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Abstract

Thesis Title: Orbital Ordering in the Layered Manganites

Author: Thomas A. W. Beale

The interaction between the long range correlations of electrons and the encompassing crystal
structure is a key aspect of solid state physics. This thesis studies the long range interac-
tions of the 3d orbitals in the single and bilayered manganites. Orbital ordering and the
omnipresent Jahn-Teller distortions appear at low temperatures in these samples, accompa-
nied by a real-space charge order.

The results display different aspects of these loung range order phenomena in Lag 5511 s MnOy,
Nd;_ 4Sr14.MnOy where 0.66 > = > 0.8, and Las_2,Sr1 9, MnyO7where 0.5 > 22 > 0.7 us-
ing different techuniques of x-ray diffraction. High energy x-ray diffraction is optimised to
detect structural aspects in materials, and as such is sensitive to the Jahn-Teller distortions.
Resonant scattering at the Mn K edge is used to study both the structural and the more
specific charge and orbital ordering. Finally, soft x-ray resonant diffraction at the Mn L edge
is used as a specialised technique for looking at the magnetic and orbital ordering.

A small crystal field distortion is always observed to be present in the orbitally ordered
materials, however the size of the distortion is very large in the single layer Lag 5Sr1 s MnQOy,
and very small in the bilayer LaSroMny,O7. Despite this, orbital ordering is observed in
both materials. Combining experimental data with theoretical models, suggests that integer
charge ordering occurs on the MnOg octahedra in both materials within the orbitally ordered

regime.
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Chapter 1

Introduction

1.1 Thesis Outline

This thesis describes results obtained through x-ray scattering from transition metal ox-
ides. Transition metal oxides are one of the most important range of compounds. With
the relatively recent discoveries of high temperature superconductivity [1] and colossal mag-
netoresistance [2], human exploitation of their properties can only increase. Despite the
importance of the transition metal oxides there are many properties that are far from fully
understood. This thesis aims to study a very small section of these oxides, namely the
manganites, and in particular the long range correlation effects that occur.

This introduction sunimarises to the reader previous work conducted on the layered
manganites. More detailed references to specific papers will be made in each chapter. There
is also a brief outline of the theoretical understanding of resonant magnetic scattering, the
results of which form the main bulk of this thesis. The remainder of this thesis is then
divided into two parts. Part I looks at high energy and resonant K-edge x-ray diffraction.
Both these techniques are mature and have been used to investigate a multitude of systems,
from biological viruses and amorphdus liquids to actinide elements. Within Part I, chapter 2
introduces the single layered manganite (La,Nd)1_,Sr14,Mn0Oy, and shows x-ray scattering
results from K edge diffraction and also high energy (100 keV) x-ray diffraction. Chapters
3 and 4 look at the bilayer manganite Lag_0,Sr1 10, MnsO7, chapter 3 looking at the orbital
structure where 2 > 0.5 and chapter 4 looking at the effects of high magnetic fields on the
ordering in the case of x = 0.4 and 2 = 0.5.

Part 11 concentrates on the recent technique of soft x-ray diffraction. Diffraction from
single crystals at the transition metal L edge was first published in 2003. Since then there
have been results from manganites, nickelates and cuprates. This second part describes some

new results from the manganite series. Part IT comiprises of chapter 5, introducing soft x-ray
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diffraction and outlining the major advantages as well as looking at the technical difficulties.
Chapters 6 and 7 then look at orbital and magnetic ordering using soft x-ray diffraction, the

former from the single layered Lag 5511 sMnOy, and the latter from the bilayer LaSroMnsO-.

1.2 Ordering in the Manganites

Wollan and Koehler[3] and Goodenough [4] first brought the manganites to the attention
of condensed matter physicists in 1955. Wollan and Koehler conducted a neutron powder
diffraction study of La;_,Ca,MnQ3s, determining the range of magnetic ordering throughout
the stoichiometric range. Goodenough followed up this paper with theoretical predictions
for the origin of the magnetic ordering, and additionally, predicted an orbital and charge
ordered state. Since the advent of synchrotron radiation the use of resonant diffraction has
led to an wealth of papers discussing the state of long range ordering in the manganites, and
other transition metal oxides.

The Ruddleston-Popper compounds follow the chemical formula (La,Sr),41 M, Oapy.
Figure 1.1 shows the crystal structure of these crystals for n = o0,1,2. The n =
([La,Sr]MnOs3) crystals were the first to be studied, both theoretically aﬁd experimentally,
in fact even now the majority of theoretical studies still concentrate on the n = oo group.
This group however presents significant problems when it comes to studying single crystals.
Although many studies have been conducted the samples suffer hugely from twinning, due
to the v2a ~ ¢. This means that high quality single crystals are very hard to grow, and
so are in limited availability, especially for a range of dopants. These cubic systems are
also arguable the most complicated. As n is increased the systems reduce in dimensionality,
becoming more two-dimensional. This is caused by the insertion of spacer layers of [La,Sr]O

between the MnO layers.

1.2.1 The Single Layer Manganites

One of the earliest studies of single crystals of the single layer MnOy4 manganite was by
Moritomo et al. [5]. Single crystals of Laj_,Sr14,MnO4 were grown using the floating zone
method, and characterised by x-ray diffraction. This determined an I4/mmm tetragonal
crystal structure (known as the KoNiFy structure). The ¢ lattice parameter was observed
to change with dopingrlevelv, ranging f1v'017n 13.17 A for z = 0to 12.40 A for 2 = 0.6. This

agrees with a much earlier study by Rao et al. [6] on polycrystalline samples.
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Figure 1.5: Energy dependence of the orbital-ordering superlattice reflection (3/4,3/4,0) near
the manganese K-absorption edge at T' = 29.6 K. Figure from Murakami et al. (9] describing
LHQ.557“145M7LO4.

the orbital order peak, Murakami measured an azimuthal dependence of the orbital order
peak. This displays a sinusoidal azimuthal dependence (Fig. 1.6), in agreement with the
orbitals being spatially anisotropic. The energy dependence measured by Murakami does
indeed suggest that the reflection originated from the anomalous scattering term from the
Mn ions, and is not simply charge scattering. The scattering however was observed at the
Mn K edge. This is sensitive to the 4p electron shells, and not directly to the 3d orbitals. As
such, despite Murakami’s claims, it seems unlikely that this is a direct observation of orbital
ordering in the manganites. In fact, Murakami did postulate that the scattering was a result
of an electric dipole transition, and stated “The dipole transitions would correspond to the
1s core levels to the 4p band, which is hybridized with the polarized 3d band.” Murakami did
not attempt to suggest in which of the two orbitals the e, electron resides, as either produces
the same azimuthal dependence.

Murakami’s observation of orbital ordering stimulated interest in the layered manganites.
Ishikawa et al. [10] looked at the optical response of the sample through the charge / orbital
order transition. By looking at the reflective optical spectra in the 1-3 eV range, anisotropy
due to the orbital ordering could be observed. This was complicated by the existence of
different orbital domains occurring with a 90° rotation to each other. The reflectivity spectra
in the optical phonon range (0-0.1 ¢V) showed an additional phonon mode appearing at
0.07 eV below T, 00- This is not expected from the charge order pattern, and suggests the

Tokunaga et al. [11] looked at the high-field magnetisation and magnetoresistance of
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Figure 1.6: Azimuthal-angle dependence of the intensity of the OO superlattice reflection
(5/4,5/4,0) normalised by the fundamental reflection (1,1,0) at E = 6.552 keV, T' = 29.6 K.
The solid curve is a calculated intensity. Figure from Murakami et ol [9] describing
Lag 5 Sr1.5s MnOy. (Polarisation analysis was not used, the calculation in the paper suggests
that the polarisation should be rotated (o — )

Lag 5Sr15sMnO, with fields up to 40 Tesla. The raison d’étre of their research was the
significantly higher temperature of Ty, /0, than Tv. This suggested a more dominant role of
the charge and orbital degrees of freedom than in the spin degree of freedom in producing the
CO state. Also the significant interest caused by the discovery of colossal magnetoresistance
(CMR) in the bilayer systems inspired interest in the single layered samples. They observed
a melting of charge order with an applied magnetic field. This was temperature dependent,
although fairly constant between 50 K and 150 K, where a 25 T field was required to quench
the ordering. At low temperatures (< 100 K) there is a large region displaying hysteresis,
which at very low temperatures (4 K), extends from 10 T to 35 T. The CMR effect was
always observed to be strongest at the transition temperature.

The effect of replacing the trivalent La with Nd has been studied in more detail by Park et
al. [12]. They observed a difference between the pure La and the mixed LaNd compounds
below 50 K. With a 50% replacement of La with Nd, the ac susceptibility shows a distinct
peak at ~ 30 K that is not present in Lag 5Sr1 sMnOy4. Park and co-workers attributed this
to the spin-glass transition of the Nd moments. This can be compared to the manganite
Ndg.7Sro.3MnO3 which shows ferromagnetic ordering at low temperatures [13].

Extending to the full substitution of La for Nd, Hong et al. [14] conducted a thorough
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study of Ndg.5Sr1 sMnQy using neutron diffraction and magnetisation measurements. The
main conclusion from their work, was the observation of magnetic superlattice peaks, as
observed by Sternlieb [7] in Lag sSry sMnOy, together with an abrupt change in the mag-
netisation at 21 K, more evidence of the ordering of the Nd moments below this tempera-
ture. A small structural distortion was also observed, which appeared to persevere above
Tw, however they observed no signals relating to a charge ordered state. High resolution
structural data were also collected, which found that Ndg 551; sMnOy4 was isostructural with
Lag 5Sr1.sMnQOy.

By this time the experimental results had fuelled the interest of theorists, who proposed
theoretical models for the data. Mahadevan et al. [15] used first principles band structure
calculations to analyse the experimental evidence of charge and orbital ordering. Their study
indicates the presence of two distinct Mn species with very different environinents in the
crystal. One of these (the 3+ ion) has a Jahm-Teller distortion of the oxygens surrounding
the Mn. They also suggest that the resonant observations of the orbital order peak by
Murakami is actually driven by this Jahn-Teller distortion. This is in contrast to Ishihara
and Maekawa [16]. Their argument is based on the Coulomb interactions between the Mn 3d
and 4p electrons. This suggests that when one of the e, orbitals in the 3d band is occupied,
the electron-electron interaction in the orbital ordered state breaks the cubic symmetry and
thus lifts the degeneracy of the Mn 4p orbitals. This results in the anisotropy of the scattering
factor.

Although the majority of the papers report results from the half doped Lag 5511 ;MnOy,
there are a few papers that investigated different doping levels. Larochelle et al. [17] pro-
posed the existence of three distinct regions; a disordered phase (z < 0.4), a charge-ordered
phase (z > 0.5), and a mixed phase (0.4 < z < 0.5). This was discovered through low tem-
perature non-resonant x-ray scattering. This study confirmed the presence of superlattice
peaks at both (3,2,0) type positions and (§,%,0) positions. They also conclude that the
low-temperature structural symmetry is orthorhombic rather than tetragonal. By changing
the doping level Larochelle and co-workers observed a change in the superlattice modulation
wavevector. For z > 0.5 the vector changes linearly with the doping level. For the 2 = 0.65
sample second and third harmonics were observed, although these are extremely weak, in-
dicating that essentially the modulations are sinusoidal. For the samples with = < 0.4,

1o superstructure was observed, and only very weak diffuse scattering could be detected.
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Within the doping regime (0.4 < 2 < 0.5) the width and intensity of the peaks decreased
dramatically from a highly ordered z = 0.5 state to a almost disordered z = 0.4 system.

Larochelle et al. [18] then published a second paper, expanding their study to incorporate
the doping range from 0 < 2 < 0.7. As well as non resonant x-ray scattering, this article
also included neutron diffraction. Using this data and their previous data they were able
to construct a phase diagram, shown in Figure 1.7. This phase diagram displays a single
charge ordered phase in the range 0.45 < 2 < 0.7. This charge ordered phase is accompanied
at low temperature by a CE-type magnetic phase. Given that this magnetic phase occurs
in the cubic, single layered, and bilayer phases, it appears to depend only weakly on the
dimensionality of the system. High resolution x-ray powder diffraction studies of the = 0.5
doped manganite suggests a splitting of the (220) Bragg peak below T,,, but the (200)
peak remains unchanged. This, Larochelle argues, is indicative of the lattice becoming
orthorhombic with a 45° rotation of the axis in the a — b plane. This reduction in symmetry
is effectively a structural distortion, and has been observed previously through electron
diffraction [5]. Superlattice peaks were observable throughout the entire 0.4 < 2 < 0.7
range (the highest doping of the samples grown). This range showed a marked change in
the superlattice wavevector, suggesting that the ordering is strongly doping dependant. The
relationship between the electron density, n., and superlattice modulation wavevector, ¢,
was linear, such that at z = 0.5 the superlattice modulation doubles the high temperature
structure, and at z = 0.67 it is three times larger. This is similar to that observed in the
cubic manganites [19].

Below the charge order regime, Larochelle describes an intermediate region where 0.15 <
z < 0.45 and a third phase where 0 < z < 0.15. In the intermediate phase there is very
little long range order. Diffuse scattering can be seen around the principal Bragg peaks
suggesting small or poorly correlated distortions. The magnetic order in this range is also
weak. Through neutron scattering, very weak two-dimensional scattering rods were observed
at low temperature, suggesting a spin-glass phase. The third region below z = 0.15 is by
contrast a magnetically well ordered phase. The sample orders antiferromagnetically with a
Twn between 120 K and 130 K. There are no ohservations of any structural distortions and
charge disproportionation is unlikely at this dopiug level.

Kimura et al. [22} studied the overdoped Ndj_,Sri4,MnOy with 0.67 < 2 < 1.0. Elec-

trical resistivity measurements showed a change in gradient at ~ 250 K, obvious in the
) ] C gt n gl . ’
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1.2.2 The Bilayer Manganites

There have been a large number of papers published on the bilayer series in the last decade.
In order to try and present these to the reader in a logical fashion, they will be divided
into sections. First the papers that describe the mid doped z = 0.5 bilayer sample will be
presented, alongside those papers that attempt to explain the whole doping series. Secondly
the papers describing the underdoped, and more specifically the 2 = 0.4 bilayer will be
introduced, which will be expanded in Chapter 4. Lastly, there will be a brief summary on
the few papers describing the overdoped bilayers. A detailed explanation of these papers
will be given in Chapter 3.

The interest in the bilayer manganites was initiated by the groundbreaking paper of
Moritomo et al. [2] in 1997 describing the discovery of colossal magnetoresistance in the
manganite Laj oSr; sMnyO7 (2 = 0.4). A reduction in the resistivity of up to 20,000% (with
7 T applied field) was reported, and a decrease of ~3,000% with a 1 T applied field (Fig. 1.9),
compared to just 110% seen in the cubic manganites. This huge magnetoresistant effect was
observed just above T¢, in the paramagnetic phase. Two possible origins of this effect were
postulated in the paper, both highlighting the influence of the reduced dimensionality. The
first suggestion was that due to the high anisotropy of the exchange interaction (the inter-
layer interaction being much weaker than intra-layer interaction), the spin correlations are
maintained within the layer above T within the paramagnetic phase. Applying a magnetic
field then increases the magnetisation and reduces the spin scattering of the charge carriers.
The second postulate is that the reduced dimensionality and lifting of the degeneracy of
the e, electron state reduces the transfer interaction of these electrons. Just above Te the
compound is subject to instabilities, such as antiferromagnetic super-exchange, Jahn-Teller
distortions, and charge ordering. The phenomena can then be interpreted as an induced
metal-insulator transition, caused by the applied magnetic field.

Following the publication by Moritomo describing the discovery of colossal magnetoresis-
tance in Laj oSr1 gMnyO7 [2], many other groups conducted research on this system. One of
the first groups to publish studied the crystal nsing neutron and synchrotron x-ray diffrac-
tion was that of Battle et al [24]. This study was based on the half doped (z = 0.5)
bilayer manganite. Their results suggested a bi-phasic sample, the majority of which was
antiferromaguetic, with a minority ferromagnetic phase. The majority phase adopted the

maguetic structure below ~ 210 K, withi the minor ferromagnetic phase occurring below
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Figure 1.9: Top panel, change of the in-plane component of resistivity with increasing mag-
netic field for a single crystal of (Lag.4Sro.¢)sMnoO7. Bottom panel, field induced magneti-
zation. Open and filled circles are the data in the ferromagnetic and paramagnetic phases.
Dotted lines represent the initial slopes of the M — H curves. Figure from Moritomo et al.

[2).

~125 K. Battle et al. question their results with regard to the simultaneous existence of
two phases, but view their successful synthesis of monophasic SroLnMn,O7 where Ln = Tb,
Dy, Ho, Er and Y as an endorsement of their preparative technigue. Despite this, they
later raised the suggestion that their samples in fact have a mixed elemental composition.
Later phase diagrams confirmed this suggestion that perhaps their composition was a mix
of a lower doped concentration ferromagnetic sample and the mid doped antiferromagnetic
sample. In addition to the magnetic characterisation, Battle et al. also accurately measured
the structural parameters of the system.

In addition to the early x-ray and neutron diffraction work, Li and co-workers [25] ob-
serve a charge ordered state in the bilayer sample through transmission election microscopy.
Further electron diffraction revealed superlattice spots in the ab plane corresponding to a
fourfold (strong) and twofold (weak) periodicity which were found at low temperature. A
model of such possible charge and orbital ordering was produced based on Goodenough’s
[4] earlier work. In addition to Li et al., Kimura and co-workers [26] used electron and x-
ray diffraction to study the superlattice modulations. This paper reported only superlattice

peaks corresponding to a fourfold periodicity, however they did study their temperature de-
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pendence. They found that the modulations were only observable in a narrow temperature
range between ~ 210 K and ~ 100 K. This was also reflected in resistivity measurements
that displayed distinet gradient changes at these temperatures. It was speculated that this
melting of the charge order state may be due to a changed magnetic order, as the lower
doped (z = 0.4) samples were terromagnetic below 120 K.

With the rise of interest by experimentalists in the bilayer system, a number of theorists
began to undertake calculations in order to explain the experimental evidence, Among these
Maezono and Nagaosa [27] examined the change of magnetic phase from ferromagnetic in the
2 = 0.4 doping level to antiferromagnetic in the half doped sample. Their paper considered
two possibilities, firstly a phase diagram without canting, where there is a discontinuity
between the two phases, and secondly where there is a spin canting that provides a gradual
transition between the two states. Their final explanation was a combination of the two.
Maezono and Nagaosa theorise an orbital transition at around z = 0.125 with a spin canting
over the transition between the two maguetic states.

