessarily turn up strongly correlated in real space. In

general the errors will appear in real space as fluctuations with a basic period also

given by 2π/Qmax. This effect can reach out to large r since the envelope amplitude

of these fluctuations is almost constant relative to r×G(r) units.

Systematic errors also have an influence on the quality of a direct transform. These

errors can be 'true' errors or due to poor application of necessary corrections.

Inaccurate calculation of multiple scattering and Placzek scattering generally leads

to systematical deviations in experimental data of low polynomial order which

when transformed turns up as fluctuations, again with periods of order 2π/Qmax.

Absorption and normalisation errors can render scale factors different from the

ideal unity, and possibly Q-dependent, which are then transformed in an unknown

way into real space, thus shifting the absolute or relative height of G(r) peaks.

Another serious influence can be the neglect of additional scattering which is not

accounted for by the simple G(r) picture, e.g. magnetic scattering. Even though

such scattering may end up as being of a very broad character when transformed

into real space, a relatively high presence in reciprocal space must be redistributed
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at a similar proportion in real space and change correspondingly with the

temperature and composition of the sample.

3.3 Reverse Monte Carlo methods

The reverse Monte Carlo (RMC) modelling techniques that have been used in this

work try to avoid the problems discussed in the previous section by creating

possible real space models and then Fourier transforming them in order to do the

fitting in reciprocal space. This has the advantage that model G(r) can be generated

out to high enough r so that the inverse transform can be performed without serious

truncation problems. Also, the effect of systematic errors is more apparent as they

result in poor RMC fits to F(Q) data. Statistical errors are now not strongly

correlated and by assuring that the model F(Q) are smooth enough the influence

should be small. Furthermore, the use of three-dimensional real space models puts

a strong constraint on the resulting G(r) to correspond to a physically possible

structure, e.g with the correct density and without atoms being too close.

RMC is a variation of the standard Metropolis Monte Carlo procedure [42]. In

MMC the basic principle is that one wishes to produce a statistical ensemble of

atoms (configuration) with a Boltzmann distribution of energies. Rather than

simply generating and sampling configurations completely at random, which would

be a very inefficient procedure, one makes use of a weighted sampling procedure

(Markov chain) that satisfies certain requirements on the probabilities for reaching

different states from each other. In MMC successive configurations are created by

random moves of atoms and for each new configuration the total potential energy U

is calculated. Moves are accepted on a statistical basis assuming that the probability

of a state is ∼exp(-U/kBT). As atoms are moved U will decrease until it reaches an

equilibrium value about which it will then oscillate. The maximum size of the

random move is normally adjusted so that the ratio of accepted to rejected moves in

equilibrium is approximately unity. Configurations are considered to be statistically
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independent when separated by at least N accepted moves and are then saved. In

this way an appropriate ensemble is generated.

In RMC we assume that an experimentally measured structure factor FE(Qi)

contains only statistical errors that have a normal distribution. The difference

between the real structure factor, FC(Qi), which can be calculated from a model of

the real structure, and that measured experimentally is then
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where σ(Qi) is the standard deviation of the normal distribution. The total
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where m is the number of Qi points in FE and
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In order to model the structure of a system using FE we therefore wish to create a

statistical ensemble of atoms whose structure factor satisfies the above probability

distribution. Writing the exponent as
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then P ∼exp(-χ2/2) and it can immediately be seen that χ2/2 in RMC is equivalent to

U/kBT in MMC. The algorithm for RMC is therefore as follows.

1. Start with an initial configuration with periodic boundary conditions. The

positions of the N atoms may be chosen randomly, they may have a known crystal

structure, or they may be a configuration from a different simulation or model.

2. Calculate the radial distribution function for this old configuration

( ) ( )
G r

n r

r
o
C o

C

=
4 2

0π ρ
(41)

where nC0(r) is the number of atoms at a distance between r and r+dr  from a central

atom, averaged over all atoms as centres, and ρ0 is the number density. The radial

distribution function G(r) is only calculated for r < L/2 and the nearest image

convention is used to determine the atomic separations.

3. Transform to the total structure factor
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4. Calculate the difference between FE(Q) and that determined from the

configuration FC(Q)
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5. Move one atom at random. Calculate the new radial distribution function, Gn
C(r)

and total structure factor, Fn
C (Q), and
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6. If  χn
2 < χo

2 the move is accepted and the new configuration becomes the old

configuration. If χn
2 > χo

2 then the move is accepted with probability exp[-(χn
2-

χo
2)/2]. Otherwise it is rejected.

7. Repeat from step 5.

As this process is iterated χ2 will initially decrease until it reaches an equilibrium

value about which it will fluctuate. The resulting configuration should be a three

dimensional structure that is consistent with the experimental total structure factor

within the experimental error. Statistically independent configurations may then be

collected.

The distinction between RMC and MMC is simply that in RMC the difference

between calculated and measured total structure factors (χ2) is sampled, while in

MMC the potential energy is sampled. Otherwise the two algorithms are identical.

It is particularly important that RMC uses a proper Markov chain, so that the final

structure should be independent of the initial configuration.

