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Sodium Cobaltate has emerged as a material of exceptional scientific interest,
but the role of sodium ordering has until now been poorly understood. The main
result of this thesis is the determination of the Na superstructures using neutron
diffraction. The organisational principles and the effects on the physical properties
are also determined.

Single crystals grown using the floating-zone technique were screened and
cleaved to a single grain using SXD at ISIS. This instrument surveys huge regions
of reciprocal space using the time-of-flight neutron Laue diffraction technique,
and the 3D data sets reveal a kaleidoscope of superlattice diffraction patterns,
including 12-fold rings and a hexagon-of-hexagons.

The ordering and its associated distortion field are governed by pure electro-
statics, and the organisational principle is the stabilisation of charge droplets that
order long range at some simple fractional fillings. The whole data set can be
understood in terms of a square lattice of trivacancy clusters that transform to
stripe phases via shear distortions.

The results provide a good starting point to understand the electronic proper-
ties in terms of a Hubbard Hamiltonian that takes into account the electrostatic
potential for the sodium superstructure. The resulting depth of the potential wells
in the Co layer is greater than the single-particle hopping kinetic energy and as a
consequence, holes preferentially occupy the lowest potential regions. The multi-
vacancy clusters form cages in which Na ions vibrate, disrupting the propagation

of phonon excitations, and leading to excellent thermoelectric properties.
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Chapter 1

Introduction

The thermoelectric industry was launched in the 1950s when the basic science
was well established and the discovery of doped semiconductors as good thermo-
electrics led to industrial application of BizTes. The field then struggled with lack
of interest from the scientific community until the 1990s due to the slow increase
in figure of merit, ZT. Then in 1990s the US Department of Defense funded
increased interest in thermoelectrics and the stimulated interest was along two
routes: the search for new advanced materials such as the phonon-glass-electron-
crystals which contain ‘rattler’ ions in voids within the crystal structure to absorb
phonons whilst allowing high electrical conduction (1], and low-dimensional ma-
terial systems where quantum confinement effects enhance the power factor, Qo?,
and that the many internal interfaces would account for the thermal conductivity
being reduced more than the electrical conductivity [2]. For a review of the new
ideas in thermoelectrics see ref. [3].

In 1997 is was reported that the two-dimensional Sodium Cobaltate, NaCo204,
had an inplane thermoelectric power of Q =100uV /K at 300K, which was 10 times
larger than similar materials, and a low inplane resistivity of pg, =200u82. Both of
these qualities made Sodium Cobaltate a surprising candidate for thermoelectric

application [4]. Why this material should have such properties has intensified
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interest and led to an even more startling result in 2003.

Before 1986 the story of superconductivity was slowing with a decade passing
with a lack of discoveries of systems with critical temperatures above the previous
record of 23.3K. Then in the mid-1980s came a discovery of a ceramic (BaLaCuO)
that increased the critical temperature to 35K [5] closely followed by a T. of
93K for YBaCuO [6]. These discoveries increased interest in the new field of
high-T, superconductors to such a level that over two decades later we know of
many oxide superconductors, mainly with partially-doped square-lattice copper
oxide layers. But all of these high-T systems have failed to be understood under
the conventional Bardeen-Cooper-Schrieffer (BSC) theory of superconductivity
leading to fierce theoretical work in this field (for recent reviews see [7-10]). For
a review of the problems currently facing the high-T, community, specifically the
cuprates, please read ref. [11,12].

When, in 2003, hydrated Sodium Cobaltate became the latest addition to the
long list of unconventional superconductors [13], the high-T. community shifted
their attention to this layered transition metal oxide, expecting to see properties
in this material that closely matched the Cuprate superconductors. Structurally
Sodium Cobaltate has a triangular lattice whereas the cuprates discovered so
far have square plaquettes. Therefore experimental and theoretical work soon
showed that Sodium Cobaltate is not like the cuprates in many respects and that
the differences between systems is profound enough to give Sodium Cobaltate it’s
own fascinating physics.

In the 1980s Sodium Cobaltate was studied for its fast ion conductor appli-
cations in battery technologies similar to the lithium battery material, Li,CoOs.
Using the fast-ion conductor properties could allow control of the magnetism,
electron transport and thermopower via the control of sodium content by electro-
chemistry. This effectively allowing required physical properties to be dialled up
when needed [14].
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How the sodium concentration affects the physics so intensely is still a mystery.
The accepted view in this research field [15] is that we need to know the principles
behind the sodium ordering (spatial ordering) in order to understand other areas
of physics in this material (described in chapter 2).

We aim in this thesis to explain the ordering principles for sodium ordering
(chapter 7) and show how these principles lead to intricate superstructure pat-
terns in Laue diffraction experiments (described in chapters 4, 5 and 6) which
were previously unseen in over 30 years of active research. Finally we argue that
the solution of the sodium ordering (chapter 8) gives vital insight into the thermo-
electric, magnetic and transport properties of this interesting and complex system

(chapter 9).
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Chapter 2

Properties of Na;CoO»

Sodium Cobaltate, Na,CoO,, has been one of the most studied condensed matter
system in the first decade of the 21°* Century. This chapter aims to introduce

some of the surprisingly wide variety of properties shown by this system.