Following the discovery of charge and possibly orbital ordering in the bilayers, Chatterji et
al. [28] investigated these phenomena using high energy x-ray diffraction, resonant x-ray
diffraction and neutron diffraction. Their results were limited to the half doped LaSroMnyOg.
Satellite peaks were detected at (h £ %, k+ i, 1) using both high energy and resonant x-ray
diffraction. No mention in the paper was made of satellite peaks at (h £ %,k + %,l) like
positions. Compared to the single layered manganites a strange temperature dependence was
recorded for the aforementioned peaks. This strange temperature dependance had previously
been indicated by Kimura et al. [26]. They were first detected at 220 K, and increased
in intensity as the temperature was reduced, reaching a maximum of intensity at 180 K.
The intensity then decreased again, becoming very weak at ~100 K. Then at very low
temperatures below 40 K, there appeared to be a re-entrant phase, where the intensity
increased again, albeit to a much lesser degree than found at higher temperatures. This
was observed on all of the satellite peaks. In addition Chatterji and co-workers studied the
magnetic structure using neutron diffraction. They observed the (001) antiferromagnetic
peak; a normally structurally forbidden reflection due to the symmetry of the I4/mmm
space group. The appearance of the (001) magnetic peak occurs at Ty ~ 170 K, which is
noted to be the same temperature that the intensity of the satellite peaks in the ab plane

reduce in intensity. By refining the magnetic structure from a large number of nuclear and
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plane. This confirms the two dimensional nature of the material, as anticipated from the
crystal structure. A second paper by Wilkins et al. [36] used resonant soft x-ray diffraction at
the Mn L edge to detect the (001) antiferromagnetic peak. This in itself added relatively little
understanding to the bilayer system, however the huge resonances observed at the absorption
edge promised further more interesting work in this energy regime. This technique will be
elaborated on turther in Part II.

The realisation that both Jahn-Teller distortions and the more interesting orbital ordering
would produce superlattice reflections at the same wavevector stimulated heated discussions
as to which phenomena had been experimentally detected. Di Matteo et al. [37) performed
resonant x-ray scattering at the Mn K edge, and in addition calculated the expected res-
onance. Their conclusion was that the scattering is almost entirely originating from the
structural distortion, with the orbital ordering signal an order of magnitude weaker. They
did not exclude the possibility that orbital ordering may be observable at other absorption

edges, such as the Mn L edge.

The Underdoped Bilayer (z < 0.5)

The discovery of colossal magnetoresistance in La 5Sry eMnsO7 stimulated significant inter-
est in this underdoped region. In addition to this discovery, the paper by Moritomo et al.
[2] established the magnetic state of the material to be paramagunetic at room temperature
and ferromagnetic below T = 126 K.

One of the most prolific groups studying this sample was at Argonne National Laboratory
led by J. Mitchell [38, 39, 40, 41, 42, 43, 44, 45, 46]. This extended research commenced
in 1997 with a neutron diffraction study of the compound [38]). The main argument in this
paper is the substantial lattice parameter change at T¢. The structural change occurs almost
entirely within the ab crystal plane, where the lattice parameter deviates from a constant
contraction upon cooling, to a slow down in the contraction as T is approached, tollowed
by a sudden fall in the lattice parameter (by 0.004 A) as the temperature cools through
Te. It was suggested that such a change in the structure was linked to the ferromagnetic
ordering and charge delocalisation. Evidently this effect occurs within the ab plane, as there
was relatively little change in the ¢ lattice parameter.

A second paper [39] following this research line looked at the perovskite inder pressures
up to 6 kbar, using neutron powder diffraction. They observed that the sign of the compres-

sion of the apical Mn-O bonds (those out of the ab plane) reversed after cooling through T¢.
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That is to say, at 300 K (above Ty) applied pressure on the sample resulted in the Mn ions in
neighbouring sheets moving closer together. At 100 K (below Ty), the same applied pressure
resulted in the Mn-O bonds between neighbouring sheets increasing, moving the Mn ions
apart, with the compression reducing the distance between the pairs of MnO planes. This
unusual behaviour is explained by maguetic striction. The absence of magnetic superlattice
peaks suggests that the sample is indeed a ferromagnet, however a canted-spin ferromagnetic
phase was proposed. A further communication [40] examined the crystal structure with an
applied magnetic field, again using neutron powder diffraction. They detected a significant
magnetostriction at T, with the a axis contracting and ¢ axis expanding. In addition the
magnetisation data suggested the presence of short range magnetic order in the region above
Te up to room temperature. Virtually simultaneously, Perring et al. [47] published date
from single crystal neutron diffraction looking at the magnetic behaviour of Lay 5511 §Mna O7.
This paper shows the coexistence of ferromagnetic critical scattering as well as antiferromay-
netic short range order above T (Fig. 1.13). This discovery was proclaimed to be vitally
important to the understanding of colossal magnetoresistance in the material. As far as
calculations are concerned, the existence of antiferromagnetic clusters coexisting with short
range spin correlations removes the validity of the mean field approach. It also implies that
the charge carriers in the paramagnetic phase are progressing through a medium of mixed
ferro- and antiferromagnetic bonds. Traditionally such electron hopping would be casy across
ferromagnetic bonds, but suppressed over antiferromagnetic bonds, and as such the antifer-
romagnetic clusters could be visualised as mobile ‘walls’ through the material. Obviously
this has significant. effects for the understanding of colossal magnetoresistance.

With the discovery of charge and orbital ordering in LaSroMnoO7 it was obvious to search
for such correlations in the paramagnetic phase of Laj 2Sr1 sMnoO7. Yamamoto et al. [48]
used Raman spectroscopy to search for signature phonon peaks. Their study comprised
looking at both 2z = 0.5 and z = 0.4 doping levels, by comparing the two spectrum, they
are able to suggest that short range charge and orbital ordering occur in the paramagnetic
phase above T¢ in the z = 0.4 sample as well as in the 2 = 0.5 sample. The correlations in
the z = 0.4 sample are then strongly suppressed in the ferromagnetic phase.

Vasiliu-Doloc et al. [46] first introduced the idea of polaron formation in La; 381 sMnoO7.
In this paper, polarons are described as a localised charge with an associated lattice distor-

tion field, which give rise to diffuse scattering around the Bragg peaks. Scattering ascribed
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to the presence of polarons was observed using x-ray and neutron scattering, at two different
wavevectors, the first around the Bragg peak, and the second at 0.3 reciprocal lattice units
from the Bragg peak in the ab plane. Details of these polarons will be elaborated on in
Chapter 4. The polarons were observed above T in the paramagnetic phase, reducing in
intensity as the temperature increased, but still present at 300 K. In addition to the 2 = 0.4
doped bilayer, various other underdoped regions have been studied, in particular the z = 0.3
has stimulated considerable interest. This was prompted by Kimura et al. [49] finding evi-
dence of CMR in this doping level. Analogous to the 2 = 0.4 doping level, La; 45t ¢Mn2Or
shows a magnetoresistance of up to 10,000% above T¢ =~ 90 K with a field of 5 T. Perring
et al. [50] studied the magnetisation state of the = 0.3 compound. This was proposed to
consist of ferromagnetic sheets stacked antiferromagnetically. The ferromagnetic sheets have
the spins aligned along the ¢ axis rather than in the ab plane. This is remarkably different
to the observation of the spins aligned fully ferromagnetically within the ab planes in the
2z = 0.4 bilayer. However with an applied field of 1.5 T, the antiferromagnetic stacking in
the z = 0.3 sample was observed to switch to a fully ferromagnetic state. This occurred
with the field perpendicular to the spin direction, and the resulting ferromagnetic order is
magnetically isostructural to that in Laj oSrq sMngO7.

Kubota et al. [51] coalesced this magnetic information, and with the use of neutron
powder diffraction and Reitveld refinement, produced a magnetic phase diagram for the
doping levels 0.3 < 2 < 0.5 (Fig. 1.14). Even within this small doping range there exists
five different magnetic structures, reflecting the complexity of this compound. In addition,
further evidence of a canted spin structure in the z = 0.45 doping level is provided by a

second paper by Kubota et al. [52] through neutron scattering.

The Overdoped Bilayer (z > 0.5)

The bilayer series with z > 0.5 has not been studied nearly so much as the half doped
and underdoped samples. Chapter 3 presents results trom z = 0.55,0.6 and x = 0.7 and
the details of previous publications will be expanded at that point. Initial results from
polycrystalline samples were obtained by Dho [33] and Ling [31], as outlined above and in
Figure 1.12. Au early publication concentrating on the overdoped samples by Mitchell et
al. [53] used x-ray and neutron diffraction to examine the structural and magnetic order. A
gap in the long range ordering was confirmed between 0.66 < z < 0.72. In a‘ddit:ion charge

ordering was observed up to z = 0.6.
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is rather simplistic. One can in fact imagine that the charge probability wave over the
whole MnO octahedra varies within the ab plane depending on the doping of the crystal.
This charge disproportionation may not even be integer charge disproportion. It has been
suggested that it is MnT3—% and Mn+47% where 4 < 0.5. One can argue that as the samples
go through a metal / insulator transition as they enter the charge ordered phase, that there
must be some electron band gap. However this does not have to be located entirely on the Mn
ions, it could very easily be spread over the MnOg octahedra. Because of this, experiments
such as XANES (X-ray Absorption Near Edge Structure) which could possibly detect the
Mn valency may well not be conclusive. Despite all of this, it is easy to talk about Munt
and Mn?t as a model, however it is should be remembered that this is merely a convenient,
representation and method for describing the charge ordering phenomena.

As the charge ordering distinguishes the two M sites, the normal chemical unit cell is not
valid in this regime. As such, we can describe the extended superstructure encompassing the
charge order as the charge order unit cell (Fig. 1.15), where aco = bco = 2a = 2b. Bearing
these points in mind we can describe the charge ordering in the manganites. The parent
compound, LaSrMnQy displays no charge ordering, as all of the Mn have an average +2
charge associated with them. Similarly if we were to completely replace the La by a group 2
metal, such as Sr all the Mn ions would be entirely Mn**. Continuing this rationale, doping
half of the La with Sr, such that 2 = 0.5 produces an average valency of +3.5. It has been
shown, both experimentally, and also justified theoretically, that below Tco this produces
a charge disproportionation, and the crystal falls into an energetically favourable state of
charge ordering. This minimises the Coloumb repulsion between the electrons in the lattice.
The charge ordering takes the form of a real space ordering of the e, electron in the MnO
octahedra.

As the doping of the Sr ions is altered away from x = 0.5 there are two possibilities in order
to produce charge neutrality. Either the valence on the manganese changes to Mn(3+#)+d
and Mn®B+#) =% where, and the doping pattern remains the same, or the valencies continue
to be Mn+3+¢ and Mn™4~%_ and the pattern of the charge density changes. It appears that
it is mostly the latter, although there a number of more stable charge patterns which the
ordering ‘locks’ to. These more stable ordering patterns are those which tie in with the
crystal lattice. It is especially evident in the bilayer crystals and is described further in

chapter 3.
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It can be written as

"
H = Zﬁ(P,—‘Z r,) +Zx(r,, ;;czsj V x A(r;)

J

- —2(:2)2 Y s, E(r)) x (Pj — SA()) + D Rn(CHNCER) + %)(1.1)
J kA

where P is the momentum of the electron, A is the vector potential of the photon, V is
the potential of each electron from the remaining electrons, E = —A¢ — %A, where ¢ is the
Coulomb potential. s is the spin of the electron, wy (wr) is the angular frequency of the
incident (scattered) wave, and C* and C are the creation and annihilation operators.

The terms relevant to scattering are those containing the photon vector potential, A,

thus the scattering Hamiltonian can be rewritten

o - = 2(r)) = — S A(r;) P~ LS v x Ar)]
 2me? L - T e 4 J
mC)Q 2 ZSJ A(rj) x A(r))] (1.2)
= H + Jf’3 + Sy (1.3)

It is noted that 2" and 2%/ are quadratic in A, whereas 75 and 77 are linear in A.
1 4 ) 2 3

The scattering process involves a change of state of an electron. This can either be a

a) with energy E,
transfers to a final quantum state |b) with energy Ej, or can involve intermediate quantum
states. The probability for these transitions is found in Fermi’s 'Golden Rule’, which when

written to second order is:

F17 In){ n|<}2"’|z) .
(floF" i) + x 0(E; — Ey) (1.4)
Z FE, s

In our case the initial quantum state ¢ is state a with photon kA and final state f is
quantum state b with photon k’X. Similarly E; = E, + fwy and Ey = Ej, + hwy. Given
the order of A in the terms of equation 1.2, 5% and s/ contribute to the first term in the

Golden Rule, whereas 573 and .7 contribute to the second. As such we then have:
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By combining equations 1.5 and 1.2 and multiplying the result by the density of final

states and dividing by the incident flux, we conclude with the scattering cross section:
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where K = k—k’ and € (€¢') is the polarisation state of the incident (scattered) photon. The
first term of the equation is the non-resonant charge scattering. This is the source of charge
scattering from structural Bragg peaks. This term involves a single transition, and in the
usual case of elastic scattering |b) = |a).

The second term of equation 1.6 concerns the non-resonant magunetic scattering. The
pre-factor to this term explains the extremely small intensity of this scattering contribution.

The third and forth terms in the scattering cross section are the anomalous scattering
terms, commonly denominated at f* and f”. These terms explaiu resonant scattering, which
arises when the incident photon energy is close to the difference in energy between quantum
states a and ¢. The additional term z% on the denominator of these terms accounts for the
width of the energy band. Again, in the case of elastic scattering |b) = |a).

It is the resonant scattering terms that are of interest in this thesis. Part I contains
data from Mu K eglge resonant diffractjon, where the incident energy is tuned to the energy

difference between the 1s and 4p. Here a core electron from the 1s band is promoted to the
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Figure 1.19: Schematic of photon absorption and subsequent emission (left) and resonant
scattering (right). The resonant scattering process is a single process; this is easily seen in
equation 1.5. By contrast absorption and emission are two separate processes.

unoccupied 4p electron band, and then relaxes back to the Ls band. Part IT contains studies
of resonant diffraction at the Mn L edge. This time electrons are promoted from the 2p
electron band to the partially filled 3d electron band. Both of these transitions are dipole
transitions, involving the change in m of 1. Higher order (quadrupole etc.) do occur, but
are significantly weaker. Although resonant scattering is a two stage process (promotion and
relaxation), these transitions should really be thought of as a single action, indeed a quick
glance at equation 1.6 reveals these process as inextricably linked. Figure 1.19 displays the
difference between a distinct absorption and emission process, and the resonant scattering
process.

Equation 1.6 can therefore be surmmarised by the equation:

f:fU+f/+fll+fspi'rl (1.7)

The equation 1.6 describes the entire scattering, however in this thesis the results will
exclusively be generated from electric dipole transitions. This is entirely due to the strengths
of the transitions, due to the quadrupole and higher order transitions being increasingly
weaker. Magnetic multipole transitions are a factor of %Z)g of the intensity of the respective
electric transitions [62]. Concentrating entirely on the 2L (dipole) transition, we can rewrite

the resonant scatteriiig amplitude (from Hannon et al. [62]) in terms of spherical harmonics;
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The first part of the summation (in the square brackets), concerns the polarisation of
the incoming € and outgoing €' beams, and will be developed shortly. The final factor Fi s

gives the strength of the resonance, and is determined by the overlap integrals of the electron

bands by the following equation:

Fo, () — Z Py Py(mTy(aMn; EL)/T'(n) (L.9)

e z(a,m) — i

where P, is the probability of the ion exisiting in the initial state a and P,(n) is the
probability of the tramsition from initial state « to final state . I'y(aMn; EL) gives the
partial width for the EL radiative decay from |g) — |a), and T'(n) is the lifetime of the
excited state; typically &~ 1 — 10 €V so that the scattering is fast ~~ 10716 g,

One of the major advantages in resonant x-ray scattering is the ability to use the polari-
sation states (e,e’) of the incoming (k) and scattered (k') beamn (Fig. 1.20), to determine the
origin of the resonant scattering. This is due to the term in square brackets in equation 1.8.
For a dipole transition the change in the quantum number { is 1, and as such, we know that
my can be either -1, 0 or 1. For [ = 1 and m; = 1, —1 the vector spherical harmonics can be
written;

o L N 7 PPy P
€ Yim1(K)Y (k) € = m[e EFUE x €) By, — (€ - 2,)(E- 20)] (1.10)
where %, is a unit vector in the direction of the magnetic moment of the nth jon. Forl =1

and m; = 0;

(¢ Yio(K)Yo(K) - & = ()@ 5a)) (L11)

Through this equation the equation for the resonant scattering can be written directly

displaying the dependence of the polarisation states of the incoming and emitted wave;

XRES _ (& )F O — (&' x &) - 2, FV (¢ - 2,) (¢ 2n) D] (1.12)
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Figure 1.20: Conventional directions for describing the polarisation vectors. Incoming beam
k has polarisation vector either parallel (€) or perpendicular (€1) to the scattering plane.
The scattered wavevector &’ has a similar convention.

where

3 ;
FO = (gl + Fi1]) (1.13)
: 3
F — (4_k[F11 - F1_4)) (1.14)
3
F® = (Z’;[QFw—Fu — F14)) (1.15)

It is immediately obvious that the terms in equation 1.12 each have a different polarisation
dependence. The first term, which consists of entirely charge scattering, has an (€' - €)
dependence. Therefore the intensity of the scattered beam is unity with the polarisation
vectors of the incident and scattered beam parallel, and zero when they are perpendicular.
As the o channel is defined as being perpendicular to the scattering plane, the ¢ channels
of the incident and scattered beam are always parallel. Thus the scattering is present in the
o — o channel, and there is no 26 dependence. Likewise the o channel of the incident (and
scattered) beam is always perpendicular to the 7 channel. Therefore the o « 7 terms in
the polarisation matrix are zero. The 7 — m channel is slightly more complicated. If the
incoming and scattered beams are parallel, then the € and € are parallel, however if they are
perpendicular (i.e. 20 = 90°) then € and & and there is no scattering in the # — 7 channel.
As such the m — 7 polarisation matrix element is cos20 = k' - k. Putting these four matrix
elements together gives the polarisation dependence for the charge scattering contribution

of the resonant scattering termy;

é-é= . (1.16)
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The second resonant scattering term F(O has a (¢ x €) dependence. This precludes any
scattering in the ¢ — ¢ channel, however scattering in the # — = channel is allowed, again
with a 20 dependence, this time sin26. Scattering would be unity in the ¢ < 7 channels,
however there is an additional interaction with the magnetic moment (as this term describes
magnetic resonant scattering). As such the polarisation matrix for the FO term in a dipole

transition is

& é= (1.17)

The third matrix for the f term can be calculated in the same way from the (€'-2,,)(€-2,)
polarisation dependence of the F?). By using geometric identities, these terms can be fully

written in terms of 4 to give

. 1 0 ) 0 210860 + z38ind
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29(215In0 + z3c080) —cos?0(z3tan?6 + z3)

From an experimental point of view, equation 1.18 displays some important results. At
a synchrotron, the light is highly polarised, and usually the diffractometer is orientated such
that the incident light is in the ¢ channel. If the ¢ and 7 components of the scattered beam
can be separated then it is possible to discover the origin of the scattered beam, in terms
of f, f/ and f”. Furthermore if the spin or orbital density is non-isotropic ( z1 # z # 23),
then as the sample is rotated around the scattering vector (and therefore k and kK’ are
rotated around 2) then the relative intensities in the different chanmnels will change for f’
and f”. Both polarisation analysis, and the azimuthal variation are explored through the

experimental results in Part 1.
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Chapter 2

Long Range Order in
Lal_xSr1+anO4 and
Ndl_xSr1+anO4

This chapter presents results from single layered manganites using high energy x-ray diffrac-
tion and resonant x-ray diffraction at the Mn K edge. This manganite series has been
introduced in Chapter 1, and the structure is shown in figure 1.1. This chapter shows results
from (LaNd); _;Sr14,MnOy with 0.5 < 2 < 0.8, describing how the long range order changes
throughout the stoichiometric range. It begins with a brief description of the experimental
methods used, including polarisation analysis. The attribution of the superlattice peaks to
structural distortions and charge and orbital ordering is then outlined; together with a de-
scription of the half doped samples. Comparisons are then made with those samples with
higher doping levels. The purpose of this chapter is to introduce the reader to the general ex-
periments that have been conducted on these crystals. These initial results will be developed

in the following chapters.