Originally these methods were developed for modelling the structure of liquids

[43,44]. In the first attempts the pair distribution function calculated from the

model, gC(r), was directly compared and models adjusted to fit the experimental

direct transform gE(r). In figure 12 we show an example of such RMC modelling of

a simple test system [30]. The data come from an MMC simulation using a

Lennard-Jones potential. As the RMC modelling progresses, the g(r) of the

configuration gradually gets closer to that of the data until, in equilibrium, a good

fit is obtained.
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Figure 12 Succesive stages of RMC modelling to a Lennard-Jones

potential test system. The starting configuration is at the top, to the

right, and an equilibrium configuration is at the bottom. To the left

are the corresponding g(r)'s from the configurations (solid) and L-J

data (broken).

Initially RMC models were mainly fitted in r space in order to reduce the

computing time. Later, in order to avoid the Fourier truncation problems, gC(r) was

instead generated to high enough r so that the inverse transform FC(Q) could be
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directly compared to the experimental structure factor FE(Q). This approach was

then also adopted to obtain the structure of various amorphous materials.

The first application to crystals [45] was to model the direct gE(r) transform since,

because of the long-range order, it would be difficult to generate gC(r) to high

enough r to allow the inverse transform without truncation errors. In this case there

are still oscillations even at high Q so the method of first convoluting the

experimental data before comparison was introduced [46]. With this approach

diffusion in fast ion conductors was successfully modelled [47,48].

The next development for crystals was the application to diffuse scattering obtained

from single crystal diffraction experiments [49]. The benefit of this method is that

modelling is now performed in three-dimensional reciprocal space so that the

ambiguity of averaging over the orientation of Q is removed. Also, this method uses

a direct calculation of the now three-dimensional F(Q) which overcomes some of

the problems encountered with transform techniques.

A drawback with the single crystal RMC method is however that, due to resolution

effects, it is not so easy to include modelling of Bragg scattering. Although good

fits to the diffuse scattering can be obtained, the lack of long-range order

information often results in too disordered models. Another problem is that single

crystal data do not always cover all directions of reciprocal space and fitting to only

a subset of reciprocal planes might not give models consistent with the part

omitted. Further, large single crystals are not always available, whereas powder

samples can easily be produced in the desired quantities.

In order to use the constraint of consistency with (nuclear) Bragg scattering and

also to effectively include diffuse scattering in all directions of reciprocal space, the

single crystal method was modified to model F(Q) from powder diffraction [33].

This method has then been further developed in this work and generalised to allow

modelling of both magnetic and atomic structure.



44

3.4 RMC for powder crystalline materials

During the course of this work we have applied some of the variations of the RMC

method discussed above in order to interpret the SLAD experiments. As a first

attempt some of the perovskites were being modelled using the related MCGR

(Monte Carlo simulation of G(r)) technique [50,51]. In this technique GC(r) is

simply generated as a one-dimensional mathematical function (i.e. not from a

configuration of atoms) which is modified, similar to the RMC algorithm so as to

fit to FE(Q).

Although quite good fits to F(Q) were obtained for some of the samples there was a

clear indication that magnetic scattering should be considered if MCGR or RMC

methods were to be used. Some simple (fixed) models of magnetic scattering (pure

paramagnetic scattering at high T and magnetic Bragg peaks only at low T) were

then tried within MCGR simulations but none of these attempts were entirely

satisfactory. Instead these simulations pointed to the need to also have a good

model for diffuse magnetic scattering and hence also a model of the magnetic local

structure. It might be noted that our original intentions were to look for lattice

polarons and we were therefore mainly interested in nuclear diffuse scattering, but,

as it turned out, the magnetic scattering was important in itself.

Since it would not really be possible to generate a magnetic equivalent of the one-

dimensional GC(r) used in MCGR we decided to use RMC solely. First the

RMCSPIN algorithm was used. Here magnetic scattering is calculated from a

combined spin and atomic model, using the isotropic approximation introduced by

Blech and Averbach in [52]. This approach had previously been applied to model

magnetic correlations in amorphous metals [53,54] with good results. It was found

that the isotropic character of the expressions used was not satisfactory for

modelling crystalline magnetic structures. In order to fit the experimental data

either a far too small value for the single-ion spins had to be used or the spin

configurations had to contain much more disorder than expected. Furthermore,
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since the method of first convoluting the experimental data before comparing to

FC(Q) [46] was used, we could not take the instrumental resolution into account.

To overcome the difficulties mentioned above we decided to develop the RMC

algorithm for powders, RMCPOW, [33] and also include the modelling of magnetic

structure. Here the nuclear and magnetic scattering cross-sections are directly

calculated from the configurations, instead of calculating G(r) and transforming.

This is done in such a way that we can take full account of the periodic boundary

conditions of the model configurations so that Bragg peaks can be fitted directly,

including a proper treatment of the instrument resolution which is not possible with

other RMC methods. Most truncation problems are resolved by this approach, albeit

at the expense of very long CPU time.

The general ideas and mathematics of the method are discussed in paper I so here

we just point out some details of the algorithm and differences with respect to the

standard RMC method before finally giving some additional remarks on the use of

the method with SLAD data.

3.4.1 The RMCPOW algorithm

In the RMCPOW algorithm the model scattering cross-section is calculated by

noting that from Eqs. (24,11 and 6) the static structure factor of a monatomic

sample is
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so for a polyatomic sample the differential scattering cross-section can be written
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where Rk now is the instantaneous position of atom k. Using models based on

supercells of the crystallographic unit cell and applying periodic boundary

conditions, the calculated cross-section strictly has contributions only for the

reciprocal lattice vectors of the supercell, Q=τsc. The diffuse scattering is thus

calculated at a discrete set of points in reciprocal space. To simulate a continuous

distribution we smear out the intensity over the equivalent linear Q extension of the

reciprocal volume of the  cell around each τsc, in such a way that the integrated

intensity is approximately conserved in each such cell.

As shown in paper I these ideas leads to the powder (pow) cross-section
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where Vsc is the volume of the model configuration, FN is the nuclear scattering

amplitude sum at τsc and R(Q-τsc) is the instrumental resolution function. A similar

expression applies for the magnetic scattering.

In standard RMC methods the pair distribution function G(r) is used for

intermediate results. In RMCPOW we instead use the lattice and magnetic

scattering amplitude sums so the following algorithm has been used.

1. Start with an initial configuration as in standard RMC. Find all supercell

reciprocal points within the "experimental sphere" with radius Qmax. Separate them

into Bragg (if they are also reciprocal lattice vectors of the crystal cell) and diffuse

points (if they are vectors of the supercell only)

2. Calculate the nuclear and magnetic amplitude sums for this old configuration.
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3. Obtain the nuclear Bragg and diffuse contributions to the model scattering cross-

section using Eq. (47) and the corresponding expression for magnetic Bragg and

diffuse scattering.

4. Calculate the difference between the experimental and model scattering cross-

sections, χo
2, as in RMC (with dσ/dΩ replacing F(Q))

5. Move one atom, or rotate a spin, at random. Calculate the new amplitude sums

and model scattering and the new χn
2

6. Accept or reject moves as in standard RMC

7. Repeat from step 5.

The total number of reciprocal points τsc is very large. To speed up the algorithm

we have performed the calculations only at each second point, assuming that the

intensity of neighbouring (diffuse) τsc points in the diffuse part is a smoothly

varying function. At low Q however the accumulated number of points is not so

large. To maintain good statistics we therefore use all points in this region, and as

mentioned in paper I, this introduces a small set of special cells on the interface

which are only half or quarter cells. These are treated in such away that the

intensity is taken from the peak on the surface of such a cell that would not be used

in the high Q region and smeared out over the linear range of the reduced cell. The

points used in the high Q region are of course smeared out over corresponding

reciprocal cells (doubled in each direction)

This algorithm is implemented in the RMCPOW program. The source code, written

in Fortran, consists of about 2500 lines. As compiled for the perovskites run, where

about 105 supercell reciprocal points were used, the executable uses 10 MB of RAM

memory. Most of the RMC calculations were performed on DEC Alpha stations at

NFL, Studsvik, running under the VMS operating system. The code is however

easily transferable to PC or Unix environments. Some runs were performed on a

Pentium 120 MHz/64 MB PC, the code compiled with Microsoft Fortran
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Powerstation. In fact the program was almost as fast on this machine, except that

complex operations do not seem to be so well implemented in this compiler.

Because of the long computing times with the RMCPOW algorithm it was not

possible to obtain more than one fitted configuration at each temperature. We have

thus not been sampling multiple configurations as suggested in the standard RMC

algorithm. However from the occasional repeated runs that were undertaken it was

clear that there were no significant changes between different runs. Again this is

not to say that the obtained results are unique but that variations are small. If

multiple sampling would be practical though, this would be important for the

statistical accuracy of derived results.

Obviously the models would also give better statistical performance if more atoms

and spins could be used. For the perovskites it would still not be practical to have

more than some 10000 atoms in runs on the computers that were actually used. It

would also be desirable to be able to include all diffuse peaks and not only a subset

at high Q.  Fortunately, the rapid development of computer technology already

offers a solution to these needs, a factor of 4-5 could be gained with a 400 MHz

Pentium II processor and some 100 MB RAM. Thus the prospects for using this

type of modelling in routine work looks good, although of course it should only be

used when other techniques are not sufficient.

Quite different conditions arises if one considers RMCPOW modelling to total

scattering experiments on a pulsed source. The new GEM general purpose

diffractometer being constructed at ISIS should provide good opportunities for these

types of experiments. In this case much higher Q can be reached. As discussed

above, even if data can be obtained out to Qmax ∼ 40 Å-1, the direct transform

method still appears troublesome if fine details in crystalline structures are

investigated. Modelling in reciprocal space should therefore still be preferred.

However, this Q range now represents an increase of sampled points in reciprocal

space of the order of 43 as compared to steady state experiments (Qmax ∼ 10 Å-1).
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This puts an even higher demand on computer power so parallel computing access

would be necessary.