2.1 Experimental Technique

The samples were studied using single crystal x-ray diffraction. This part of the thesis reports
experimental data taken ou resonant x-ray beamlines with an incident energy near the Mn K
edge (such as BM28 at the ESRF), and non-resonant high energy x-ray beamlines (such as
BW5 at HASYLAB). The following subsections will outline the procedure at the beamlines,

and also the initial sample preparation required.



Chapter 2. Long Range Order in Lay_,Sr14,MnOy and Ndi_,S114.MnOy 35
2.1.1 Sample Preparation

The samples were grown using the floating zone method, at the University of Oxford. The
growth recipe was initially developed for the half doped sample Lag 5St1.sMnOy. Once high
quality single crystal growth had been achieved, this is moditied in order to grow higher
doped samples. The floating zone method is preferable to growing crystals in a crucible as it
minimises contamination, and therefore enables higher quality crystals to be grown. There
is however an inherent difficulty with the growth of La; _,Sr1,,MnOy4 when z > 0.5 because
phase segregation starts to occur within the sample. As such, it is extremely difficult to grow
homogeneous samples. As an alternative, Nd has been substituted for the La, which due
to the slightly different ionic radius, allows non-phase segregated single crystals of adequate
size and quality to be grown.

The crystals are checked and pre-aligned using a rotating anode laboratory source, before
commencing a synchrotron radiation experiment. This x-ray source uses a water cooled
copper rotating anode, the x-ray beam from which is focussed by a pair of graded d-spacing
parabolic mirrors. These mirrors produce a parallel beamn of approximately 1 x 1 mm [64],
which is incident on the sample. The scattered x-rays diffract off an analyser crystal to
improve the instrumental resolution.

X-ray resonant diffraction has been undertaken in reflection geometry and as such it is
only possible to reach certain areas of reciprocal space from each sample face. By cutting
or grinding the crystal, such that the required scattering vector is surface normal, required
reflections can be reached. The ground face can then be polished with alumina paste down
to 0.25 pm, which removes any surface blemishes and any damage caused by grinding.
The layered manganites have strong cleavage planes perpendicular to the ¢ axis. If the
experinient can be designed so that x-rays are diffracted from this cleaved surface, then no
further preparation after cleaving is necessary. After preparation the samples are attached
onto the diffractometer mount. The sample is normally secured to the mount using a heat
conductive glue, either a silver epoxy, or a silver conductive paint. The latter is preferential
as it can be dissolved in acetone for safe sample removal, as the use of stronger solvents can
cause fracture in the crystals.

At an experimental beanline, the mount with sainple attached is then fixed to the end of
a cold finger of a closed cycle helium cryostat. These cryostats are capable of temperatures

as low as 6 X without further modification. Because of the relatively low x-ray energies used
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in resonant x-ray diffraction, the heat shrouds of the cryostat are machined from beryllium
to reduce their x-ray absorption. When using high energy x-rays, the absorption from a few

mm of aluminium is negligible, simplifying the design and use of the heat shrouds.

2.1.2 High Energy X-ray Diffraction

The benefits of high energy diffraction can be summarised by the large attenuation length,
which is typically in the order of centimetres. As such, x-rays pass right through the sample,
which is aligned in Laue geometry. This gives an extremely high scattering volume, which can
be used to observe phenomena that have a small scattering cross section. The technique is a
pure bulk measurement, as the scattering from the surface layers corresponds to a negligible
proportion of the entire scattered signal.

The disadvantage with high energy x-ray diffraction, is that the x-ray energy is far from
any absorption edges, and as such the scattering is purely non-resonant. This severely
limits the technique, and so control of environmental parameters such as temperature and
magnetic field is often used to study phases in the material. The most successful studies have
been where high energy diffraction is combined with a second technique providing additional
information on the nature of the x-ray scattering in the sample. Other complementary
techniques often include magnetism and transport measurements, and also resonant x-ray
scattering.

Despite the absence of absorption edges at high energies, magnetic scattering has been
conducted with high energy x-ray diffraction. The total scattering factor (Eqn. 1.6) has a
very small contribution from non-resonant magnetic scattering. Strempfer et al. [65] detected
the magnetic peak in MnF, using high energy diffraction, however it mnust be emphasised
that this model system was used becaunse of the availability of large, and extremely high
quality samples, which have a large magnetic moment. In general this is currently not a
feasible technique to study magnetic scattering.

The high energy x-ray diffraction results were collected using the BWS beamline at
HASYLAB, Hamburg [66], and beamline ID15 at the ESRF [67]. These experiments were
typically conducted with an incident energy of 100 keV, and the beamlines were equipped
with Huber cradles, closed cycle cryostats and solid state detectors. Single channel analysers

were used at both beamlines to filter out higher harmonics from the scattered x-ray beam.
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2.1.3 Resonant K edge Diffraction

K edge resonant diffraction involves tuning the energy of the incident x-ray beam, so that
it is equal to that of the excitation energies from the 1s level. This can be in the form
of a quadrupole (E2) transition from the ls — 3d, but is more usnally a dipole transition
(E1) from the 1s — 4p clectron levels. The quadropole transition occurs at a slightly lower
energy than the dipole, and is significantly weaker. In spite of the weak intensity, the
1s — 4p quadrupole transition has been observed in a range of materials including CoO [68]
and NiO [69], and also KCuF; [70] and V03 [71]. Because of the multi-electron transitions
involved in the quadrupole transitions, the energy dependences are more difficult to fit.
The very nature of a resonant signal provides information on the electron transition, and
therefore the technique is element and electron band specific. This selectivity is unavailable
using standard neutron diffraction, and is one of the major advantages of resonant x-ray

diffraction.

Polarisation Analysis

In addition to element selectivity, the scattered beam can be studied using polarisation
analysis. The theoretical explanation of this technique has been outlined in section 1.5.
It has been established that different scattering processes rotate the polarisation vector in
different ways. With a detector positioned directly in the scattered beam, all the x-rays,
regardless of their polarisation state are counted. In order to separate the polarisation states
a second scattering process is used after the beam is scattered by the sample. An analyser
erystal is placed in the scattered beam. This analyser crystal is selected such that the 20 angle
for a Bragg reflection from the analyser crystal is as close as possible to 90°. As Bragg peaks
are normally composed entirely of charge scattering the only scattered channel is o — o.
Thus the crystal can be aligned either with the scattering vector of the analyser crystal
within the scattering plane of the diffractoineter (allowing through only the ¢ component ot
the scattered beam) or perpendicular to the scattering plane of the diffractometer (allowing
through ouly the © component, as the 7 polarisation state of the scattered beam from the
crystal is now the ¢ component of the incoming beam of the analyser crystal).

This is an elegant solution as the polarisation analyser both increases the resolution of
the system and separates the polarisation components of the beam. Unfortunately, however

it is limited to £he number of crystals suitable as an analyser, and selecting a crystal with
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20 = 90° at the required energy is not always possible. The manganese resonance at the
K edge in the layered manganites lies at approximately 6.555 keV. The closest match to
this energy is the (220) Bragg peak of Cu, which at this energy has 20 = 95° This gives

approximately 3% leakthrough, between the ¢ and 7 channels.

2.2 Experimental Method and Results

The section is organised by sample stoichiometry, with increasing Sr doping, from z = 0.5
to z = 0.8. Data are presented from both high energy x-ray diffraction and resonant energy

diffraction.

2.2.1 Lao.5Sr1_5MnO4 and Nd0,5Sr1.5MnO4

Figure 2.1 shows a set of four Jahu-Teller distortion satellites around the (0,2,0) Bragg peak
in Ndg 5Sr; sMnOy4. In this image the central Bragg peak has been removed, although the
edge of it can still be seen. According to the pattern of the charge ordering (Fig. 1.15), the
superlattice peaks should occur in pairs oppositely arranged around a Bragg peak, rather
than in set of four. However x-ray diffraction is a bulk sensitive probe, and is sensitive to
an average ordering pattern. Despite being a single crystal, the long range order in the
crystal occurs in multiple domains, and some which order at 90° to one another. On an
x-ray diffraction pattern this appears as four superlattice peaks around the Bragg peak. The
data was taken with a 2D Mar™ detector with a 200 s exposure, on beamline ID15, with
the sample at 10 K.

In the layered manganites the scattering from the Jahn-Teller distortion appears signif-
icantly stronger than the charge ordering. This is not necessarily because the charge order
effect is very small, but more likely because the Jahu-Teller distortion involves a movement
of the Mn ion and the O octahedra, which together produce a large scattering cross-section.
The 2D detector on the high energy beamline was unable to observe the charge order signal
above the background noise. One of the major disadvantages of 2D detectors is that there
is no analyser, and the experiment is limited to double axis geometry. Thus there is no re-
duetion in the background scatter, which leads to and extremely high background signal in
comparison with a triple axis geometry. The resolution of the 2D detector is physically fixed
(as al-l 2y grid), but can effectively be changed in reciprocal space by altering the distance

between the detector and the sample; thereby changing the angular acceptance of each pixel.
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corresponds to the Mn K edge.

Although a quantitative measurement of the intensity of the signal originating from each
phenomena can be given, directly comparing these intensities is rather difficult. Different
samples are of different. sizes, and arve of different qualities, so comparing absolute measure-
ments of intensity between different, samples is liable to error. Even comparing the intensity
of different peaks in the same sample is not entirely straightforward. The manganese K edge
is relatively low in energy, and so moving between peaks significantly changes the orientation
of the sanmple in the beam. As such, even if the beam is coincident with the centre of rotation,
the beam footprint will change. In addition the form factor of x-ray scattering will reduce
the intensity of peaks further from the origin in reciprocal space. In conclusion, the intensity
of a peak can only really be compared to the intensity of the same peak when changing
an environmental condition such as temperature or external magnetic field. Despite this, a
rough comparison of the intensity of the peaks gives an idea of the signal strength, and the
quality of the data.

Each of the superlattice peaks in the left panels of figure 2.3 has been fitted with a
Lorentzian squared lineshape. This lineshape is typical of the resolution function of a triple
axis diffractonmeter where the resolution of the instrument and the rocking curve width of the
sample are matched. If the peak is a different shape, typically Gaussian, then it normally
indicates that the instrumental resolution is substantially lower than that of the rocking
curve width of the sample. In the case of a Gaussian fit meaningful data from the width of
the peak cannot be extracted as this is heavily convoluted with the instrument resolution.
This is normally the case with Bragg peaks.

Resonant scattering has the ability to firstly detect and secondly separate each of these
three superlattice peaks. The peak displayed in the upper panel of Figure 2.3 occurs at
(1.75,0.25,0). This would immediately suggest that it is related to a fourfold increase in
the unit cell. Looking at the ordering schematic (Fig. 1.15), it seems likely that it is either
due to the orbital ordering or the concomitant co-operative Jahn-Teller distortion. The
peak occurs in the ¢ — ¢ channel and did not appear in the ¢ — 7 channel, suggesting
it is charge based scattering. The right hand panel shows an energy scan of the intensity
through the Mn K edge. The intensity of the scattered signal was measured as a function

of the incident x-rays energy, as it was scanned through the manganese absorption edge.

Because the diffraction angles are determined by the energy of the x-ray beam as well as
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interference term. If, as might be expected from the order schematic (Fig. 1.15), the peak
is due to some kind of charge modulation or charge ordering, then it will be composed of a
contribution from the Mn*t and the Mu?t ions. The resonance occurs due to a preferential
scattering from the 1s — 2p electron transition, from the resonant addition to the f () term
(Eqn. 1.12).

Finally the third peak in Figure 2.3 occurs with the same wavevector as the Jahn-Teller
distortion, at (1.75,0.25,0). Unlike the Jahn-Teller distortion this peak occurs in the o — 7
channel. Although it occurs at the same wavevector as the Jahn-Teller peak, it is not simply
caused by the leakthrough in the polarisation channels from the Jahn-Teller signal, as the
energy dependences of the peaks are totally different. Instead of showing an absorption edge
at the Mn K edge, there is a strong resouance to the extent that the signal could not be seen
away from the resonant energy. It is not clear whether the scattering that is responsible for
this peak, also exists in the ¢ — o channel, as assuring that the intensity in the & —o chanmel
would be similar to that in the o — 7, it would be negligible compared to the signal from the
Jahn-Teller distortion. The existence of scattering in the ¢ — 7 channel discounts normal
charge scattering. As such, the scattering must originate from either the f’ or f” anomalous
scattering terms. The presence of the Jahn-Teller distortion prevents confirmation of the
existence of scattering in the ¢ — o channel, as this would distinguish between f’ and f”.
However we do kuow that this is a resonant scattering process, from the dipole transition
1s — 4p. The orbital ordering that is thought to occur at the same wavevector as the
Jahn-Teller could be the origin of the scattering, however the ordered orbitals are in the 3d
electron band, and this dipole transition is not directly sensitive to this energy level. As
such, the scattering must be sensitive to an ordering on the 4p electrons that is induced by
the ordering of the 3d electrons. This explains the very weak signal.

In conclusion, it appears likely that in the half doped manganites, the signal that occurs
at (h+ &,k + 1,1), and resonates in the ¢ — ¢ chaunel is caused by ordering of the Mn**
and Mn** ions. The signal at (h £ ﬁ k4 i, [) with an absorption edge in the ¢ — ¢ channel
is caused by a co-operative Jahn-Teller distortion, and the signal with the same wavevector
that resonates in the ¢ — 7 chanuel is from an induced ordering of the 4p electron orbitals.

Figure 2.4 shows the temperature dependence of the three superlattice satellites. All
three peaks have a similar temperature dependence and disappear at 200 K, corresponding

to the simultaneous trausition temperature of the charge ordering, orbital ordering and
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Figure 2.4: Integrated intensity of the Jahn Teller and charge order superlattice reflections in
Lag 5Sr1 s MnOy4, measured in the o-¢ channel and the orbital order superlattice reflection,
measured in the o-m channel. The charge and orbital order reflections were measured at
6.555 keV, and the Jahn-Teller at 6.530 keV.

Jahn-Teller distortion (Tcos00/07). There is however a slight difference in the shape of
the temperature dependences. The charge order and orbital order reflection are observed to
have a constant intensity at temperatures below 120 K, above this temperature they begin
to reduce in intensity until the transition temperature. The Jahn-Teller peak appears to
increase slightly at 100 K, reaching a maximum at 140 K, before reducing in inteusity. The
increase in intensity is only of the region of 20%, however that may signify that the Jahn-
Teller and orbital order peaks are not due to entirely the same underlying mechanism. The
position of all of the peaks did not alter as a function of temperature. The width of the
peaks was constant, until the scattering became very weak, and then the signal degraded
and the width increased, indicative of critical fluctuations. This suggests that the ordering
quickly becomes long range correlated, and the increase in scattering intensity is due to an
increase in the valence difference, or increase in singular orbital occupation, rather than an
increase in ordering throughout the crystal.

If the composition of the sample, (z), is changed and more strontium is added, the Sr2+
jons randomly replace the La®*t ions. This increases the number of mobile holes throughout
the crystal lattice. Thus increasing the Sr doping in Laj_,Sri4,MnOy4 or Nd;_5Sr14,.MnOy
changes the average valency of the Mn ions. Intuitively one would expect this to change the
low temperature long range ordering as this is due initially to a charge segregation. There are
two possible scenarios. Either the ordering pattern changes, such that there are nominally

Mp3t and Mn*t in non-equal numbers, or the ordering pattern remains and the valency on
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the Mn ions becomes Mn®t? and Mutt. We can discriminate between these two different
scenarios by studying the x-ray scattering from different crystals with different stoichiometry.

The distinction should be obvious from the wavevector of the superlattice peaks.

2.2.2 Nd0.338r1,67MnO4

11
676’

In Ndg 33811 67MnOy4 very weak and broad superstructure peaks at ( 0) in the 0 — ¢
channel could be observed corresponding to the Jahn-Teller distortions. No superstructure
peaks at (%, %,0) could be seen, or any peaks in the o — 7 channel. Figure 2.5 shows the
evolution of the Jahn-Teller signal as a function of temperature. The wavevector of these
peaks was not exactly (1—) (0.167), but appears to be slightly larger, further from the Bragg
peak. This is interesting as it would normally be assumed that the position of the peak would
‘“Jock’ into the commensurate position, even if the stoichiometry was slightly incorrect. This
intermediate phase of the layered maganites corresponding to z = % appears to only have
weak long range ordering. Although it is difficult to directly compare the intensities of the
superlattice peaks between samples, the superstructure in this doping has particularly weak
and broad peaks compared to the crystallographic Bragg peaks. This suggests that in this
system the cooperative Jahn-Teller distortions are small (as evidenced by the small intensity)
and poorly correlated (as evidenced by the increased width). There was no significant change
in peak width with temperature and hence the inverse correlation length is constant. The
significant increase in the error on the wavevector (position) of the superlattice distortions
as the temperature is increased in Figure 2.5 is due to the difficulty in fitting to the very

weak peak.

2.2.3 Nd0.25Sr1‘75Mn()4

The Ndg.255r1.75sMnQOy manganites, (z = 0.75), have a much higher correlation length of
charge order and Jahn-Teller distortion than was observed in the £ = 0.6 doped sample.
Figure 2.6 shows the superlattice peaks in the ¢ — o channel either side of the (0 0 6)
Bragg peak. The position of the peaks is slightly further out than expected, similar to that
observed in Ndy 33511 ¢7MnOy. With this doping level it would be expected that the peaks
would occur at 0.125 and 0.25 reciprocal lattice units from the Bragg reflection.

These peaks were measured in the ab plane around the (006) Bragg peak and not in

the hk0 -plane. This was designed so that the scattering occurred from a cleaved surface.
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Because of the layered nature of the crystal (Fig. 1.1) the crystals cleavage planes, correspond
to the crystallographic ab plane, with [001] surface normal. As the crystals were small, it
was difficult to prepare a face perpendicular to the ¢ axis, as this dimension tended to be
very thin (typically < 1mm). Although conventionally it would be assumed that to access
superlattice peaks at (3,1,0) and (3,3,0) like positions, a crystal cut with [110] surface
normal would be ideal this is not always the case. Due to the macroscopic layered nature
of the crystals, cutting a face parallel to the ¢ axis requires cutting though the layers of the
crystal. Even with a small x-ray beam a number of these layers are illuminated. These layers
are not necessarily well correlated, and so even the Bragg peaks can be very weak with a
large crystal mosaic, and finding superlattice peaks can be impossible. A superlattice peak
that is easy to find when scattering from the cleaved ¢ axis surface normal, can be impossible
to find when scattering from a [110] surface normal face in the same crystal.