3.4.2 Spins in RMCPOW

In RMCPOW spins are treated as classical entities, i.e. we consider all three

directions of spins simultaneously. We do not make any other use of the quantum-

mechanical properties in the modelling than for the value of the magnetic moment

of individual spins. Although this way we get sensible fitted spin configurations, we

do not believe that quantum-mechanical effects are unimportant. In our analyses of

the spin models we have therefore tried to be careful to draw conclusions only on

aspects of the distributions of spin properties which could correspond to a full

quantum-mechanical treatment.

For modelling the doped perovskites we used the total spin-only magnetic moments

µ of the constituent ions. This approach should be well justified for transition metal

ions localized in an octahedral position, such as is the case for Mn in both MnO

and La1-xBMnO3 where the orbital angular momentum is in general quenched by

the crystal field. The same average moment was used for all individual spins. With

( )µ µα α α= +g S S B1 , where g=2, for the α type of spins, averages were simply

taken as (1-x)µα+xµβ. Below TC this can be justified since XANES experiments

[55] find only one (average) type of spin for x in the CMR range. In the polaron

regime, T ∼ TC, an average moment seems more questionable but we believe that

introducing separate species will make only small changes in the final

interpretation. In the current work a fixed magnetic moment has been used.

Recently we have made some implementations of general parameter refinement, see

section 3.4.3 and the magnetic moment can now be varied.



50

Since spin-only moments were used we have also employed isotropic magnetic

form-factors. These were taken as the analytical approximations to the j0 spherical

Bessel functions, given in [56].

The treatment of magnetic amplitude sums might also need a comment. Although

the vectorial character of the neutron-spin interaction only demands three magnetic

amplitude sums, for each τsc, the calculations were actually performed using the

four sums given in paper I. Upon closer analysis it appears to be computationally

more efficient to actually perform the double vector product in Eq. (33) and to

retain to three sums. This would of course also reduce the memory needs.

3.4.3 RMCPOW refinement of resolution and lattice

parameters

In the current work resolution and lattice parameters were fixed and taken from the

initial Rietveld refinements. Since these resolution parameters were found to couple

to atomic displacements, because Rietveld techniques do not always treat the diffuse

peaks below Bragg peaks properly, we have now implemented refinement of the

resolution parameters in the RMCPOW program. Initial work using this

development to model the perovskites indicates however that the small calibration

errors forces diffuse scattering to compensate for the mismatch of some Bragg

peaks although resolution parameters in general appear to improve, in particular at

high Q.

Also Rietveld refined lattice parameters might be weakly dependent on the shape of

the diffuse scattering. To include lattice parameter refinement in RMCPOW is

slightly more time-consuming but still straight-forward and might be introduced in

the future. As mentioned above we have also introduced the possibility of refining

the individual spin magnetic moment.
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In the case of structures where diffusion is not significant it might be useful to store

"average" (i.e. relative to the unit cell) positions of all atoms which could be refined

together with the overall lattice parameters, and also provide the possibility of

maximum displacement constraints. Such extensions would then make the method

more like a Rietveld refinement with a self-consistent calculation of the diffuse

background. On the other hand it could also be useful to introduce the concept of

"dynamical" vacancies (i.e. a vacancy that can be turned on or off) if diffusion

mechanisms are important, or to allow swapping of atoms/spins, for e.g. studying

the magnetism of Mn1-xNixO systems.

3.4.4 Analysis of the crystalline properties of the fitted models

Although during the RMCPOW fit procedure we are not actually calculating G(r)

the resulting models do contain this information. This is not the only type of

correlation that can be computed though, the models can of course be examined in

terms of a variety of correlation distributions and average properties.

To analyse the average crystalline properties of the fitted atomic configurations the

following procedure was adopted. First all atoms were reduced into a single crystal

unit cell. Since, due to the nature of the RMCPOW algorithm, the average lattice is

only fixed with respect to orientation we then checked for any uniform translation

of the whole configuration with respect to the initial perfect crystal models. This

check also included finding the average positions of atoms in terms of the crystal

unit cell equivalent sites. As a reference the Mn 2b site was chosen in the R3c

perovskites, since Mn atoms show small thermal disorder and this site is not likely

to be split. The average positions of atoms in these sites were found to differ no

more than 0.02 Å compared to the initial perfect crystal sites and thus could serve

to define the overall lattice. La and O equivalent sites where then determined

relative to this reference and were in good agreement with the assumed R3c

symmetry.
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Mean square displacements were determined by mapping the distribution of

displacements around each equivalent site to the first site using appropriate

symmetry operators. Trivariate Gaussians parametrised by mean square

displacement matrices were used for fitting. Although no further symmetry

constraints were applied it was generally found that any anisotropies observed were

consistent with the relevant point group symmetry. The details of these anisotropies

were however not clear and we have not been able to make any firm conclusions at

this stage.

3.4.5 Static approximation in the SLAD experiments

Finally we would like to make some remarks on the validity of the static

approximation in the actual experiments on MnO and La1-xSrxMnO3 that have been

modelled with the RMCPOW technique. "Static" distortions will give a dominantly

elastic contribution to the inelastic scattering and should therefore be well within

the experimental limitations. Although in the search for local structure we are not

primarily interested in the 'normal' thermal vibrations of the lattice it is important

for the overall consistency that the phonon and magnon energies are well integrated

over.  Multi-phonon terms are usually smooth so that the inelastic part not covered

by the experimental integral can be properly accounted for by Placzek corrections.

The part that could cause problems is then the single-excitation response, i.e. one-

phonon and one-magnon contributions. For MnO the situation should be quite

satisfactory. Neutron triple-axis experiments [57] find the optical and acoustic

phonon energies to be less than 60 and 40 meV respectively, so that over most of

the Q range phonon energies are within the experimental integral limitations of the

SLAD instrument (cf. fig.3). Magnon energies are also small in this system [58],

less than 30 meV at 4 K and strongly renormalised as temperature increases.

In the case of the perovskites the conditions are slightly more complicated. To our

knowledge there has been no full determination of phonon dispersion curves,
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presumably because spin waves dominate the spectrum at low Q and, from our own

experiments on Nd0.5Pb0.5MnO3,  at high Q phonon peaks appear to be not so well

defined. In our scans along the cubic (4+q,0,0) direction we find a maximum

acoustic phonon energy ∼12 meV but other branches might perhaps extend to some

30 meV, which is then well within SLAD limitations.

On the other hand, recent Raman experiments on La1-xSrxMnO3 [59] indicate

optical phonon energies as high as 80 meV at the zone center. These would then be

on the edge of  the range of the SLAD experiment; however, such modes would not

be so populated and will contributes only a little to the differential scattering cross-

section. Perhaps more crucial then is the fact that magnon energies have a range of

up to 100 meV at temperatures well below TC [19,60,61]. At higher temperatures

the strong renormalisation of magnon modes as TC is approached of course

improves the situation.

If some part of the relevant inelastic scattering is ‘missed’ because of the limited

energy transfer range then this may be considered, in terms of the RMC models, as

equivalent to averaging over short times, i.e. the relevant correlations will be

‘blurred’ but not entirely ‘absent’. To improve the situation would require the use

of a higher incident energy, but this would lead to decreased resolution in the

important low Q region. We can conclude that the required instrumentation to

produce better results does not yet exist.
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4. SUMMARY AND OUTLOOK

The papers that are included in this thesis reflect various aspects of the

experimental neutron scattering work and reverse Monte Carlo (RMC) simulations

that have been carried out. Papers III and IV deal with the more applied part of the

work.  Papers I, II and V report on the powder RMC method for data analysis that

has been used. Paper VI is an instrumental paper describing the SLAD neutron

diffractometer which was used for most of the neutron scattering experiments.

In paper V the development of RMC techniques for modelling structural disorder in

crystalline materials is described.  The paper discusses general aspects of the

information content of neutron diffraction experiments on crystalline materials and

emphasises the distinction between elastic experiments, giving the time-average

structure, and total scattering experiments which contain information on

instantaneous correlations. Earlier RMC methods for crystalline studies are briefly

reviewed in terms of their advantages and disadvantages. The powder RMCPOW

method is then introduced in general terms.

A full description of the RMCPOW method is given in paper I. Here we describe in

detail how the model scattering is calculated from the atomic and spin

configurations. Some initial  results of a test of the method to model scattering data

from MnO are given. It is concluded that the method works, at least in a technical

sense. However it was then necessary to determine if the results produced were

sensible in a scientific context. Paper II then contains a full report on the MnO

simulations. MnO was chosen because it was a well known material, which had

been previously studied using many different techniques (including neutron

diffraction). All of the detailed results on the atomic and magnetic structures were

in good agreement with previously published results. In addition new information

could be obtained on short range magnetic correlations above TN. It was therefore
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concluded that RMCPOW is indeed a suitable method for modelling both magnetic

and atomic structures by fitting to powder diffraction data.

Since a good model also needs good data a great deal of the work has been done on

improving the performance of the SLAD diffractometer that was used for most of

the experimental work. Some of this work is reported in paper VI. Here the

emphasis is put on the philosophy behind the design of the instrument, given that

the instrument and the software used to analyse data are an integral combination.

Therefore both the mechanical and the electronic design of the instrument, as well

as the software used for calibration, data reduction and data analysis, are discussed

in some detail. The main conclusion is then that the combination of hardware and

software can work so as to enhance the scientific performance.

Papers III and IV deal with the results of the experimental and RMC modelling

work that has been performed on colossal magnetoresistance (CMR) materials. In

these materials the large magnetoresistance effects observed are believed to be

related to the formation of local distortions of the lattice, frequently described as

small polarons, just below and above the ferromagnetic ordering temperature TC.

Paper IV describes single crystal experiments on the Nd0.5Pb0.5MnO3 system which

were performed at ISIS and ILL. The ISIS experiment showed distinct diffuse

scattering at certain locations in the Brillouin zone of strong Bragg peaks. This was

believed to be related to low energy inelastic scattering. Further investigation at

ILL, using triple-axis neutron inelastic scattering, showed however that the feature

was purely static (within the energy resolution) and occurred at positions ±(2/3,0,0)

relative to Bragg peaks. No significant changes with temperature were found and

probably the feature is indicative of some tendency for charge-ordering.  We also

looked for softening of the phonon branches below 15 meV that we could see but

they remained essentially the same across the ferromagnetic ordering at TC=184 K.