Careful observation of Figure 2.6 reveals broad peaks at (£0.2,40.2,6), superimposed
on the charge order and Jahn-Teller superlattice peaks. This diffuse scatter suggests a
periodic modulation on a completely different length scale. The correlation length of these
modulations is very short, and no resonant enhancement was observed suggesting some kind
of structural distortion. The signal could originate from a Sr deficient area of the crystal,
and represent a weak Jahn-Teller distortion in this area. These weak superlattice reflections
are observed as single peaks, and appear at consistent wavevectors. As such they are unlikely
to originate from different crystallites.

In addition to the charge order and Jahm-Teller superlattice peaks, weak peaks which
resonated in both channels were found at the same wavevector as the Jahn-Teller distortion.
It has been noticed in many samples that the Jahn-Teller distortion peaks were only present
around specific Bragg peaks (this is also evident in the bilayer series). As such, around Bragg
peaks where the Jahn-Teller peaks were not present (because of systematic absences), it was
possible to observe the orbital induced ordering in both polarisation channels. Figure 2.7
shows the evolution of the intensity of these superlattice peaks with temperature. The
charge order and structural distortions show a gradual decrease of intensity upon increasing
temperature towards T, r, similar to that seen in Ndy 33511 .67MnQOy4. The orbital order
peak appears to show a difference in the intensities in the two chanmels. This is rather
unexpected. What is interesting is that the divergence of these intensities occurs at Ty.

It is not uureasonable that the breakdown in magnetic order effects the orbital ordering
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Figure 2.7: Intensity of the Jahn-Teller, charge order, and orbital order signals in
Ndg 25Sr;.7sMnOy4as a function of temperature. The charge and orbital order signals were
neasured on the Mn K edge (6.555 keV), the Jahn-Teller distortion was measured at
6.530 keV, just below the edge.

parameters. This is an indication that the orbital ordering is more fundamental than just
being a by-product of the structural distortion and of strong magnetic orbital correlations.

Figure 2.8 shows the wavevector of the superlattice peaks with respect to temperature.
As can be seen there is very little deviation until 220 K where critical fluctnations are
observed. The sharp fall in the wavevector suggest that initially the critical fluctuations
have a greater periodicity (although their correlation lengths would be less), and as they
evolve into distinct ordering they reduce their incommensurate wavevector values. Similar
to the Ndg 33911 67MnOy4 sample the superlattice peaks do not seem to be commensurate.

This suggests that the doping is not precisely 0.75, and the long range order is only weakly
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Figure 2.8: § for the Jahn-Teller and charge order signals in Ndg.255r1.75Mn0Oy4. The charge
order signal was measured at 6.555 keV, the Jahn-Teller at an energy of 6.530 keV.

linked to the crystal lattice.

2.2.4 Ndo_gsrl.gMnO4

The Ndg 2Sr1 sMnQy sample appears markedly different from those with < 0.7. Below
150 K the sample undergoes a structural phase transition, with an orthorhombic phase
appearing in the sample. This is evident by a splitting in the principal Bragg peaks below
this temperature (Fig. 2.9). Despite the orthorhombic phase becoming the dominant phase
below 150 K, a small tetragonal component exists in the Bragg peak down to 10 K (Fig. 2.10).
This is most likely in the form of small crystallographic domains that remain tetragonal in
the majority orthorhombic phase.

Superlattice peaks were observed near to the expected Jahn-Teller and charge order
wavevectors at low temperatures. These superlattice peaks were not split below the struc-
tural phase transition, suggesting that the long range ordering only exists in the tetragonal
phase. As such, figure 2.10 shows the intensity of the superlattice peaks originating from
the Jahn-Teller distortions and charge order normalised to the tetragonal phase of the Brogyg
peak. The absence of any significant change in intensity of either the charge order super-
lattice peak, or the Jahn-Teller distortion superlattice peak, around the structural phase
transition, demoustrates the intensity of the superstructure ordering follows the intensity of
the tetragonal phase. It seems indisputable therefore that these are co-existant.

A small proportion of the crystal remains tetragonal down to 10K, and is accompanied

by the long range ordering. Figure 2.11 shows the charge order and Jahu-Teller distortion
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Figure 2.10: (a) The relative intensities of the Bragg peaks of the tetragonal and orthorhom-
bic phases in NdgoSry sMnQOy. (b) The integrated intensity of the (2.125,—0.125,0) Jahn-
Teller satellite peak, and (¢) the (1.75,0.25,0) charge order peak, normalised to the intensity
of the tetragonal phase Bragg peak.
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Figure 2.11: (a) The (2.125,—0.125,0) Jahn-Teller and (b)(1.75,0.25,0) charge order su-
perlattice peak, as measured in the [110] direction in Ndg2Sr sMnOy. The red lines are
Lorentzian squared lineshapes fitted to the data which is normalised to a ring current of
200 mA.

of holes in the MnO, sheets. This was accompanied by a suppression of the Curie-Weiss
like increase in the magnetic susceptibility of the samples at these doping levels at these
temperatures. In addition electron diffraction revealed a fourfold modulation parallel to the
[110] direction. Sternlieb et al. [7] followed Moritomo [5] with a elastic neutron diffraction
study of Lag 5Sr1.sMnQOy. Again superlattice reflections were observed with wavevector qe, =
(%, %, 0) below Teo = 217 K. The neutron diffraction was also able to observe the magnetic
moments below Ty = 110 K.

Murakami el al.[9] then published details of an experiment at the Mn K edge looking
at charge and orbital ordering f;‘on’1 LagsSri sMnOy4. They observed superlattice peaks
originating from charge ordering, and an anisotropy of the 4p electrons caused by underlying
orbital ordering of the 3d electrons. The azimuthal dependence of the orbital order peak
was measured, giving an indication of the anisotropy. There was no mention by Murakaini
of any structural distortions, nor any superlattice peaks at (é,i,()) that do not resonate.
Their model of the charge order energy resonance was compiled from a room temperature
absorption measurements of the spectra of Mn** (from LaSrMnOy4) and Mn*t. The energy
difference of 4 eV between the absorption spectra accurately modelled their observations.
This requires a near integer difference in the charge disproportionation.

These papers, although not solely studying the half doped sample, tend to concentrate
on the mid-doping level. Therc have been relatively few papers concentrating on the higher

dopings. Nagai et al.[23] used electron diffraction to look at superlattice spots on the 2 = 2/3
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and z = 3/4 doping levels. Ouly superlattice peaks at the Jahm-Teller type positions were
observed, although they also observed a sinusoidal type modulation in the [110] direction
with a periodicity of ~ 8 unit cells. This they attribute to a long range crystal distortion.

Nakao et al.[72] used resonant x-ray diffraction at the Mn K edge to look at the z = 2/3
and z = 3/4 doped samples, in which they observed resonant peaks both at the charge
order and orbital order positions. Again there is no mention of any structural distortion
accompanying the orbital ordering.

Very recently Larochelle et al[18] conducted a thorough study of La;_;Sr11,MnOy with
0 < z < 0.7. Their study revealed three separate phases, low (z < 0.12), intermediate
(0.12 < 2 < 0.45) and high (z > 0.45). In the high phase they observe charge and orbital
ordering and also observe that above £ = 0.5 the superlattice becomes incommnensurate.

It is clear from the results in this chapter that the situation is rather more complicated
than suggested in the previous literature. Throughout the doping range studied there exists
three distinct ordering phenomena. The first and possible the easiest to comprehend is the
charge order. This has been observed in all samples except the Ndp.3sSr1.67MnOy4. There
are still questions about the degree of real space ordering of the Mu ions. It was suggested
by Murakami[9] that the resonances observed at (%,3,0) positions could only be created by
full integer ordering. However there have been theoretical studies (73] that claim that charge
ordering cannot be integer ordering, by looking at the relative displacements of the Mn ions.
This may be complicated by the fact that the charge ordering occurs on the entire MnOg
octahedra, rather than entirely on the Mn ion. It is required that the charge ordering occurs
in some form or another, in order to facilitate the orbital ordering. This orbital ordering
appears to be accompanied by a structural distortion, namely a cooperative Jahn-Teller
distortion. It appears obvious from the results in this chapter that both of these phenomena
exist. They are observed to form entirely different signals. It is impossible that a pure
orbital order signal would be observed with such intensity using high energy diffraction, and
electron diffraction as seen by Nagai [23] and Moritomo [5]. Possibly the strongest indication
is that the dual signals are seen with resonant diffraction. The structural distortion can be
observed as a weak Bragg peak with an absorption edge, whereas the orbital induced signal
can be seen resonating in both polarisation channels.

One of the major implications brought to light by the resnlts in this chapter is the de-

coupling of the long range order and the structural lattice. It was generally assumed that
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the ordering would occur at commensurate wavevectors that would ‘lock’™ into the crystal
structure. Therefore, all the doped crystals near to the z = 0.5 doping level would ar-
range themselves as shown in Fig. 1.15. These results, especially from the higher doped
Ndp.oSry sMnQOy suggest that this is not true. By contrast, it seems that the wavevector is
probably almost entirely governed by the exact doping of the crystal rather than the crystal

lattice.

2.4 Conclusions

A study of the effects of doping has been made of the single layered manganite series. Long
range ordering has been observed throughout the doping range of 0.5 < = < 0.8. These
results have outlined the experiments that have been conducted on this series, and provide
an introduction to the detection of long range order using x-ray diffraction.

There is a strong connection between the doping level and the wavevector of the superlat-
tice peaks. In all of the samples the position of the Jahn-Teller and charge order peaks were

(h+6,k+6,1) and (h+ 26, k+20,1) respectively, where § = 152, This is strong evidence that

the pattern of the long range order changes with doping level. As such the Mn in the MnO
octahedra appear to remain nominally Mn®** and Mn*t. High energy diffraction proved
an excellent tool for observing the Jahn-Teller distortions. A resonant enhancement of the
charge ordering and induced orbital ordering improved the ability to observe these peaks at
the Mn K edge. Resonant enhancements coupled with polarisation analysis are capable of
probing the origins of the superlattice signals.

A complete understanding of the orbital and charge ordering is not possible at this
absorption edge. Although it gives us some indication as to the processes happening in these
materials, it is looking indirectly at the effects of the 3d electron band. What exactly is the
connection between orbital ordering and Jalm-Teller distortions, and how integer-like is the
charge ordering? We can only hope to answer by looking directly at the 3d electrons. We
can do this by undertaking resonant scattering at the L edges. This will be investigated in

Part II.



Chapter 3

Wigner, Stripe and Bi-Stripe

Lattices in Lay_9,Sr{,9,MnyOr

This chapter describes a study of Lag 0,511 42, MnyO7 in the stoichiometry range 0.55 < z <
0.7 using high energy x-ray diffraction and resonant x-ray diffraction at the Mn K edge. As
the Sr doping is varied the long range ordering changes from a checkerboard pattern Wigner
lattice into a quasi bistripe and finally develops into a complete bistripe phase. Despite a
proliferation of studies performed on the half doped bilayer, there have been relatively few
papers written on samples with 2 > 0.5. This may be partially due to the difficulties in
growing such crystals.

The same arguments that Goodenough [4] applied to Lag sSr1 5MnQOy can also be applied
to the bilayer series. According to his theories it would be expected that in the LaSroMnyO7
doped bilayer, charge and orbital ordering would occur, together with magnetic ordering.
Indeed charge ordering has been observed in the half doped bilayer manganites, both using
resonant and high energy diffraction. As will been shown in chapter 7, the AFM ordering
of these crystals has been observed not only using neutron diffraction, but also using soft
x-ray resonant diffraction. Despite a large number of studies using a variety of techniques
the complicated phase diagram of the bilayer manganite series is still under review. Initially
Dho et al. [33] produced a phase diagram (Fig. 1.12) that had a charge ordered phase over
a large area of the doping range, from z = 0.475 up to at least @ = 0.75. Dho et al. [33] also
suggested a collapse of the charge ordering below Ty followed by a re-entrant effect at ~50 K.
A later phase diagram proposed by Qui et al. [32] (Fig. 1.11) shows a breakdown in both
the charge and magnetic long range order, which appears to be unique to the bilayer crystals
in the phase diagrams of the manganites. This chapter provides evidence of the existence

of charge ordering persisting. at least up to z = 0.7, with no-evidence of a breakdown. in

&g
(¥
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electron long range correlations.

The 2 = 0.475 and 0.5 samples have already been studied by the Wilkins et al [35].
Charge ordering in the half doped bilayer was observed at (%,%,0), and cooperative Jahn-
Teller distortions at (i,%,()) . These distortion and charge order signals have unusual tem-
perature dependences compared to the Laj_,Sr14.MnOy series. Instead of the superlattice
peaks appearing at T/ and remaining at a roughly constant intensity to low tempera-
tures, they appear at Teo/yr and then decrease in intensity again at Ty. It appears that
the onset of the antiferromagnetic ordering between the ab planes has the effect of quenching
the long range order within the ab plane.

As will be shown, different behaviour is observed as the doping of St is increased. Al-
though the temperature dependence is similar in the 2 = 0.6 to the half doped samples, the
wavevector at which the superlattice peaks appear is significantly different, and indeed shows
a striking variation around Tn. The z = 0.7 bilayer has no AFM phase, and as such there
are significant differences in the temperature dependence of the electron ordering. A non
Wigner-lattice bistripe phase is proposed in the z = 0.6 samples which takes into account
the wavevector of these superlattice peaks and the azimuthal dependence of the JT /00
ordering. Very recently there has been similar work published by Luo et al [56]. They have
undertaken electron microscopy studies, showing a pattern of superlattice reflections due to
the crystal distortion, and used the position of the superlattice reflections to produce an
orbital lattice for the 2 = 0.6 identical to that suggested in this chapter.

Further resonant scattering experimental results suggest that a full bistripe phase is
developed for samples with 2 = 0.7. The absence of an AFM phase produces a temper-
ature dependence of the superlattice order peaks that is similar to that observed in the

Laj_4Sr14.MnQOy series.

3.1 Experimental Methods and Results

High quality single crystals of Lag_o,5r1 12, MnsO7 were grown using the floating zone
method at the University of Oxford [74]. These crystals were pre-aligned using an in-house
Cu rotating anode x-ray generator [64]. Synchrotron experiments were performed using high
energy (100 keV) x-ray diffraction and resonant x-ray scattering at the Mn K edge. High
energy single crystal x-ray diffraction was performed at the BWS5 beamline at HASYLAB,

Hamburg [66]. The beamline is equipped with a wiggler insertion device, and a water cooled
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Cu filter to produce x-rays in the spectral range 60-150 keV. The analyser and monochroma-
tor were matched SiGe graded crystals to provide a resolution matched to the sample rocking
curve width. In this experiment, the incident x-ray beam had a beamsize of 1 x 1 mm, and
an energy of 100 keV. Photon detection was provided by a solid state detector, energy gated
through a single channel analyser in order to remove higher harmonics. The samples were
mounted on a the cold finger on an APD displex cryofurnace capable of a temperature in
the range 10 K< T < 400 K. The orientation of the sample was such that the ¢ axis was
parallel to the incident beam, and the ab plane perpendicular.

Resonant x-ray diffraction was undertaken at the UK CRG beamline, BM28 at the ESRF
[75]. An incident beam energy in the region of 6.555 keV (Mn K edge) was provided by
a double bounce Si(111) water cooled monochromator, with harmonic rejection mirrors.
Crystals pre-cleaved with the ¢ axis surface normal were mounted with the ¢ axis along
the scattering vector, allowing access to the (00l) type reflections. The sample environment
was similar to that at BW5 with a closed cycle cryostat held in a Eulerian cradle. A Cu
(220) single crystal was used for polarisation analysis which at 6.555 keV has a scattering
vector 47° from the incident beam. This allows a leak-through of ~ 3.5% hetween the two
polarigation channels.

The results in the following three sections are organised by doping stoichiometry, starting

with z = 0.55, and increasing through the chapter to 2 = 0.7.

3.1.1 z=0.55

The sample was mounted on the high energy beamline. Upon cooling the sample below the
charge ordering temperature (Too) supetlattice peaks appeared at wavevectors (i,i,()) and
(3,2,0). These superlattice peaks, arise from Jahn-Teller (JT) structural distortions and real
space charge ordering (CO). They were found regularly throughout reciprocal space with the
JT peaks of intensity ~15000 counts per second, and the CO peaks were in the region of ten
times weaker than the JT peaks. In this chapter, a nomenclature will be adopted whereby
the JT peak occurs at (h & 4,k -+ §,1) positions and the CO peak at (h £ 20,k £26,1). In
this case with z = 0.55 and & = 0.25.

The peak shapes from both the JT and CO signals displayed a Gaussian lineshape (Fig.
3.1). This suggests that the experimental resolution was limited by the instrument, and not

giving a-true indication of the sample. Indeed a measuremment of the (2,0,0) Bragg peak
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likely that charge ordering does exist, but it is too weak to detect. The peak at (2 -4, —6,0)
was much broader in the 2 = 0.575 sample than in the z = 0.55 sample, and as such, the
measurements were not limited by the instrmmental resolution. The shape of the peak was
Lorentzian squared in the high resolution [100] direction. This suggests that the resolution
effects are negligible to the width of the peak, despite this we observed no significant variation
of the peak width with temperature. Uulike the 2 = 0.55 sample the Jahn-Teller signal in
the z = 0.575 sample does display a significant variation in the wavevector, § (Fig. 3.2a).
This variation follows a strikingly similar pattern to the variation of the intensity of the
JT distortion as a function of temperature. Initially at low temperature 4 = 0.202 % 0.002,
however on warming, and with increasing intensity, this value reaches ¢ = 0.222 & 0.002.
As the temperature is further increased above T towards Teo, 6 reduces back to below

9 = 0.200.

3.1.3 z=060

Satellite peaks were found using high energy x-ray diffraction at both (h % 8,k £ 4,1) and
(h & 28,k + 28,1) in the z = 0.60 sample (Fig. 3.3). The Jahn-Teller peak is significantly
stronger than that occurring in either the 2 = 0.55 or & = 0.575 doped samples. The
charge order peak however, was some 40 times lower in intensity than the Jahn-Teller peak,
compared to only 10 times lower in the z = 0.55 sample. As with the @ = 0.575 sample
the peaks are not resolution limited and they can be fitted accurately with a Loreutzian
squared lineshape. Similar to the z = 0.575 sample there is a significant variation of the
incomensurate wavevector, 8, with the intensity (Fig. 3.2a,b), and this is present also in
the charge order peaks.

Resonant diffraction at the Mn K edge of the 2 = 0.6 bilayer sample was performed
specifically to look at the anisotropy of the structural distortion and concomitant orbital
order. These results rely on the 3d electron orbitals inducing an anisotropic effect to the
4p electron orbitals. The resonant signal of the (4,8, 10) was collected, which was found to
resonate in both the ¢ — ¢ and ¢ — 7 channels (Fig. 3.4). These resonances occurred at
the same energy as the absorption edge measured at the (0,0,10) Bragg peak, and display a
Lorentzian lineshape.

As expected these resonances can be fitted with a Lorentzian lineshape, typical of a dipole

transition [76]. This resonant energy is identical to that seen in La;_,Ca,MnOs by XANES
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by Bridges et al. [77], who attribute this main peak to a dipole transition. Bridges et al. also
observed weak pre-edge features ~ 15 ¢V below this which could be due either to forbidden
quadrupole transition or hybridisation of the 4p level. We did not observe these peaks by

diffraction in any of the bilayer samples.