The intrinsic phonon energy widths were quite large though, and it appears that

phonons here are rather damped which may reflect the presence of local distortions.
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Finally, in paper III we report the results of reverse Monte Carlo modelling of the

local atomic and magnetic structure of the CMR material La1-xSrxMnO3. To this

end total neutron scattering experiments were performed at the SLAD

diffractometer at the R2 research reactor, Studsvik. Powder crystalline samples with

x = 0, 0.2 and 0.4 were measured in the temperature range 15-1000 K, i.e. both

well above and below TC = 140, 325 and 360 K respectively. For the purpose of

basic characterisation, but also since lattice parameters are needed in the RMC

modelling, Rietveld refinements of the long range crystal structure were initially

performed. For x = 0.2 and 0.4 we found good agreement with the literature but the

x = 0 sample turned out to be slightly non-stoichiometric and was not further

investigated. The x = 0.2 and 0.4 samples were then subsequently modelled using

the RMCPOW technique presented in paper I. Models consisting of 5120 atoms

and 1024 spins in an 8x8x8 rhombohedral supercell were used.

The main results were:

an increase in the width of gMnO(r) and gOO(r) is consistent with the formation of

polarons above Tc (and consistent with the observation of others of an increase in

the O Debye-Waller factor in Rietveld refinement).

We find no such strong local Jahn-Teller effect as reported by Louca et al [29]. Our

results indicate a more distributed character of the lattice disorder which seems to

be more consistent with the uniform contraction model proposed by Billinge et al

[28].

Above TC long-range magnetic order is lost but spins remain locally correlated even

at 1000 K. In particular it is found that the correlation is stronger for closer Mn-Mn

nearest-neighbours so that magnetic and lattice polarons can be considered to be

the same. This is the first time that direct evidence for a coupling of lattice and

magnetic local order is reported. As far as we are aware there is no other method

that can give such information.
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Future possibilities for this kind of study could include more experiments on CMR

materials over a wider range of x, with both Sr and Ca doping. The highest CMR

effects are found in the Ca0.3 doped samples but the largest changes are seen in very

high magnetic fields and at temperatures well below room temperature which

makes them less useful for applications. The search for materials exhibiting CMR

has therefore expanded to include other structure types. A promising group seems

to be the Ruddlesden-Popper series (La,Sr)n+1MnnO3n+1, a group of layered

perovskites. Moritomo et al [62] has reported a 20.000% CMR effect in

La1.2Sr1.8Mn2O7. Unlike the simple perovskites the MnO6 octahedra here are less

distorted in the conducting phase compared to when charges are localised [63].

This material may also be important due to its pronounced CMR in low field, 200%

in 0.3T, albeit at 129K. It would therefore be interesting to apply the RMCPOW

method to such materials.

Now that we can perform realistic and self-consistent modelling of  diffuse

magnetic scattering it would also be interesting to continue the research on lattice

polarons, e.g. in La1-xSrxCrO3 and high-Tc materials. Other topics that might be

studied include local atomic and spin arrangements in ferroelectrics and spin

glasses respectively. Also the RMCPOW method could be readily extended to

include the combination of different types of experimental data, e.g. neutron and

X-ray diffraction, EXAFS, powder and single crystal data.
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Appendix I: Total and partial correlation functions

In the monatomic case the spherically averaged structure factor and pair

distribution function are related by

( ) ( )( )S Q
Q

r g r Qr dr= + −
∞

∫1
4

10

0

πρ
sin( ) (AI.1)

and
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2
0 0

π ρ
sin( ) (AI.2)

In the limit of large r there are no particle correlations and g(r) approaches unity.

Since particles cannot be closer to each other  than some particular distance, set by

their inherent atomic or ionic sizes, g(r) must be zero below some cut-off distance

rc. Also S(Q) approaches unity for large Q because coherency is lost. The value of

S(Q) as Q → 0 is related to the mean-square fluctuation of the atomic density and

can for most crystalline materials be considered to approach zero.

The partial pair distribution function of atoms of type α and β is defined

analogously to Eq. (26) by
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where V is the sample volume and cα (cβ) is the concentration of atoms of type α

(β). This expression ensures that gαβ(r) has the same limiting properties as the

monoatomic g(r), gαβ( r) → 1 as r → ∞ and gαβ( r) = 0 for r < rcαβ, the distance of

closest approach of atoms of type α and β.