Azimuthal Dependence

Due to the anisotropy of the shape of the probability deunsity of the electron orbitals, it is
expected that the scattering from the orbital ordering will vary as the sample is rotated
around the scattering vector. This is known as an azimuthal dependence. By modelling the
expected variation and then making a comparison with experimental data, it is possible to
get an idea of the nature and origin of the orbital ordering pattern.

The azimuthal angle dependence was collected by measuring the integrated intensity of
the superlattice peak in each polarisation channel for a regular set of azimuthal angles. Due
to the simultaneous presence of a signal in both polarisation channels we have calculated the

Stokes parameter of the scattered x-ray beam; defined by

Iof(r - Iafﬂ'
Py (Stokes parameter) = F A (3.1)

This has the effect of self-normalisation and removes any effect of angular changes in the
size of the geometric beam footprint. The integrated intensity of the signal in either channel
was measured through a scan in 8 of the polarisation analyser crystal. It should be noted
that the Jahn-Teller structural distortion and the orbital ordering have the same synumetry
around the Mn®*t ion. As such this azimuthal dependence is valid for both phenomena,
independent of any sensitivity arguments.

A model of the charge and orbital order was constructed for the high doped phase (Fig.
3.5). This model was made in such a way to agree with the fivefold periodicity. Using this
model the azimuthal dependence has been calculated by using the Anisotropy of the Tensor
of Susceptibility (ATS). The calculations for performing this simulation are outlined in the
Appendix.

The azimuthal dependence of the (4,4,10) superlattice peak is displayed in Figure 3.6,
together with the simulation. The experimentally determined Stokes parameter does not
fall to -1 as predicted by the ATS simulation. This is due to the ¢ — o signal being much

larger than the o — 7 and so even a relatively small o — o signal dramatically increases the
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Figure 3.9: Temperature dependence of the intensity of the Jahn-Teller, charge order and
orbital order superlattice peaks in Lag Sre 4MnsO7.



Chapter 3. Wigner, Stripe and Bi-Stripe Lattices in Lag_0,Sr1 2, Mny O 68

0.186 ———F————————————

0.184+ o Charge Order
o Jahn-Teller distortion

0.182 -

— 018 .
5t ]
EARL R T TR T T T S ]

(2] -]
0.176 o §_
0.174} o

0.172- .

0.17 L 1 1 | L | L | ' 1 L
0 50 100 150 200 250 300

Temperature [K]

Figure 3.10: Variation of the wavevector 4, for the charge order and Jahn-Teller distortion
peaks in Lag gSta 4MnoOzas a function of temperature.

of the orbitals. The doping of Lag ¢Srs 4MnoO7 is close to a 2/3 Sr doped material, which
one may expect to be particularly stable. If the quasi-bistripe orbital model predicted for
the z = 0.6 is extended, then the orbital pattern will develop into either a full bistripe or
Wigner lattice model. These models are both shown in Figure 3.11.

These two order models can be differentiated between by studying the azimuthal depen-
dences of the orbital order peak. As in the z = 0.6 the Stokes parameter of the peak
is used as this removes any influence of beam footprint and scattering geometry. Fig-
ure 3.11 shows azimuthal simulations for both of these models for the (9, 4, 10) orbital peak
in Lag Sro 4MnsO,. It is evident that at this wavevector the peaks have a very similar
azimuthal dependence. Ideally a superlattice peak further from the [001] would have been
used, as this would have a greater variation in the two azimuth dependences, however the
experiment was restricted by geometric limitations. Figure 3.13 shows the data mapped onto
the bistripe simulation. This simulation fits the data significantly better at the two minima
at 90° and 270° than the Wigner lattice model. The azimuthal data was taken in much
smaller steps than the 2 = 0.6 sample, and in addition the diffractometer was re-orientated
in order to collect data over the full 360° without the removal of the sample or the cryostat.
The absence of data points at certain parts of the rotation is due to signal contamination by
multiple scattering. This is most unfortunate around 180°, as this area shows the greatest

difference between the two simulations.
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aspect is necessary to generate the five-fold increase in the chemical unit cell required by
the position of the satellite peaks. This quasi-bistripe order has also been proposed by Luo
et al. [56], who looked at the same stoichiometry using electron diffraction. They created
a model in response to the position of the superlattice peaks observed in the diffraction
pattern. In addition they proposed the existence of a bistripe system for higher doped
bilayers, however do not report any experimental studies on these systems. It should be
remembered at this point that these models are all over-simplistic. As described in Chapter
2, it is not expected that the valence electrons on the Mn reside entirely on the Mn ion, but
rather are spread over the MnOg octahedra.

The behaviour of the 2 = 0.55 sample is very similar to that of the lower doping levels.
This can be seen by comparing the results for the 2 = 0.55 sample with those reported
by Wilkins et al. [35]. The interaction between the AFM order below Ty and the orbital
and charge ordering appears to be unique to the bilayer manganites. The onset of the
ferromagnetic planes ordered antiferromagnetically simultaneously reduces the intensity of
the in-plane ordering. It was originally thought that the CO completely collapsed [33] and
then was re-entrant again at lower temperatures. This collapse now appears to be incomplete
and any increase at low temperatures is very small. Similar behaviour was also seen in
2 = 0.475 and 0.5 [35]. It has been suggested that a spin freezing occurs below 100 K [34],
which corresponds to the minimum in the charge order reflection intensity. This suggests that
there are spin fluctuations occurring below Txn which gradually slow to form a spin-frozen
state at 100 K.

The maximurm value of the JT superlattice peaks corresponding to Ty changes discretely
as the Sr doping increases. Figure 3.2 shows vertical lines displaying an increase of 30 K
of T in the checkerboard and quasi-bistripe phases. Concomitant to this increase in Ty,
Teo is also seen to increase as the doping increases. Wilking et al. [35] measured Teo of
LaSroMnyO7 to be 220 K, whereas Figure 3.2 shows T of Lag gSre 2MnaO7 is 310 K, and
Figure 3.9 shows Lag gSr2.4Mno07 to have a Teo of 330 K. The value of Teo does not seem
to be related to the correlation length of the ordering that is formed below Tco, but rather
to be more directly related to the La,Sr ratio. The confirmation of this effect in the AFM
phase on the long range electron order is provided by the temperature dependence of the
electron order in the Lag gSro 4MipO7 sample. This shows no decrease in intensity, unlike

that observed in the checkerboard and quasi-bistripe phases.
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x Position at 10 K | Correlation Length
(8) (102 A7)
0.4751 0.250 £ 0.002 3300450
0.5! 0.250 £ 0.002 3300 £ 50
0.55 0.250 £+ 0.002 <1000 + 20
0.575 0.202 + 0.002 270+ 10
0.6 0.197 £ 0.002 450+ 10
0.7 0.175 £ 0.002 1000 £+ 20

Table 3.1: Position and correlation lengths of the Jahn-Teller superlattice peaks with respect
to the doping of the sample. Correlation lengths were measured at peak intensity and the
wavevector, 0 was taken at base temperature.
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Figure 3.15: A comparison between the measured value of the wavevector, ¢ for each doping
level with the theoretical trend generated through the equation § = 152,

z = 0.575 and z = 0.6 samples.

The wavevector of the superlattice peaks in the quasi-bilayer phase is particularly in-
teresting, as it varies significantly with a change of temperature. This variation appears to
be directly linked to the intensity of the superlattice reflections. The change in wavevector
suggests that the ordering changes within a particular crystal.

From base temperature, increasing the temperature of the sample alters both the intensity
and the incommensurate wavevector of the charge ordered peaks of the high doped phase.
The wavevector, 8, increases, however it does not reach the stable checkerboard value of
& = 0.25. As 6 increases we can imagine the 2-1 (3+; 4+; 3+; 44; 44; 3+) stripe model
gradually turning into the mid-doped stripe phase (4+; 3+; 4+; 3+) by losing double stripes.
The incommensurability reaches a point of maximum intensity where every other double
stripe is now a single stripe and so instead of a double stripe and then a single stripe
repeated, there is now a double stripe and then two single stripes before a second double

stripe (3+; 4+; 3+; 4+; 3+; 4+; 4+; 3+). It would be expected that this model would not

IData taken from Wilkins et al. [35]
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be as well correlated as there are not sufficient Mn3* ions. This explains the lack of increase
in correlation length often seen as the intensity of the signal increases. As the temperature
increases further, and the intensity decreases, d reverts back to the 6 = 0.2 observed in the
high doped samples.

Azimuthal analysis is becoming au increasingly important technique for resonant x-ray
scattering. By rotating the sample it is possible to get an idea for the anisotropy of the
electron orbits in the sample. In the manganites, the quadrupole orbitals on the Mn3t ion
are the source of this anisotropy. Comparing azimuthal simulations with experimental data
provides reinforcement of the predicted orbital ordering in the higher doped manganites.
In the case of the quasi-bistripe phase, the azimuth measurements agree reasonably with
the simulation. Two distinct models were presented for the fully bistripe = 0.7 phase.
Although the two simulations show common features, the experimental data agrees more
closely to the simulation for the bistripe phase.

Other publications have used azimuthal simulations to confirm asymmetric ion ordering,
in particular, a similar study has been reported by Di Matteo et al. [37], on the 2 = 0.5
doped bilayer. In this paper, Di Matteo et al. simulated the traditional Jahn-Teller distorted
checkerboard pattern and found an excellent agreement with their experimental resonant

scattering data.

3.3 Conclusions

X-ray diffraction experiments have been undertaken on the higher doped bilayer crystals;
Lag_2,Sr142:M1207, where 0.5 < z < 0.7. Three distinet phases are observed within this
doping range. The first phase up with z < 0.55 shows similar characteristics to the half
doped samples, with a commensurate wavevector of 0.25 for the orbital and Jahn-Teller
distortions. The second phase where (0.575 < x < 0.65) forms a quasi-bistripe phase, with a
wavevector varying throughout the temperature range below Too. The wavevector increases
with increasing intensity, and it is speculated that this approaches a more stable condition
as 6 — 0.25. Finally where 2 > 0.65, the system enters a full bistripe phase. The wavevector
is stable, and the correlation length increases significantly from the quasi-bistripe phase

approaching that observed in the half doped checkerboard pattern.



Chapter 4

Magnetic field effects in
Lag_2x8r1+2an207, Xr = 0.4, 0.5

The data in this chapter investigates the effects of an external magnetic field on the long
range order in the bilayer manganites. The effects are studied on charge disproportionation
and Jahn-Teller distortions, and also on polarons that occur just above Ty in the underdoped
bilayers.

Although there have been significant investigations into the presence of long range order-
ing in the manganites, relatively little work involving high magnetic fields has been reported.
This is partly due to the availability of experimental resources. Resonant x-ray scattering
is now a standard tool, however high magnetic fields are difficult to use because of the need
for non-magnetic diffractometers, combined with a high acceptance angle needed with the
magnet. High energy x-ray diffraction dispenses with the latter of these problems, as the
angular deviation of the x-rays from the incident to exit beam is typically less than 10°. The
number of experimental groups conducting single crystal high energy diffraction is fairly
limited, and the simultaneous use of high field magnets is rare.

The existence of Jahn-Teller structural distortions in the bilayer manganites has been
discussed in Chapter 3. The first half of this chapter investigates the effect of an applied
magnetic field on the strength of the distortions on the 2 = 0.5 bilayer, LaSroMnyO7.
These results form a preliminary study, and more data is needed, possibly from resonant
diffraction in order to gain a more complete understanding of these effects. The drive behind
this research is based on the idea that as the onset of antiferromagnetic ordering causes a
significant reduction of the structural distortions, an applied magnetic field may induce a
change in the magnetic state, causing changes in the long range order.

By examining the phase diagrams of the bilayer manganite (Fig. 1.12 and Fig. 1.11), it
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can be seen that charge ordering is only present in the AFM phase down to 2 = 0.475. The
underdoped bilayers with & = 0.4 enter a ferromagnetic phase below 110 K. Just above T¢
diffuse scattering around Bragg peaks, and weak addition imcommensurate satellite peaks
have been observed. The second half of the chapter will look at the existence of this diffuse

scattering, and the behaviour of this scattering in an applied magnetic field.

4.1 Structural Distortions in LaSroMn,O

4.1.1 Experimental Method

The experiments were conducted on the BW5 beamline at HASYLAB, with a 10 T cryo-
magnet. The cryomagnet is a four-pole maguet providing a horizontal field, with the magnet
poles positioned such that the field is either parallel or perpendicular to the incident beam.
This design of magnet limits the angular acceptance, however this is not a problem when
using high energy diffraction.

The sample of LaSroMno Q7 was grown at Argonue National Laboratory using the floating
zone method. The sample was cleaved with the ¢ axis normal to the sample surface. This
resulted in the thin plate-like sample with a depth of approximately 0.7 mm. The sample
was mounted with the ¢ axis vertical (perpendicular to the scattering plane), allowing access
to the entire a — b crystallographic plane. The cryomagnet restricts the movement in the x
and ¢ angles, and so the experiment was conducted within this plane. Because the sample
was mounted on a cleaved surface, it was possible to keep x and ¢ constant throughout the
experiment.

The superconducting magnet is kept cool by liquid cryogens. The coils are in a bath of
liquid helinm, which is insulated from room temperature by a jacket of liquid nitrogen. The
sample temperature can be varied from 4.2 K to 300 K, controlled by a small heater coil on

the sample stick, which sits in a vacuum in the centre of the cryomagnet.

4.1.2 Results

Observations were made of superlattice peaks at (h+0.25,k+0.25,1) and (h£0.5,k+0.5,1)
type positions. Without resonant diffraction, there are limited means of testing the origin
of the superlattice peaks. They are at the expected wavevector, and so we assume these

are due to Jahn-Teller distortions and charge ordering respectively, as described both- by -
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Figure 4.4: Intensity of different Jahn-Teller superlattice peak as a function of applied mag-
netic field. This intensities of the Jahn-Teller peak are divided by the intensity of the (2
0 0) Bragg peak for each maguetic field measurement. This removes any effect of sample
movement. The results are then normalised to unity for a zero field.

major domain within the crystal with respect to the magnetic field.

4.1.3 Discussion

A response has been observed of the structural distortion upon application of an external
magnetic field. It is, however, not entirely clear as to the extent of the effect of the magnetic
field, especially regarding the relative orientation of the crystal in the field. It is unsurprising,
however, that upon applying a vector field the response would be anisotropic. Possibly the
most unexpected result is that there is a marked response by the Jahn-Teller distortions, and

yet the charge ordering seewns unaffected. As such, the quenching process is not identical to
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that observed by the onset of AFM order at Ty where both ordering parameters are affected
equally.

There have been relatively few published studies on high magnetic field effects on the
bilayer manganites. Hayashi et al [83] looked at the magnetoresistance and magnetic proper-
ties under high magnetic fields, looking at fields up to 40 T. They found that the application
of such a field gradually changed the magnetic state to a ferromagnet, and at the same time
reduced the magnetoresistance. Chen et al. [84] studied the resistivity of LaSroMn, O with
respect to a magnetic field, however their publication concentrated on the temperature range
220 K to 300 K, above the charge order transition.

In comparison to other compounds, Garcia-Landa et al. [85] looked at Ndp_2,5r149,MnaO7
single crystals under fields up to 30 T. They observed signs of spin-flipping, however this was
induced in fields greater than 10 T, and was more pronounced in the lower doped samples
(z = 0.35 — 0.4). Tomioka et al. looked at ProsCagsMnOg [86], and found that a metal-
insulator transition (accompanied by a melting of the charge ordered state) could be induced
by a field as low as 6 T.

No change in the intensity of the charge order reflection occurred in LaSroMnyO7, as such
it appears that 10 T is not sufficient to cause a metal-insulator transition. Indeed, if this was
so, one would expect a complete reduction in the intensity of the Jahn-Teller distortions. It
seemns more likely that the magnetic field is affecting the splitting of the electronic bands in
the Mn ious, which thereby causes a reduction in the Jahn-Teller distortion. The distortion
and the splitting of the two e, bands in this sample is very small (this will be discussed
further in Chapter 7). It is possible that the application of a magnetic field is reducing the
energy gap between these two bands even further. This reduction in the energy gap between
the two levels, then decreases the dominant occupancy in the lower energy level, reducing

the structural distortion.

4.2 Electric Polarons in La; 2Sr; sMnyO

Diffuse scattering has been observed by Vasiliu-Doloc et al. [46] in the underdoped bilayer
manganites around Bragg peaks above Ty. In addition weak diffuse peaks have also been
observed to occur at incommensurate positions between the Bragg peaks. These two areas of
diffuse scatter are shown in figure 4.6. This scattering is thought to originate from polaron

formation. A polaron is a general term for a isolated charge or magnetic moment, coupled
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Figure 4.5: Schematic impression of a polaron. The mner large particle distorts the nearby
crystal lattice. Regular positioned polarons throughout a lattice can be detected through
diffraction.

with a strain field. This causes a perturbation in the crystal field (Fig. 4.5), thereby forming
a scattering cross-section. The origin of these polarons can be as sinple as the presence of
impurities within a sample, or they can arise from an isolated charge or magnetic moment.

The appearance of the scattering in two distinet areas suggests two different arrangements
of these polarons. Firstly the scattering around the Bragg peaks (figure 4.6a) is caused by
a polaron lattice that is coupled with the crystal lattice. This coupling is relatively weak,
as the broaduess of the scattering (almost one-fifth of a Brillion zone in the a-b plane, and
almost continuous along the ¢ axis), suggests an extremely disordered system. By contrast
the second type of polaron (Fig. 4.6b) observed, occurs at (h + 0.3,k,1) and (h,k £0.3,{)
positions. This suggests a distinct periodicity approximately three times that of the crystal
lattice. Again the scattering is broad, however not to the extent of the scattering around the
Bragg peaks. In many respects this appears at first glance like very weak disordered charge

ordering.

4.2.1 Experimental Method

The experiment was also conducted on the BW5 beamline, with a helium cooled cryomagnet
producing an applied field of up to 4 T. Due to the limited movement in x and ¢, the sample
was orientated in order to maximise access of the a-¢ plane. The incident beam size at the

sample was 1 mm x 1 mm, and the analyser and monochromator were both Si-Ge graded
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are 1ot solely magnetic in nature. High energy x-ray scattering is generally inseusitive to
magnetic moments, and so it is highly likely that the polarons found here correspond to
charge scattering. This, of course, does not mean that the polarons detected by neutron
scattering are unrelated to those described here. Their respective properties are so similar,
that it seems likely that the two techniques are sensitive to different faces of the same
phenomenon.

In the higher doped bilayer manganites, it has been seen that the mixed valence state
results in a low temperature real space ordering of the charges (Wilkins et al. [35] and Chap-
ter 3). This sample lies below the charge ordered and magnetic phase in the stoichiometric
scale, in fact entering a ferromagnetic state below T, Above this temperature the observa-
tion of polarons, both around the Bragg peaks, and also at specific sites in reciprocal space,
suggest some kind of charge segregation. It seemns possible that there is some form of charge
disproportionation, even if this is very weakly, or not at all, ordered. As such, only diffuse
scatter is seen around Bragg peaks, and very weak diffuse scatter at positions in reciprocal
space. The observation of diffuse scatter at positions (h + 0.3, k,!) suggest that there is a
weak ordering of some of the polarons, with a periodicity of approximately 3 times the unit
cell. This scattering is significantly weaker and more diffuse that observed in the charge
order phase. The onset of ferromagnetism totally removes any polaron signal, either around
Bragg peaks, or at (h+0.3,k,1). In addition the application of a 3 T magnetic field severely
reduces the signal strength. This suggests that the system may be aligned ferromagnetically
slightly above T by the application of such a field. Osboru et al. [43], interpreted this
scattering to be canted ferromagnetic scattering above T, and as such it is not surprising

that the application of a magnetic field reduces this canting angle.

4.3 Conclusions

Magnetic field effects have been investigated in both LaSroMnyO7 and Laj oSry gMnoO7.
The strong Jahn-Teller distortion seen in the half doped manganites has been shown to
vary under field, suggesting a change in the band structure. Interestingly, no evidence has
been seen for an effect on the charge ordering. The experiments were conducted using high
energy x-rays and so no direct observation of orbital ordering was possible. The effect on
the Jahn-Teller distortion, although striking, has not been completely understood, especially

regarding the effect of the different magnetic field directions.
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Weak diffuse scattering has been seen above Te in Lag 2Sr1 gMnp Q7. This is attributed to
unordered charge disproportionation. Further cooling of the sample below T¢ quenches any
diffuse scatter. In addition, the application of a 3 T magnetic field reduces the intensity of
the polaron scattering significantly. The system is thought to exist in a canted ferromagnetic

state above T, and such canting is rednced by the application of a field.
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Soft X-ray Diffraction at the
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Chapter 5

Soft X-ray Magnetic Scattering

Part I of this thesis investigated charge and orbital ordering phenomena with resonant diffrac-
tion at the manganese K edges. This generated interesting results, but it was limited by the
indirect probe of the 3d electron band. Part II of the thesis reports on experiments looking
directly at the 3d band through resonant scattering at the L edges. In particular, the Ly,
and Ly edges, corresponding to dipole trausition from the 2p — 3d electron bands.

The following two chapters investigate the single layer and bilayer manganites, respec-
tively. This chapter describes the published literature of soft x-ray diffraction, and in addition
describes the three soft x-ray chaimbers used to generate the results in this thesis. Chapter 6
builds on the work undertaken on Lag 5811 sMnQOy4 and studies in detail at the temperature
dependences and an azimuthal dependence. Chapter 7 investigates the orbital and magnetic
ordering in Lag_9,Sr140.MnoO7. Both of these chapters display energy spectra fits calcu-
lated from theoretical models by the group at the Abdus Salam International Centre for

Theoretical Physics, Trieste, led by M. Altarelli.

5.1 Soft X-ray Magnetic Scattering - A Review

Resonant x-ray magnetic scattering at the Mn L edge was predicted by Hannon et al. [62],
long before any experiments were undertaken. Even using synchrotron radiation, resonant
scattering has concentrated on the absorption edges that are available in the energy range
3-20 keV. Thus, direct scattering into magnetically active electron bands has been limited to
the heavier elements, such as the actinides and the rarve earths. More recently however, there
has been a realisation that through using soft x-ray spectroscopy beamlines, it is possible to
scatter at very low incident x-ray energies, directly accessing the magnetic properties of the
3d transition metals.

Tlie results published to date from this ‘new’ technique fall neatly intd four categories.
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The first category encompasses the study of multilayers, which some may argue is reflectivity
rather than diffraction. The second category covers the manganites, which is by far the most
prolific area. This has been pursued by a number of groups, and covers the cubic, single
layered, and bilayer manganites. The third category covers the cuprates. This is potentially
one of the most interesting topics, due to its relevance to high T superconductors. The
final category is that of the nickelates.

Although the most prominent results generated through soft x-ray diffraction has been
with the transition metals, studies have been conducted on more exotic compounds. In

particular, Spencer et al. [87] looked at the magnetic peak in holmium (at the My edge).

5.1.1 Soft Reflectivity from Multilayers

The first scattering experiment at a transition metal L edge was performed by Kao ef al.
[88]. In this paper they describe an experiment directly testing the prediction by Hannon of
a resonant enhancement. The experiment was performed on a single crystal of Fe(110), 354
thick. The experimental setup on the U-15 beamline on the uv ring at National Synchrotron
Light Source (NSLS), had a fixed 26 angle of 35.2°, and the iron clamped in the jaws of an
electromagnet with a field of 400 G, orientated with the field perpendicular to the scattering
plane. The experiment was not performed in vacuuni, but in a 50% argon-ethane gas mixture
at 28 torr. Figure 5.1 shows the results of the experiment, with an inset displaying the
experimental setup. The experiment measured the asymmetry ratio of the Fe resonauce,
when the magnetic field direction was reversed. The solid lines show the measured data
for each magnetic field direction. The results show an extremely large resonance at the Fe
L edge, as predicted by Hannon et al.. By constructing a simple model of the reflectivity,
they were able to demonstrate that these results were sensitive to the magnetic parameters
calculated for iron. Although this was really a demonstration experiment, it has paved the
way to further soft reflectivity experiments.

Kao et al. [89] later extended this experiment by looking at a Co thin film with circular
polarised light. This experiment was performed on the AT&T Bell Laboratories Dragon
beamline at the NSLS. By combining the dichroic effects of circular polarised light with
magnetic reflectivity, asymmetry ratios are obtainable for weak magnetic moments, as a
function of depth in the material. Figure 5.2 shows the resonances at the Co L edges for

various 20 angles. This figure shows the expected reflectivity curves, and is superimposed by
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explanation will be given there. In essence this paper presents further more accurate studies
of both the orbital order (§,1,0) peak in LagsSr1.5MnOy4 and the magnetic (3,3.3) peak.
The spectra of these are then directly modelled using multiplet calculations. In addition,
further experimental work shows the azimuthal dependence of the magnetic peak, and the
temperature dependences of both peaks. Staub et al. also showed detailed azimuthal de-
pendences, however this time of the orbital peak at (%,%,0) . Interestingly they observed
evidence of an additional component in there azimuth experimental data which is neither
two-fold or four-fold. This is attributed to complex mixed phase where the (1,7,0) peak is
composed in the major part from orbital origin, but there is some contribution from a mag-
netic origin. This idea is undisputed by polarisation analyses of the orbital signal, however
these results are very recent, and yet to be confirmed by another experimental group.

In addition to the single layered Lag 5Sri sMnOy, both the cubic and the bilayer systems
have also been studied. The former was investigated by Thomas et al. [108] at NSLS, with
Prg Cap 4MnOs. This was reported shortly after the papers by Dhesi et al. and Wilkins
et al. on LagsSr1sMnOy4. Although in essence this material has similar properties to the
layered sample, having both magnetic and orbital superlattices, the strong twinning of the
sample means that these superlattice features are superimposed (Fig. 5.8). As such, it is only
really possible to study the orbital contribution above Ty, as below the signal is swamped by
the magnetic contribution. Uniquely, they observed a shifting of the energy spectra between
the orbital and magnetic peaks, something that has not been observed in the layered sample
by other groups.

Finally, the bilayer manganite LaSroMnsO7 has been studied by Wilkins et al. (109]. The
results in this study are presented in Chapter 7, and again show energy spectra of the orbital
order, as well as the previously observed magnetic order peak. This sample is particularly
interesting, as the Jahn-Teller contribution to the orbital ordering is seen to be very siall

indeed, and so the spectra show a much purer Goodenough orbital order type.

5.1.3 The Cuprates

Despite the vast interest in the cuprates, due to high T superconductivity, and the prolifer-
ation of papers utilising various experimental techniques, there is currently ouly one group
that has published soft x-ray diffraction on the Cu compounds. Abbamonte et al. [110]

started looking at the cuprates by studying thin films of LagCuQ44.5, where they observed.
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resonances in the fluorescence both at the Cu L edge, and also the O K edge. In fact these
reflectivity studies concentrated more on a pre-peak at the O K edge, which they attributed
to a “mobile carrier peak”. The explanation of this peak is that the ‘observation is sensitive
to a regular distribution of holes through the sample (hole crystal), and is caused by the dis-
tribution of the carrier density. By studying the reflectivity fringes, Abbamonte et al. [110]
attempt to interpret the carrier deusity in the region immediately above the substrate. An
observation of damped fringes, leads to the explanation of either a carrier depletion region,
oxygen interdiffusion at the substrate, or a structural reconstruction of the film near the
substrate. Further modelling suggested a depletion zone around the substrate. Within the
paper, there exists a scan through the energy of the fluorescence around the Cu edge, but
relatively little discussion regarding it.

Following on from this initial thin film paper, Abbomonte et al. [111] looked at the spin
ladder compound Sri4CussO4;. In a similar vein to the previous paper, this concentrated
on the idea of a hole crystal. In this case a superlattice reflection was found at (0,0,0.2),
the energy scans at fixed wavelength are shown in Figure 5.9. Note that in this figure the
energy dependence in the region of 530 eV is well below the tabular value for the O K
edge of 543 eV, and so Abbamonte et al. describe the resonance as a mobile carrier peak,
rather than a structural distortion peak. In comparison the energy resonances on the Cu
edge correspond well to the tabulated value of the Ly (932 eV), and Ly (952 eV), however
again Abbamonte et al. argued that the small difference in the resonant edge between that
from the fluorescence signal and the peak signal indicated that the peak arises from holes
on neighbouring ligands. Very recently Rusydi et al. have measured further results from
the Ca doped spin ladder, Sriy_,Ca,;CugsOq [112]. For the values z = 10,11,12, they
report the observation of a superlattice peak, with a wavevector (0,0,1/3). With similar
arguments to the previous paper, and observing a similar resonance at the pre- O K edge,
they suggested a hole crystal. No observation was made of a superlattice peak at (0,0,1/4)
in other appropriately doped samples, suggesting that the lattice is only stable for odd
periodicities.

In addition to the spin ladder compounds, Abbamoute et al., published results on the
single layered Las_o,Ba,CuQ,. Single crystals with z = 1/8 were grown, and superlattice
reflections were observed at (1/4, 0, 3/2) below 60 K, corresponding to the expected static

charge stripe correlations. In addition to resonating at the so-called mobile carrier hole
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energy below the O K edge, the peak also resonated a few eV higher than the carrier hole
resonance, which was then interpreted to give an indication to the degree of the behaviour
as a Mott insulator. Such a peak in reciprocal space, therefore requires both the Mott state
and the carrier density to be modulated in real space. The sharp resonance at the Cu edge

was stated as most likely being a distortion in the Cu lattice.

5.1.4 The Nickelates

In addition to the manganites and cuprates, Schiifiler-Langeheine et al. [113] have reported
a soft x-ray diffraction study of Laj gSr 2NiQ4. The nickelates show many similar properties
to the manganites, and there have been detailed studies using both x-rays [114] [115] and
neutrons [116] [117] [118]. This soft x-ray study observed both the charge and the magnetic
order peak in Laj gSrg oNiOy (Fig. 5.10). The nickelate compounds have a distinct advantage
due to the wavevector of the superlatttice peaks strongly dependent on the doping level. Thus
it is possible to reach the charge order peaks in compounds with x < 0.28 and the magnetic
order peaks when 2 > 0.18. Thus there are a range of doping levels where both the charge and
magnetic peak are available in the same sample (albeit in different directions). In addition
there have been theoretical predictions by Hotta and Dagotto [119] that there may be orbital
ordering occurring in the z = 0.5 sample, although there have been no experimental reports
so far. In comparison to the manganite and cuprate resonances, the energy spectra from the
nickelates is relatively simple, however by modelling the resonance of the charge order peak,
Schiiller-Langeheine et al. was able to confirm that the charge order as well as the magnetic

order resides in the NiOsp layers.

5.2 Technical Feasibility

The majority of the difficulties with soft x-ray diffraction can be summned up by one factor;
the absorption length of the x-rays. Although x-rays at the Mu K edge suffer from air
absorption, they have enough energy so that beryllium domes, and flight paths with mylar
windows can all be used. At the L edges of the transition metals, the x-ray energies are
typically below 1 keV. The absorption length in air falls to less than 1 cm. No beryllium
shrouds can be made thin enocugh, and so the entire path of the x-rays from the synchrotron to
the sample to the detector must be entirely under vacuum, and only very thin contamination

windows can be used. In addition the small penctration depth of the x-rays mean that the
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Figure 5.10: Intensities of the (a) (1—e¢,0,0) spin-order and (b) (2¢, 0, 1) charge-order super-
structure peaks as a function of photon energy at 60 K for m-polarized (dashed line) light.
The insets show scans through the respective superstructure peaks on a linear scale recorded
with m-polarized light along the [100] (H) and [001] (L) direction; (¢) x-ray absorption signal.
Figure from Schifler-langeheine et ol [113] describing Lay 3 Sro o NiOy.
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samples must have a high quality surface, and the surface must be identical to the bulk.

The second, more fundamental problem, and ultimately the limit of the usefulness of soft
x-ray diffraction, is the size of Q space. An x-ray with an energy of 642 eV (Mu Lj edge),
has a wavelength of 19.31 A. Therefore in order for a peak to be in the Ewald Sphere at
this energy, its period has to greater than 9.66 A (half the wavelength) in real space. The
first observation of a Bragg peak was by Wilking et al. [36], who observed the (002) in the
bilayer manganite Laj 05511 95sMnpO7. This was an ideal sample, not only was it available
in high quality samples, it also cleaved along the required surface. It therefore required no
additional surface preparation after cleaving, and is one of the few compounds from which
a Bragg peak is visible at room temperature. Not only that, the study could be extended
beyond looking at a simple Bragg peak by cooling the sample down and observing the (001)
magnetic peak.

Unfortunately, things get a lot harder quickly. The next sample of interest Lag 5511 sMnOy,
was studied simultancously by Wilkins et al. [35] and Dhesi et al. [101]. Not only did this
sample have no Bragg peak in the Ewald sphere, the orbital order reflection at (%,;11-,0) re-
quired cutting and polishing the sample, and then aligning without a Bragg peak for refer-
ence. As there is no Bragg peak, there is no reference apart from the surface of the crystal.
Thus it is extremely important to accurately align and cut the sample so that the required

reflection is surface normal, in order to find it.

5.3 Soft X-ray Chambers

This thesis describes results taken from three different beamlines, beamline 5U.1 at Dares-
bury Synchrotron, UK; beamline IDO8 at the European Synchrotron Radiation Facility
(ESRF), France; and beamline X1B at the National Synchrotron Light Source (NSLS),
USA. All these beamlines serve a varied user community, and x-ray diffraction is only a
small proportion of experiments scheduled. The end stations that are in use at each of these
beamlines are different and are described below. These endstations could be described as
first generation soft x-ray diffractometers. As such none are ideal, however modifications are
continually made to improve their performance. It is hoped that the successes and difficul-
ties discovered in running these endstations can be taken advantage of, if second generation
chambers are designed and built. In the UK this may coincide with the construction of

Phase IT beamlines at DIAMOND light source.
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5.3.1 5U.1, Daresbury, UK

This soft energy beamline is located on an undulator at the SRS. The storage ring is a 2 GeV
machine, with an operating current of 200 mA. The undulator has recently been replaced in
autumn 2004, however these results were taken on the previous insertion device, producing

only linearly polarised light.

The Chamber

The diffraction chamber used on this beamline was originally designed for testing optics. It
has subsequently been developed for diffraction and reflectometry. The chamber is c¢ylindri-
cal (Fig. 5.11), housing a @ stage and a 20 arm. The 0 sample stage has two translational
movements, one horizontal, perpendicular to the beain, and the other vertical. These transla-
tions are rotated about the centre of rotation with 4. Further modification added a pseudo-x
movement, by adding a translation stage onto the 20 arm to move the detector out of the
scattering plane. The sample stage is cooled by passing liquid nitrogen through narrow bore
tubes into the chamber and through the sample mount. A heater coil is also mounted on
the sample stage to enable a stable controllable sample temperature. The base temperature
is in the region of 83 K.

The chamber is evacuated by a large turbo pump located on the base of the unit. The
chamber has a large door on the front, enabling easy access. This is invaluable for effectively
mounting samples, and thus achieving good thermal contact between the sample, mount
and cooling stage. This also means that modifications can be made to the chamber set-
up during experimental time. The door is sealed by a rubber seal, despite this, vacuums
exceeding 107¢ mbar are achieved within ~ 2 hrs of closing the chamber. A combination of
simplification and access has made this the most reliable soft x-ray chamber. The limitation
has always been the liquid nitrogen cooling, meaning a base temperature of 80 K. This
chamber is currently being modified to enclose a closed cycle “He cryostat, initial reports

indicate that the base temperature has been lowered to 40 K.

Beamline 1.1

A few results in Chapter 7 were taken on the 1.1 beamline at Daresbury. This was using the
same experimental chamber as 5U.1. The beamline is based on a bending maguet, and as

such the flux is significantly lower than that on 5U.1. The radiation used on the beamline
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limited by the requirement of a superlattice peak occurring within the Ewald sphere! This
becomes even more difficult as one moves down the series. The vanadates and titanates
would potentially reveal some very interesting results, however their absorption edges are so
low in energy that finding suitable samples where the reflections fall inside the Ewald sphere
is virtually impossible. It is the author’s opinion that the future of transition metal studies
lies in specifically grown thin fihn samples. Thin films and multilayers can be specifically
grown in order that the magnetic order has a sufficiently long periodicity.

There may also be a future for something completely different. Biological samples typ-
ically have massive unit cells, and although are chiefly composed of carbon and oxygen,
there may be instances where additional information can be gained from samples containing

metals, such as haemoglobin.



Chapter 6

Orbital and Magnetic Order in

LaO'5Sr1_5MnO4

This chapter reports studies on Lag 5Sr1 s MnOy using soft x-ray diffraction which was intro-
duced in the previous chapter. One of the major reasons for developing soft x-ray diffraction
was in order to look at the orbital scattering from Lag 5Sr, sM1uQOy and to compare with the
predictions by Castleton aud Altarelli [97], as shown in Figure 5.5. The previous chapter
has also listed some of the limitations of this technique, in particular the small region of
reciprocal space accessible. Despite this, both the orbital order peak at (%,i,()) and the
magnetic order peak at (%,%,%) both lie within the Ewald sphere at the Mu L edges. Un-
fortunately the charge order peak at (%,%,0) is outside the Ewald sphere. Attemnpts have
been made to look at Lai_.Sr1.MnOy with a higher Sr doping, in which the charge order
peak is accessible, however none have yet been successful due to the difficulty in growing
high enough quality samples.

The main reason for looking at this compound, is to examine the long range ordering at
low temperatures. It is well known that the material magnetically orders at Ty ~ 120 K,
however is it unknown what effect this has on the possible orbital ordering and charge
ordering. Indeed, the relationship between the orbital ordering and the structural Jahn-
Teller distortion is a mystery. Are these two phenomena actually the same thing, or are
they fundamentally different. If so, which drives what? Is the orbital order the more basic
parameter, and does this then drive a structural distortion, or is it vice-versa? There are
multiple possibilities for the orbital occupancy as shown in Figure 6.1, depending on the
exact splitting of the e, electron band determining whether the lower occupied orbital state

is of the ds,2_,2 type or the dg2_,2 type.
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al Interestingly Dhesi and co-workers observed a resonance at the L; edge of manganese,
which Wilkins did not report (possibly this was unobservable due to the lower beamline
intensity). This they compare to the Mn K edge resonance, as the Ly involves mainly s —p
virtual transitions. A temperature dependence of the orbital reflection was also measured
by Dhesi et al., however the lowest temperature reported was 130 K, and so the interesting
observations made by Wilkins et al at Ty are are not comparable.