We can also define partial structure factors as
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( ) ( )( )S Q
Q

r g r Qr drαβ αβ
πρ= + −

∞

∫1
4

10

0

sin( ) (AI.4)

so that
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and also Sαβ(Q) → 1 as Q → ∞ but now Sαβ(Q=0) ≈ 1-δαβ / cα. In this work we use

a total structure factor F(Q) and a total pair distribution function G(r) defined as
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which are then related through the sine transforms
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Both F(Q) and G(r) approach zero in the large Q or r limit because the

corresponding partials approach unity. From Eq. (AI.6) it is seen that F(Q=0) ≈

−∑c bα α
α

2 whereas G(r=0) = − ∑( )c bα α
α

2. The differential scattering cross-section in

the static approximation is thus simply

( )d

d
F Q c b

σ
α αΩ

= + ∑ 2 (AI.8)

Written this way we see that any serious errors, due to e.g. improper normalisation

or background subtraction, are directly revealed when the experimental data is put
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on an absolute scale because then the limiting values for F(Q) stated above will not

be obeyed.

The formalism we use is a slight reformulation of the original Faber-Ziman [64]

expressions where the total structure factor SFZ(Q) is defined as

( ) ( )S Q c c b b S Q c bFZ =
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α

*
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with the same partials as above so that
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The pair density function is then usually expressed as
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and the relation to G(r) is
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Another important correlation function is the radial distribution function 4Sr2U0g(r)

since the integral of this function represents the number of neighbour atoms within

a sphere of radius r. It can also be carried over to polyatomic systems in which case

the coordination number Nαβ of E atoms surrounding  D reference atoms in a shell

ranging from r1 to r2 is given by
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If for some shell there is no overlap with other shells then the coordination number

can be computed from the total G(r) as

( )N
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dr r G r c b
r

r

αβ
α α β

α α
α

ρ π= +


















∑∫0 2

2

4

1

2

*
(AI.14)

where a factor 2 should be included in the denominator if D≠E.
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Appendix II: Calibration of scattering angles on the

SLAD neutron diffractometer

Originally the SLAD diffractometer was designed for measuring structure factors of

liquids and amorphous materials. These materials in general only display

intrinsically broad peaks due to the lack of long-range order and so little effort was

spent on obtaining a very exact calibration of scattering angles.  As the instrument

is now also used for structural analysis of crystalline materials the need for a proper

calibration has become important. This appendix describes the ideas used in a

series of programs developed within this work to provide fast and accurate

calibration of the various instrumental parameters of SLAD.

On an standard neutron powder diffractometer with a moving set of non-position

sensitive detectors there are essentially only two parameters determining the

scattering angles, the zero angle position and the angular step between successive

positions of the detector set. On SLAD one must in principle determine zero angles

for all detectors independently and also accurately account for the variation of

sample to detector distance along the PSD's. The main purpose of the SLAD

calibration procedure is then to establish a relation between true scattering angles

and the PSD (electronic) channels into which neutron detection events are binned.

This is done in three steps, the first being to determine the absolute position along

the position sensitive detector (PSD) of a channel. Secondly, Bragg peaks from

standard samples relates known scattering angles with observed positions (given by

observed channels through the first step). Finally, this information is gathered

together to yield accurate values of the zero angle, distance and other instrumental

parameters. Each step involves non-linear least-squares fitting procedures and for

reference the expressions which are to be fitted and the relevant differentials are

given here.
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The position sensitive detector, PSD

L-30 0

chchm0 1024

Beam
direction

LT

φ

φT

RT

R(L)

30

Figure 13 The PSD together with the definitions of linear position

and scattering angle.

Each PSD on SLAD has an active length L0 = 60.0 cm, an outer radius rPSD = 2.54

cm and data are counted in Nch = 1024 position channels. Ideally the  channel

number ch, is a linear function of the position L along a PSD (cf. fig. 13), i.e. L =

K⋅(ch-chm), where K = L0/Nch ≈ 0.0586 cm/channel and chm ≈ 512 is the detector

centre channel for which L = 0. In practice we have found that the actual

relationship is better described by a cubic polynomial,

L l ch chi
i

m
i= −⋅

=
∑

1

3

( ) (AII.1)

and chm is not necessarily = 512. Since detector characteristics drift slightly on a

time scale of the order of months, special measurements are regularly performed to

determine the coefficients chm and l i. In these measurements the detectors are

covered by Cd masks with 1 mm slits 2 cm apart and the transmitted intensity
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profile of neutrons scattered from an isotropic scatterer (such as vanadium or

Plexiglas) is obtained for each detector. Least squares fits to the whole profile of

maximum nm=31 slit peaks then yields the desired coefficients, using a program

called MASKOT.

The intrinsic channel resolution of the PSD can also be obtained from the mask

measurements. Fitting Gaussians to the 'slit peaks', the observed FWHM is W 3 mm

which is substantially larger than the slit width itself so that the PSD resolution is

essentially given by this width. (Possibly a large) part of this broadening is due to

the projected trajectory of detection events in the PSD. Since the same projection

occurs e.g. with powder Bragg peaks the channel-linear position relationship above

should still be valid. The slit peak width is also found to be well described by a

quadratic polynomial, which we express in linear position as

( )σ σPSD i
i
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=
∑

0

2

(AII.2)

Typically σ0 = 0.12 cm, σ1 = -0.001 cm/ch, and  σ2 = 0.0002 cm/ch2, i.e. as

expected the broadening is worst at the endpoints.