Of more interest is the theoretical fits that Dhesi et al. published with the orbital
spectra. These calculations were doue using ligand field atomic-multiplet calculations, and
the conclusion that was reached was that the electron occupancy was almost entirely on the
322 — r2 orbital (Fig. 1.16). Interestingly in the same month Huang et al. [120] published a
study of Lag.sSr1.sMnOy4 using soft x-ray linear dichroism. This is a well developed technique
that involves looking at the absorption spectra of the sample in different orientations. Thus
there is no need to accurately align the sample in a specific orientation, as is the case with
diffraction, rather a difference is observed in the spectra when the polarisation of the incident
beam is perpendicular or parallel to the ¢ axis of the sample (Fig. 6.2).

Huang and co-workers also presented a theoretical model, calculated through LDA+U
band structure calculations. The LDA (Local Density Approximation) model is a first prin-
cipal approach, that is there are no parameters that can be adjusted through empirical
means. The straight LDA model is somewhat deficient for strongly correlated systems, as it
is based on a many-body problem which is mapped onto a non-interacting system. The U
represents the Coloumb repulsion, which modifies the system, and produces more realistic
results. It has successfully been used to study perovskite materials such as PrBas;CusOr
[121], and Jahn-Teller active materials such at KCuF3 [122]. The LDA+U model by Huang
et al. is shown in the bottom panel of Figure 6.2. They have modelled both the occupancy
of the dy2_,» type orbitals and the dj,2_ 2 orbitals and shown that there exists a signifi-
cant difference between the two. Perhaps the most striking difference is the sign of the Lo
part of the spectrum. The d,2_,» orbital shows a peak, while the dg,2 2 shows a trough.
The experimental data show a peak for all doping levels. In addition there are differences
in the L3 part, and again the d,2_,» orbital type is a closer match. This suggests that in
Lag.5Sr1 sMnOy the orbital occupancy is dominated by the dy2_,» orbital. The principal
difference between these two orbital types, as shown in Figures 1.17 and 6.1, is that the

3y? — r? (or 322 — r?) involves an elongation in a single direction (in the direction of the
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Figure 6.2: (a) LD in Mn Lo 3-edge XAS of La;_;Sr14,.MnOy4 with varied doping. Linear-
dichroism spectra were derived from XAS normalised to the same peak intensity at Mn Lg
edge and measured at 300 K for z < 0.35 and 150 K for z = 0.5. (b) Calculated LD spectra
of Mn®t ions with d 2 _,2 Jdy2_ 2 and dyy2 2 [ds,2_,2 orbitals occupied. Figure from Huang
et al. [120].
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Figure 6.3: Photon energy dependencies of the intensity of the (i,i,(]) reflection in
LagsSr1sMnOy taken at 7 < Ty (40 K) and Tw < T < Teo (160 K) are compared
with two different azimuthal angles with incident = polarisation. Figure from Staub et al.

[103).

orbital), whereas the y? — 2? (or 22 — y?) orbitals effectively cause a contraction in a single
direction (in the direction with no orbital).

Recently, Staub et al. [103] have published soft x-ray diffraction data from Lag 55r; s MnOy.
This was measured at the Swiss Light Source, on the SIM bheamline. As with Wilkins et
al. and Dhesi et al., their measurements were confined to the (i,i,()) orbital order peak.
A temperature dependence of the peak was measured with an incident energy of 645.2 eV,
There appears a jump in the intensity as the temperature is reduced below T, however no
dependencies were measured at other energies for comparison. The temperature dependence
was measured down to 30 K, lower than published by either Wilkins et al. or Dhesi et al.,
however no major features appear below Tw. A big advantage in the end-station used by
Staub et al., is the ability to perform azimuthal scans.

The data from Staub and co-workers suggests that the nature of the orbital order peak
changes at Tx. They display energy scans taken at ¢ = 90° and ¢ = 0°, both between Too
and T and below T (Fig. 6.3). For the scans taken at ¢ = 90° there appears no change
between the two temperatures. The scan taken at ¢ = 0° shows very little scattering above
T, and then shows a very different energy scan to those taken at ¢ = 90 © below Ty .

In addition, azimuthal scans of intensity at different energies were performed on the
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Finally, Wilkins et al [102] have published a second study looking at both the (1,3,0) or-
bital order and (i,i,%) magnetic order peak, showing spectra of both peaks at the La 3 peaks
together with a temperature dependence of these peaks, and an azimuthal dependence on
the magnetic peak. This paper is based on the results presented in this chapter, together

with theoretical fits, which will also be described.

6.2 Experimental Method

Unlike previously published results on Lag 5Sry sMnQOy, this experiment looked at both the
orbital order peak (3,1,0) , and the magnetic order peak at (,7,3) - This proved to be
extremely useful for the multiplet calculations. An azimuthal scan was performed on the
orbital order peak. No polarisation analysis was conducted, due to experimental limitations
of the chamber.

The experiments were performed at beamlines 5UL at Daresbury and ID0O8 at the Eu-
ropean Synchrotron Radiation Facility (ESRF). Single crystals of Lag.sSr1.:MnOy with di-
mensions 10 x 3 x 3 mm®* were grown at the University of Oxford using the floating zone
method. They were cut with either [110] or [112] directions surface normal and polished
with 0.256 um diamond paste to a flat shiny surtace.

The crystals were mounted in the IDOR four-circle diffractometer (see section 5.3.2) op-
erating at a base pressure of 1 x 107% mbar, and equipped with a photodiode detector.
The beamline x-rays are provided by an APPLE type undulator, configured for horizon-
tal, vertical, left and right circularly polarised light. The x-ray beain has an incident flux
of 102 photons s~ at 650 ¢V with an energy resolution of 200 meV. Sample cooling was
achieved using a liquid *He cryostat attached to the sample stage by copper braids resulting
in a base temperature of 63 K.

On the 5U1 beamline (see section 5.3.1), crystals were mounted on a two circle diffrac-
tometer enclosed in a high vacuum chamber with a base pressure of 1 x 1078 mbar. The
incident beam has a resolution of 500 meV, and a beamsize of 1 x 1 inm?. The sample was
mounted on a liquid nitrogen cooled copper block, with a small manual x adjustment for
initial orientation. The base temperature achieved was 83 K. Temperature stability between
83 K and 300 K was achieved with a heater element, and control thermometer mounted next
to the sample.

At both beamlines the experimental procedure was identical. The incident energy was
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set, to the manganese Ls edge, and superlattice peaks located at the (3,1,0) and (§,3,3) po-

sitions. Each reflection was measured on a separate sample. Energy scans of the reflections
were performed at fixed wavevector. The integrated intensity was measured by longitudinal
scans through the peak at fixed energy.

The azimuthal dependence of the orbital order superlattice reflection was measured on the
IDOR diffractometer by rotating the sample around the scattering vector, Cj In the absence

of an orientation matrix this was achieved by rotation of the ¢ axis in the diffractometer.

6.3 Results

6.3.1 Orbital Reflection

Figure 6.5 shows the energy dependence of the intensity of the scattered beam at fixed
wavevector of Qo() = (i, i, 0). This shows a strong resonance at the Lz edge, and a weaker
resonance at the Ly edge. These energy resonances are not simple Lorentzian peaks, as has
been seen previously at the Mn K edge, but contain some fine structure. Each peak appears
to be comprised of three separate features, although these are not in the same ratio in each
peak. Concentrating on the lower energy peak at the Ly edge, there is an extremely sharp
peak at 640.5 ¢V, approximately 2 eV below the main resonance. This peak has a small
high energy shoulder to it. Then there is the main resonance at 642.5 eV. This is fairly
symimetrical, with no obvious shoulders. Finally there is a very weak peak, some 4 eV above
the main resonance.

The resonance at the Ly edge is weaker by comparison to the Ls edge and much broader.
The definition between the peak features at the L edge is less distinet, than those at the L.
Again, however, there are three obvious peaks, and the separation of these peaks in energy
from the main peak is similar to that observed at the Lj edge. The high energy peak is far
more distinct at the Lo edge, having an intensity almost half that of the main resonance. In

comparison the peak intensity of the Lo edge is just over one half that at the L3 edge.

6.3.2 Magnetic Reflection

In addition to measuring the orbital order peak in Lagy Sty sMnOy4 we were able to access
the magnetic peak at (1,%,4) . The magnetic peak in the bilayer material LaSroMnyO7 has

previously been measured through soft x-ray diffraction [36], and has been observed to be
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Figure 6.9: Temperature dependence of the main features at the Ly and Ly parts of the
orbital order spectrum (top). The ratio of the intensity of these two features (branching ratio)
(middle), and the temperature dependence of the (%i,%) magnetic peak as a comparison
(lower). The vertical line corresponds to T. Data taken at 5U.1, with 300 pm slits.
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6.4 Theoretical Model

The theoretical fits shown with this data were calculated by N. Stojié and N. Binggeli led
by M. Altarelli, at ICTP, Trieste. The model was developed with the data in this chapter,
where the simulation parameters were adjusted in order to fit the experimental data. There
is further information on the details of this model in the recent paper by Stojié et al. [123].
The model is based on atomic multiplet calculations in a crystal field. The calculations
originate from the Hannon-Trammell formula (Equ. 1.12) [62]. Cowan’s atomic multiplet
program [98] provided ab-initio values of the radial Coulomb integrals, and the spin-orbit
interaction for an isolated Mn*t ion. The core hole lifetime representation I' = 0.5 eV, and
the scattering intensity was convoluted with a 0.1 eV Gaussian to simulated the experimental
resolution. The fitting procedure starts with adjusting the crystal field type and strength by
modifying the cubic (X40°) and tetragonal (X220) crystal field parameters.

The results turn out to be insensitive to small orthorhombic distortions. Orbital and
magnetic spectra calculated using the atomic multiplet code and including the crystal field
effects were then compared to the experimental spectra and the procedure is continued until
the optimised set of crystal field parameters is found. In order to take into account the
screening effects present in a real crystal with respect to the atomic picture, the Slater

integrals were scaled to 75 % of their atomic values.

6.5 Discussion

The increase in complexity in the information from resonant scattering at the Mn L edge
means that the results are alnost meaningless without some form of theoretical calculation
to interpret the results. The calculations that are presented here do not take into account
temperature, and so are only valid for the low temperature phase. Figure 6.10 show calcu-
lated fits to the experimental data for the (i,i,()) peak. The upper two panels show the two
possible orbital orientations, the lower panel shows the d,2_,» orbitals with an orthorhom-
bic addition to the crystal field. For this reflection there appears to be very little difference
between the two orbital models, however examination of Figure 6.11 will reveal that this is
not the case for the magnetic (%,%,%) peak. Here there is a very clear difference between
the top two spectra. Although it appears that the ds,2_,2 produces a better fit at the Lo

edge, the L3 edge is completely missing the major peak in the resonance. As such, it would
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significant increase in the orbital order reflection in LaMnOg, however these results were
collected at the Mn K edge, and so are more likely to be sensitive to the induced effect
on the 4p electron orbitals. Ishihara and Maekawa [127] proposed that in the case of the
manganites, such a change at Ty was due to a different orbital occupancy, however this would
be indicated by a significant change in the shape of the peaks that is not observed. The most
interesting factor of the temperature dependence is the de-coupling of the orbital ordering
and Jahn-Teller distortions, something no other measurements are currently sensitive to. It
remains to be seen whether this is unique to Lag Sty sMnOy4, or whether other materials

display similar behaviour.

6.6 Conclusion

Observations have been made of the orbital and magnetic signals at the Mn L edges in
Lag sSr1sMnQy4. The use of this direct probe has allowed theoretical fitting with the inten-
tion of establishing the relative importance of Goodenough orbital ordering and Jahn-Teller
distortions. It has been observed that the orbital order in Lag sSr; sMnQOy is predominantly
due to Jahn-Teller distortions. In addition, it seems likely that the orbitals occupied are of
the d,2_,2 type, in agreement with XMCD measurements by Huang et al. [120].

An azimuthal dependence of the orbital order peak has been established, confirming the
expected anisotropic behaviour. In addition, there is a complete absence of mtensity at
the zero point in the azimuth, suggesting a lack of twinning in the crystal. A temnperature
dependence has been recorded of both the superlattice reflections, the orbital ordering show-
ing a discontinuity at Tw. In addition there appears a change in the ratio of the main Lj
and L, resonances, suggesting a change in the relative dominance in the Jahn-Teller and
Goodenough orbital order. This in turn suggests a de-coupling between the two contribu-
tions. Various ideas for the origin of the discontinuity have been reviewed, however none are

remarkably satisfactory.



Chapter 7

Orbital and Magnetic Order in

Lay 9;Sr1 12 Mny0O7

The long range order in the bilayer manganites has been discussed at length in Part I of
this thesis. The results presented in that section were collected through high energy x-ray
diffraction and resonant diffraction at the Mn K edge. This chapter reports studies on
Lag_24Sr142.Mn307 using soft x-ray diffraction at the Mn L edge. LaSroMnoO7 has been
studied by soft x-ray diffraction, although this was limited to the magnetic (001) peak. This
chapter will describe results taken both on this peak, and on the orbital (%,%,0) peak. In
addition the results of theoretical calculations of these results will be displayed. The previous
chapter described similar results from Lag 5511 s MnOy4 however Lag 5511 s MnOy is a strongly
Jahn-Teller distorted material, where the orbital degree of freedom is strongly controlled by
the crystal field. By contrast, LaSroMusO7 has a very small Jahn-Teller distortion, especially
at low temperature [36, 30, 51], allowing a much greater orbital freedom. This is especially
interesting, as it may help to understand whether orbital order is simply a bi-product of
the crystal field, or alternatively the orbital ordering ‘drives’ the distortion. In addition the
bilayer system, as previously described, shows an extremely large magneto-resistance, the
understanding of which is intrinsically linked to the transport properties, and the ordering
in the material.

As had been shown in previous chapters, the bilayer crystals are also charge ordered,
concomitantly to the siall Jahn-Teller distortion. The unusual temperature dependence of
the charge order and Jahn-Teller distortion raises more interest in looking directly at the
orbital order. Does this ordering follow the temperature dependence of the charge ordering
and the Jahn-Teller ordering?

Figure 7.1 reminds the reader of the structure of LaSryMn,O7, and in addition shows the

128
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proposed orbital order. The magnetic ordering of the crystal is known to be A-Type anti-
ferromagnetic, that is each layer is ferromagnetically ordered, and the ordering between the
layers is antiferromagnetic. There does, however, appear to be little experimental evidence
to suggest the orientation of the magnetic moments within the ab planes. In the absence of
such evidence, the spins are assumed for the purposes of the theoretical calculations, to be

aligned in the [110] direction.

7.1 Experimental Method

The majority of the data within this chapter were taken on the IDO8 beamline at the ESRF,
however a small amount was also measured using the X1B beamline, NSLS, and beamline
1.1 at the SRS. Very high quality single crystals were grown using the float-zone method
at Argonne National Laboratory. The quality of the samples was of upmost importance for
looking at the orbital (%,5,0) peak, as the reflection is situated 90° from a strong cleavage
plane. The samples were pre-aligned using a rotating anode diffractometer, and two selected

11
4°4

to be suitable for observing the (001) and (%,£,0) reflection. The former of these samples
could he used from a cleaved surface, however the [110] aligned sample require cutting and
then polishing with graded alumina paste of 1/4 pm diameter.

The three beamlines have been described in Chapter 5, and a relatively similar procedure
was adopted at each beamline. The variation in the beamlines produced different appear-
ances to the data, especially regarding the energy scans at fixed wavevector, where ID0O8 has
a significantly higher energy resolution, and as such, more detail can be seen in the scans.
The temperature dependences using soft x-ray diffraction are notoriously difficult to take.
Because of the low energy x-rays, there is significant photon absorption by the sample, result-
ing in beam-heating. It is unknown the extent of this effect, although it could conceivably be
in the region of ~ 10 K. This of course is directly limited to the intensity of the beamline, and
so beam heating at IDO8 is likely to be greater than either X1B or 5U.1 and 1.1. In addition
(with the exception of the Daresbury chamber) the cooling is provided by a liquid *He cold
finger attached with a copper braid, and as such there is a temperature gradient from the
end of the cold finger to the sample. Although the temperature sensors are placed close to
the sample, there is a limit how close they can physically be placed. Further modification
of the ID0O8 chamber, involving removal of the load transfer equipment, produced a base

temperature of 25 K. Becanse the Daresbury chamber is cooled directly by liquid nitrogen,
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the massive cooling power and direct contact virtually eliminates any thermal problems.
Unfortunately it also means the low temperature is limited to 80 K. Although this is not
meant to totally remove any confidence in the temperature dependences, it is written as a
warning for reading too much information into the precise values.

The detector counting provided by the ID08 and Daresbury chambers is through a photo-
diode. Rather than counting photons, this provides a current. This current is then amplified
and converted into a voltage, which in itselt is converted to ‘counts’. As such the idea of
counts is rather abstract, and as such all of the data from these beamlines are shown with
arbitrary units. By contrast, the NSLS beamline uses a channeltron detector, and so photons

are actually counted.

7.2 Results

Figure 7.2 displays the energy dependence of the scattered beam at a fixed wavevector
Cj = (001). This shows a huge resonance at the Mn L3 edge, and a much smaller resonance
at the Lo edge. The data show a splitting of these resonances, as has previously been
observed [36]. Both panel (a) and (b) show identical experimental data, panel (c) shows the
absorption of the sample, measured through a contact attached to the surface of the sample.
Black lines on the spectra show theoretical fits to the data. These theoretical fits originate
from multiplet calculations, similar to those in the previous chapter, and were calculated by
the N. Stoji¢ and N. Binggeli, led by Massimo Altarelli at ITCP, Trieste. The Mn3+ site
has a symmetry of Dy, however the addition of the magnetic spins lowers the symmetry to
C;. The outcome of the calculations is the generation of two crystal field parameters, cubic
(X400) an tetragonal (X22°). In a similar method to the calculations for Lag sSry sMnOy,
' = 0.5 eV was used for the core hole lifetime, and the scattering intensity was convoluted
with a Gaussian of width 0.1 ¢V to simulate the experimental resolution.

It has always been assumed that the valence on the Mn are 3+ and 4+, however a
theoretical fit with these values is shown in panel {a), and an obvious displacement in energy
can be seen. The energy calibration on the beamline, is performed using known standards,
and as such the absolute accuracy of the energy is within 0.2 ¢V. The displacement seen
between the experimental and theoretical fits is in the order of 2 eV. This raises the possibility
that the valence on the Mn is not correct. Panel (b) shows a theoretical model with Mn?+

and Mn3t, and the fitting can be seen to be significantly better. Not only does the energy
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depedencies of these points in the energy scan are shown in Figure 7.6, the top panel showing
the absolute values, and the middle panel showing all the curves normalised at 120 K. The
lower panel shows the the ratio of the intensities of the peaks at 654 eV and 644.5 eV as
a function of temperatures. For the duration of the temperature measurements, the slits
on the beamline pre- and post- grating, which define the energy resolution were opened, in
order to integrate over a larger area of the energy scan for each temperature measurement.
As such, the energy integration for each curve was approximately 1 eV. The consequence of
this was a significantly larger signal / noise ratio, and also reduced the effect of any possible
small energy drift during the measurements.

In addition to the temperature curves, low resolution energy scans at fixed wavevector
were taken of the orbital peak at 25 K, 100 K, and 200 K (Fig. 7.7). These show only
small differences in the spectrum taken at different temperatures. In particular the high
energy peak on each of the resonant edges appears less dependent on temperature, and s0
are significantly more prominent in the higher temperature scans.

The temperature dependance of the orbital and magnetic reflections can be combined, and
together with previous data of the structural distortion cai be combined in order to give an
overall picture (Fig 7.8). This shows, as expected, an identical temperature of Too and Ty
Somewhat more surprising is the difference between the temperature dependences of these
two phenomena. The crystal distortion decreases immediately at Ty, whereas the orbital
reflection appears to increase further, until the magnetic reflection has got mmch stronger,
before decreasing. This difference suggests a decoupling between the two phenomena. In
addition the decrease in the intensity of the structural distortion is more pronounced than
the orbital reflection.

In addition to the studies on the 2 = 0.5 bilayer sample, an energy scan at fixed wavevec-
tor at the (001) orbital peak was measured on samples with 2 = 0.55 and = = 0.6 (Fig. 7.9).
These results were taken on beamline 1.1, which situated on a bending magnet at the SRS.
Consequentially, the iutensity is rather low, and so magnetic reflections are the only viable
reflections to study. In addition the measurements were taken on the large ab cleaved face,
the only faces large enough for the higher doped samples. The energy scans show relatively
little difference as the doping is increased. As shown in previous chapters, these samples are

also charge ordering and Jahn-Teller active / orbitally ordered.












Chapter 7. Orbital and Magnetic Order in Lag_0,5r1 42, Mns Oz 140
7.3 Discussion

The inability of the spectrumn of the magnetic (001) to be fitted with a model containing
only Mn?t jons is a strong indication of charge ordering. The capacity to only handle integer
valencies is an inherent limit to multiplet calculations, however an accurate representation
of the energy gap between the two peaks at each edge is found. More surprising is the
significantly better fit for Mu?+ / Mu®* than Mn®* / Mu*t, however as described earlier
this would not effect the orbital occupancy of the Mn3% ion. Although unexpected, these
low valencies have been observed before, especially in the cubic manganites. Ju et al. [129]
studied the cubic manganite thin films using K edge electron-energy-loss spectra, and ob-
served a pre-peak at the Fermi level, corresponding to transitions into empty oxygen states.
Therefore they interpret the materials to be charge-transter type materials, with the carriers
having significant oxygen behaviour. This shift of the holes onto the oxygen is equivalent
to a lowering of the valence on the Mn ion. Coming to a similar conclusion, Subias et al.
[130] used soft x-ray spectroscopy to understand the electron structure of various cubic man-
ganites, and again interpreted pre-peaks in the spectrum to originate from a charge transfer
from the Mn to the oxygen site. In addition to these experimental works, Ferrari et al
[131] and Zheng et al. [132] performed Hartree-Fock caleulations on Lag 5Cag sMnOy, both
finding the resulting calculations better described with a degree of charge transter, in the
case of Ferrari et al., even describing the results as a charge-density wave of oxygen holes.
The orbital order peak was fitted using the same crystal field parameters as the magnetic
peak. Although the fitting is good, and reproduces the major peaks, the strong pre-peak
feature is not fitted. Observing the magnetic peak carefully, it is possible to determine a
slight splitting of the two major peaks at the Lz edge, which is absent in the theoretical
fits. In addition the magnetic peak in Lag St sMnQOy (sce previous chapter) also showed a
pre-peak, which was absent in the theoretical calculations. Despite this limitation, the size
of the tetragonal field is seen to make a huge difference to the fitting of the orbital peak in
LaSroMns Q5. Similar to Lag 5Sr1 s MnQy, it is possible to generalise the fitting by describing
the Lz edge strongly Jahn-Teller dependent, whereas the Lo edge is relatively independent
of any change in the tetragonal crystal field. The experimental observation of the Ly edge
having a lower intensity than the Lo edge confirms a very small tetragonal crystal field.
Observing the temperature dependences of the orbital peak, it is immediately obvious

that this is different to the temperature dependence of the Jahn-Teller distortion in the man-
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ganites, seen in the previous chapter. Despite the magnetic phase transition there appears to
be relatively few changes in the orbital order spectrum. The most obvious change, is that at
high temperatures, just below T, the high energy shoulders on the two edges appear signifi-
cantly more pronounced. This is verified by the temperature dependence, where the energies
of 648 ¢V and 658 ¢V appear stronger at these temperatures. Unfortunately, it is difficult
from the theoretical calculations to extract exactly what this means, and further analysis of
the data is needed. What perhaps we are more interested in is the relative intensity of the
peaks at 654 eV and 644.5 €V, as this would give us an idea of the change of Goodenough
orbital order and Jahn-Teller distortion. The lower panel in Figure 7.6 shows this ratio.
Interestingly the minimum of the ratio curve occurs at Tn. Thus this is the point where the
Jahn-Teller distortion is most dominant. This concurs with the graph in Figure 7.8 where
the Jahn-Teller distortion is strongest at T, and the variation in the distortion appears to
be much more than in the orbital order. The lower panel of Figure 7.6 further suggests that
the orbital order is most dominant to the spectrum of the orbital peak at low temperatures.
The small increase seen in the intensity of the Jahn-Teller reflections at high energy, does not
appear to be reflected in the ratio of the two edges. This interpretation is rather simplistic,
and further theoretical studies should be conducted in order to develop a more sophisticated
analysis.

The similarity of the spectra tor the magnetic reflection in different doping levels is not
entirely unexpected, due to the similarity of the charge and orbital ordering seen using other
techniques. A further study which would be of far greater interest would be looking at
the orbital order peak using soft x-rays, especially as z is increased such that there is no
magnetic phase. The temperature dependence of the spectrum could then be compared
to that observed in the half doped bilayer. Unfortunately at present, the only crystals of

significant quality to study on a cut face are of the half doped bilayer.

7.4 Conclusions

The orbital and magnet superlattice reflections of LaSraMnsO7 has been observed using
soft. x-ray diffraction, and the results fitted by multiplet calculations. The fitting of the
magnetic spectrum is not possible with a single valence on the Mn, and requires a mixed
valence. In addition, the energy of the strong resonant peaks suggests a valency of 2+ and

3+ on the Mn ion, requiring a charge transter to the oxygen ions. The tetragonal crystal
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field distortion obtained by the fitting is in the order of 0.4 ¢V, and is thus much smaller
than that observed in Lag 5511 sMnQy, suggesting an extremely small Jahn-Teller distortion.
Temperature dependences of features in the orbital spectrum suggest that the Jahn-Teller
distortions (always very weak) contribute most to the spectrum at Ty. The presence of
orbital order with such a weak tetragonal crysial field suggests that the ordering of the e,
electrons is not solely a bi-product of a reduction in the orbital degree of freedom gencrated
by a strong tetragonal crystal field. Rather, these results suggest that the orbital order plays

an important role in the transport properties of the system.



Chapter 8

Conclusion

The aim of this thesis was to investigate the long range order in the layered manganites, and
in particular to study the ordering of the electron orbitals. Chapter 2 began this investiga-
tion by looking at the single layer manganites with x-ray diffraction. Three distinct ordering
phenomena were considered; charge ordering, Jahn-Teller structural distortions, and orbital
ordering. The latter of these three was only observed using resonant scattering, whereas the
charge order and Jahn-Teller distortions were also measured using high energy x-ray diffrac-
tion. There was some uncertainty reported regarding the orbital order observations due to
the dipole transition probing the 4p rather than 3d electron shell of the Mn ion. As such, it
was assumed that this scattering was in fact sensitive to the induced ordering of the 4p elec-
trons, giving an indication to the orbital characteristics, but could not as such be described
as a direct probe. Despite this shortfall, resonant scattering at the Mn K edge proved to be
a very effective technique for studying a large stoichiometric range of the single manganite
series. In particular, multiple ordering phenomena could be studied, and the varied size and
orientation of the samples could be accommodated. High energy scattering was found to
be useful, especially to detect the weak structural distortions, where the massive scattering
volume increased the scattered signal. Trials were performed with an area detector, vastly
increasing the speed of the result collection, however the high background and relatively low
resolution limited its effectiveness for these experiments.

The research into the ordering of the higher doped bilayer system further utilised the
aforementioned techniques. The long range order of the half doped bilayer manganite had
already been published, however questions remained as to the ordering of the orbitals with
a change of stoichiometry, and how the absence of the antiferromagnetic order would affect
the results. A detailed study into the position of the orbital induced superlattice peaks
in the higher doped bilayer, Lag gSrs sMusO7, pointed to a reorientation of the manganese

orbitals. A proposed orbital pattern was predicted, which extended the Wigner lattice
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model towards a bistripe model. The azimuthal dependence of the manganese orbitals gave
an indication to their ordering, and appeared to agree with the simulation for the model.
Taking this a further stage, the bilayer sample, Lag gSrs 4MnoO7, had a sufficient doping to
form a completely new ordering formation. At this doping level, there was a choice of orbital
orientations, either a fully bistripe model could be formed, or a Wigner lattice. Analysis of
a detailed azimuth suggested that the bistripe model was more likely. In addition to a new
orbital order orientation, this bilayer sample with z = 0.7, did not have a low temperature
antiferromagnetic phase. As a consequence the charge and orbital ordering behave completely
differently as a function of temperature. This is conclusive proof of the comnplex interaction
between the maguetic ordering parameters and the charge and orbital ordering. With these
measurements however, the observation of the orbital ordering was taken at the Mn K edge
and as such is an indirect measurement.

One of the main benefits of high energy x-ray diffraction is the ability to observe ex-
tremely weak phenomena. This was apparent when looking at polaron formation in the
underdoped bilayers in Chapter 4. This underdoped region is particularly interesting, as
these are the samples that have displayed colossal magnetoresistance. Thus, the observation
of polarons just above the Curie temperature was compelling. These polarons appeared in
two formations, at different length scales. They were studied with both temperature, and
an applied magnetic field. Polarons have been described in terms of a very weak, disordered
charge ordering, however they were destroyed with the application of a magnetic field of
3 T, which has not been observed in true charge ordering. They do occur over a similar
temperature range to the charge ordering, but are completely eradicated by the well aligned
paramagnetisin.

In addition to scrutinising polaron formation with an applied magnetic field, Chapter
4 was also briefly concerned with the field etfect on the structural distortions and charge
ordering in LaSroMnsQOr. Interestingly in this bilayer an applied magnetic field appeared to
affect the Jahn-Teller distortions, but not the charge ordering. As the two phenomena have
previously been observed to behave virtually identically, this was something of a revelation.
Maybe the magnetic field directly affects the Jahn-Teller distortion, rather than affecting an
underlying order and thus the charge ordering as well. It was speculated that the magnetic
field altered the splitting of the ey electron levels, and thereby altered the tetragonal crystal

field, however this was very much an initial experiment, and further work is necessary to
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establish exactly what effect is caused by an applied magnetic field.

Soft x-ray magnetic scattering was developed in Part II of the thesis. The technique
is relatively new, with only a handful of papers reporting results. Despite this, the results
have had a high impact, in particular amongst the existing magnetic scattering community.
Soft x-ray diffraction begins to bridge the gap between diffractionists, and surface scientists,
in particular those nsing magnetic dichroism. The results, although looking at diffracted
reflections, contain so much information in the energy spectra, that they can be compared
more closely to x-ray magnetic dichroisim than resonant scattering at traditional energies.
Given the complex spectra that are observed, there is an increasing need for experimentalists
to seek the capability of theoreticians, as only the simplest of conclusions can be derived
without complex models.

Chapters 6 and 7 described the use of soft x-rays to look at orbital ordering in two sam-
ples showing very different characteristics. Although both are layered manganites, Chapter
6 was concerned with the single layered Lag 5Sr; sMnQOy, which has a large tetragonal crystal
field, and Chapter 7 with the bilayer LaSroMnyO7, with a virtually nou-existent tetragonal
component. Both these samples displayed well established orbital ordering. The combination
of experimental results and theoretical calculations was essential. The agreement between
the experimental results and the theoretical calculations of the orbital and magnetic peak,
was good. In particular the simulated magnetic spectra for the two orbital occupancies were
different, and matching this simulation to the experimental data verified the occupancy of
the d,2_,2 orbital, in agreement with x-ray magnetic circular dichroismn data. A significant
shortfall of the theoretical calculations is the inability to model temperature. Some intrigu-
ing results were shown, concerning the behaviour of the orbital peak in the region of T,
suggesting a change in the relative domination of the orbital order and Jahn-Teller distortion,
and only very general conclusions were able to be made. By comparison to Lagy 55r1 sMnOy,
the theoretical fits to the Lag 9,511,492, MnyO7 experimental data were not as good. Despite
this, a number of important conclusions could be made. Primarily, this concerned the ex-
tremely small tetragonal crystal field in the sample. This small crystal field places a much
smaller restriction on the orbital degree of freedom in the systein, and yet despite this, the
orbital ordering was still observed. In spite of this weak tetragonal field, the orbital order-
ing and Jahn-Teller distortions have identical transition temperatures, and as such it seems

likely that the orbital ordering requires a small tetragonal component. It is still not clear
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whether this small distortion is a direct result of the orbital ordering. What is evident, is
that the strong change in the intensity of the Jahn-Teller distortion with regard to temnpera-
ture, measured thongh high energy x-ray diffraction, is not mirrored by the orbital ordering
superlattice peak, measured though soft x-ray diffraction. However, neither does this large
change in the Jahn-Teller distortion become apparent in the spectruim of the orbit order peak
measured with soft energy x-rays, despite the simulations suggesting a strong sensitivity to
the size of the tetragonal crystal field. It is clear that the orbital order and Jahn-Teller
distortions are not simply two sides of the same coin. They are different phenomena, and
although they appear to always occur simultaneously, their intensity is not strongly coupled.
Because the intensity of the orbital ordering measured at the Mn K edge does mirror the
intensity of the Jahn-Teller distortion, it seems likely that the affect on the 4p orbitals is
caused by the tetragonal crystal field distortion rather than the ordering of the 3d orbitals.

The aim has been stated to investigate the long range correlations in the manganites,
however the ultimate goal for the research is understand their effects, and how they relate
to real world problems, such as colossal magnetoresistance. This is often quoted as a driving
force behind manganite research, in particular that of the bilayers. The soft x-ray diffraction
data go some way to completing this goal, however there is a long way to go. In the near
future, there is a lot of work to be undertaken looking at the different doping levels of the
manganites using soft x-ray diffraction, in particular studying a sample with a high doping
in order to look at the charge ordering. Although the manganites series is a productive area
of soft x-ray diffraction, there are also other materials that have been studied, and others
that show possibility for the future. Similar to the manganites, the maguetic and charge
reflections in the nickelates have been observed. This has produced limited interest though,
possibly because of the simple resonances and limited additional information gained above
that previously found through neutron and K edge x-ray diffraction. By comparison the
cuprates have always had a high profile. Although the work to date has been looking at hole
lattices, there is the possibility for an extremely fascinating study looking at the proposed
vortices in the high temperature superconducting systerns. Another interesting possibility
is the idea of speckle imaging. Here the idea is to look with very high resolution at the
reflection in a time resolved manner, with the intention of observing the fluctuating signals
from individual domains, and measuring a timescale for the fluctuations of the ordering.

Success of this very technically challenging experiment has yet to be reported.
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In addition to the manganites, cuprates, and nickelates, there are many other samples
that may be studied using soft x-ray diffraction. Also a transition metal, the iron oxide
Fe;04 has an extremely complex structure, undergoing a structural phase transition at the
Verwey transition while magnetically ordered. Although it may be optimistic to expect soft
x-ray diffraction to solve the long-term conundrum of this system, it may well be able to
shed new light on the problem. Although the transition metals lighter than Mn have been
studied at the K edges, their extremely soft edges may well prevent access to the majority
required reflections. Another group of systems of particular interest at the moment are the
multiferroics, materials that are simultaneously ferromagnetic and ferroelectric. Soft x-ray
diffraction may be able to provide useful information - in particular regarding their magnetic
structure. If further developments can be made on the low temperature capabilities of the
chambers, this will promote the possibility of many more samples, such as the boro-carbides
that have magnetic transitions in the range 5-15 K.

So far only single crystals have been discussed. Soft x-ray diffraction was originally pio-
neered by the multilayer community, and this may ultimately be where they are of most use.
Artificial structures have variable lattice parameters, and these tend to be much larger than
single crystal systems, avoiding the restriction of a small reciprocal space. Such multilayers
can be designed so as to study a particular phenomena, and the ability to adjust specific
parameters make them ideal model systems.

Despite the interest that soft x-ray diffraction has generated, the community is still
reliant on first generation chambers. Although these chambers have been optimised, they
all have in built limitations. For fruitful progress of this area of physics, there needs to be a
concerted effort to improve the experimental facilities. The regular tools of resonant x-ray
diffraction, such as polarisation analysis and the ability to perform azimuthal scans needs to
be a regular resource at soft x-ray energies. Increasing the range of sample enviromments is
always an issue, the sample temperature is particularly important. Chambers capable of a
sample temperatures of less than 10 K are essential, and temperatures down as low as 4.2 K
should be achievable. The majority of x-ray beamtime while on soft x-ray experiments is
consumed in aligning the sample and finding the (often single) peak. A huge benefit to this
would be an alliance between the soft x-ray beamline and a higher energy x-ray source. With
this ability the sample could be aligned using the high energy x-rays before finding the peak

with soft x-rays. This source could be as simple as a small x-ray source mounted on the soft
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x-ray chamber.

In summary, soft x-ray diffraction has been well received, with a number of high impact
publications. Despite this, there are severe limitations, partly from physical limits and partly
from limitations of current equipment. Even by resolving the experimental limitations the
technique will always be limited by the sample availability and the access to reciprocal
space. This thesis has reported some new results using soft x-ray diffraction, however these
results have been supported by K edge diffraction results, which continue to produce data

unavailable at low energies.



Appendix: Azimuthal

Simulations

The magnetic scattering from an anisotropic ion can be seen to vary as the sample is rotated
around the scattering vector. This rotation, denominated ¢, is shown in Figure 8.1.

This anisotropy can be simply modelled through geometric considerations. Initially it is
necessary to find the tensor that represents the crystal model. This thesis has concentrated
on manganese ions. The Mn*+ ions are spherical, and so these do not contribute to the
anisotropic tensor. The Mn?* ions are quadrupoles, having one long axis and an two short
axes.

As such they can be represented by the 3 x 3 tensor matrix

1 .
-0 0

Tquu.d = 0 —-15 0 (81)
2
0o o 2

where here the long axis is pointing along the z axis. The tensor is traceless, and anti-
symmetric. By convention the values of % and % are used.
In order to build up a tensor of the entire crystal model, the tensor for each anistotropic

ion (n), must be combined, together with the position of each ion. The general structure

?

Figure 8.1: The azimuthal rotation ¢ is a rotation of the sample around the scattering vector

g
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