If the mask measurement is normalised by an unmasked run the nm peak areas all

become approximately equal and the complete mask profile can be fitted by
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Here the linear position of slit j is Lj = 2⋅(j-1), A is an adjustable scale factor and Bi

are coefficients for a polynomial background. This is the expression actually used

in MASKOT. For reference we also write down the parameter derivatives used in

the program. Using the definitions
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the derivatives needed are
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Scattering angles and detector orientation

The orientation of the PSD relative to the sample is shown in figure 13 and can be

described as the PSD being perpendicular to a sample radius vector RT. This

definition implies that a linear position L corresponds to a scattering angle

according to

( )( )φ φ= + −T T TL L Rarctan
(AII.6)

where φT is the scattering angle at LT and RT is the (obviously) shortest distance

between the sample and the detector. Note that this expression covers all cases

where the detector is oriented so that its extrapolation cuts the direction of the

incoming beam and also adjusts for any misalignment in the positioning of the Cd

mask.
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Figure 14 Geometry for the case of a non-centred sample and a PSD

position out of the horizontal y = 0 plane. φ is the scattering angle for

PSD 1 in the horizontal y = 0 plane and φ‘  the scattering angle for

PSD 2 in the y = H plane.

If a detector is displaced vertically a distance ∆H and the sample is centred at Rs

this could be described, with reference to figure 14, by
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Here φ′  = 2θ , the true scattering angle at L(ch). Now, by defining
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we finally have
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This is the fundamental equation for the process of converting channel positions

into scattering angles. For calibration purposes we can instead solve (AII.9)} for Λ

as a function of φ' obtaining
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Relating scattering angle and channel number

In order to establish a relation between known scattering angles and observed

channels the following procedure is adopted. Standard powder samples featuring a

sufficient number of Bragg peaks covering the full range of angles is measured.

Presently Fe and La11B6 are used since Fe for the wavelength λ≈1.12 Å happens to

yield three peaks per detector except the ones at lowest angle where instead La11B6

provides two peaks, so that the parameters related to zero angle and sample

distance can be determined, see next section. If  the powder Bragg peak, as a

function of scattering angle, is a Gaussian with amplitude A, centre at φ0 ↔ ch0 and

width σ0, we have for the (normalised) intensity
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where ( )( )′ = ′φ φ Λ ch  and ( )( )′ = ′φ φ0 0Λ ch  are evaluated using (AII.9). In

another program, PEAKOT, this is used to fit mean channel positions of powder

peaks. Defining

( )Φ = ′ − ′ ′ = ′ ′ = ′
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we have
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Varying A, σ0 and ch0 we need the derivatives
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The detector array arrangement

The present arrangement of PSD's on SLAD is an array of four banks, each with 3

detectors, stacked on top of each other making a total of 12 detectors.  The upper

and lower PSD's are displaced ±∆H ≈ ± 3.6 cm from the middle PSD. To cover a

continuous set of scattering angles the whole detector array can be rotated in the

horizontal plane. Measurements are usually done at two such orientations, called

the A and B position, and this introduces another parameter, ∆φ, the rotation angle

between the A and B position. Presently, ∆φ ≈ 11.89°.

The origin of the xyz co-ordinate system in figure 14 is defined to be the

intersection of the rotation axis of the detector array and the horizontal plane which

is at the vertical centre of the full height of the incoming beam. This full height is

about 4 cm at the sample position and the lower (fixed) limit of the beam is thus 2

cm below the y = 0 plane. Reducing the beam height is done by lowering the upper

limit and so displaces the sample centre from the origin as defined above. If the

sample height in the beam, Hs, is less than the actual beam height, Hb, (e.g. if the

container is not completely full which unfortunately is the case with the La11B6

calibration sample) then the sample centre is even more offset from the origin. In

principle the sample y offset could be obtained by fitting but we have found it

sufficient to calculate it as Ys =  -2+(Hs /2). Hs is the minor of Hb, and the sample

height in the container less the part of the container below the lower beam limit.

The latter is  1 cm in the furnace set-up and 1.4 cm in the CCR for the standard

8mm containers used in SLAD experiments. For a 'full' container obviously Hs =

Hb.
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This means that in the general formulation of (AII.10) for detector j we should

substitute

φ φ φ φ φ
φT j Tot j T j j j, , , ,→ = + =
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These generalisations are used in the program CALSLAD to obtain the final

calibration of the SLAD instrument. The program can fit three general parameters,

the wavelength λ, the rotation angle ∆φ and the detector vertical spacing ∆H. Then

for each detector j there are two further adjustable parameters, RT,j and φT,j. The

current versions of the programs uses the fundamental assumptions that Rs = 0, all

LT,j = 0 and that bank planes are parallel to each other. Totally there are thus 27

calibration parameters. Defining
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= = ′ = = −

= − − ′ + ′ −

θ λ
π

φ θ

φ φ φ φ φ

4
2 1 2 2

2 2 2 2 2

(AII.17)

the parameter derivatives needed are
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In practice PEAKOT and CALSLAD are run iteratively until satisfactorily small

changes are observed in the varied parameters.
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