2.1 Introduction

The unusual amount of interest in this system is due to its wide variety of sur-
prising properties from electrochemical control of sodium concentration [1], high
thermopower [2], unconventional superconductivity when hydrated 3], to 3D mag-
netism of this, apparent, 2D system [4,5]. This chapter aims to review the research
and some of the hundreds of papers in this intense field since the 1980s boom in in-
terest and show why the work in this thesis is of such importance in understanding

this complex system.
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2.2 Crystal Structure & Sample Preparation

Fouassier first reported in 1973 that the structure of sodium cobaltate is dependent
on the concentration of sodium, z, with the stacking sequence changing across the

z-range [6].

Figure 2.1: Hexagonal crystal structure of y-Na,CoO; for composition range
0.55 < z < 0.74. Where green spheres are cobalt ions, blue spheres are sodium
ions and gray spheres are oxygen [6].

Our single crystals are prepared by Dr D. Prabhakaran of the University of
Oxford using a mixture of high purity powders of NaCO3; and Co30O4 prepared in
an optical floating-zone furnace discussed elsewhere [7,9]. Prabhakaran reports
that if Na,CoQ, samples are made under high pressure (7.5Atm) in an Oy/Ar
atmosphere (optimum O,:Ar ratio being 4:1) and slow growth rates (3mm/hr)
then lower levels of impurity materials are present than for low Og/Ar pressure
growth [7]. It has also been reported that sodium cobaltate single crystals form a

shell or surface powder of Na,O when prepared in Oxygen atmosphere (7,10, 11].
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Figure 2.2: SEM image of the cross section view of NaggCoO; single crystal
rod. The dark gray particles correspond to Co3O4 impurity growth, and the
white particles correspond to Na;COj3 [7]. This is only true for z < 0.7. For
0.75< z <1.0 the formation of these particles is very minimal due to the high
pressures used during growth [8].

X-ray measurements in Liverpool show that impurities of the magnetic compounds
CoO and Coz0y, are present to a few percent of the total sample. All impuri-
ties were observed to grow epitaxially to the Na,CoOs ab-plane, the CoO(111)
and Coz04(111) planes growing epitaxially with respect to the cobaltate and to
eachother in agreement with Mocuta et al. [12] (section 5.1.2).

When one of the low pressure samples is left in normal atmosphere it gradually
turns from its shiny black colour to having a white powder substance on the
surface. By chemical analysis it has been deduced that this white powder is NaOH
which is the byproduct of the reaction of sodium cobaltate and water [13]. If a
NasO layer has been deposited on the crystal surface during growth this allows the

possible surface reaction Na,O+H;O—2NaOH. In our experience once a sample
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has undergone the first ‘whitening’ process then any access to the air will start to
produce the surface white powder so keeping samples in vacuum would seem the
most sensible procedure.

Time-dependant Raman Scattering shows that some physical change is taking
place at the ac surface within hours of preparation and on the ab surface within
several days but is not understood [14].

The picture of sample purity so far in this review has been a bad one, made
worse by the fact that sodium cobaltate suffers from phase segregation within
these single crystals, with the sample changing sodium concentration throughout
its length discretely. Also with impurities at the surface and possibly in the domain
boundaries it is likely that only the bulk of a sample is of nominal concentration.
The sample loses sodium ions when subjected to an air/humid atmosphere mean-
ing that the concentration is uncertain. Since the properties are so dependent
on sodium concentration this atmospheric deintercalation is important but often
overlooked. It is therefore, vital for understanding experimental results and theo-
retical interpretation that the sample concentration is verified using experimental
techniques near the time of study.

Single crystals of unique concentration can be cleaved from the growth rod as
has been done for the work presented later. So with careful sample preparation

the failures of the system can be overcome to reveal the physics.

2.3 Fast Ion Conduction

Sodium Cobalate first attracted interest as a possible material for batteries in
the 1980s because of its similarity with the lithium battery material Li,CoOs.
Lithium Cobaltate was found to consist of edge sharing octahedra linked to form
(o0, sheets. These sheets are separated by sheets of octahedrally coordinated

lithium ions which have unobstructed pathways within their two-dimensional hon-
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eycomb lattice [15,16]. In our system the sodium ions are free to move around a
two-dimensional lattice sandwiched between the CoO, layers, but there are two
interpenetrating honeycomb lattices. The adjacent oxygen ions are on the same
hexagonal sites, see fig. 2.1. There are two inequivalent sites available to the

sodium ions, Nal sites above/below Co ions, and Na2 sites away from Co sites.

2.4 Electrochemistry

The reversible electrochemical properties of the lithium system, Li,CoO,, for
battery applications were first published in 1980 by Mizushiuma et al [17] after
lithium batteries were discovered in 1976 by Whittingham [18].

Replacing Li with Na increases the geometric frustration by reducing the ionic
conduction paths available to the sodium whilst keeping the fast-ion conduct-
ing properties. A consequence of these properties is that the sodium concentra-
tion, z, can be controlled using electrochemistry [1], with different reactions being
proposed for sodium intercalation using either non-hydrous propylene carbonate
(C4HgO3) with NaClO, as the electrolyte solution or hydrous sodium hydroxide
(NaOH) [19]). The hydrous solution is suitable when the experiment is not sen-
sitive to water content - which in the case of sodium cobaltate is rare - or when

hydration is required.

2.5 Thermopower

In the 1990s after the initial interest in the battery community, Nag5Co0, was
found to have unusually high in-plane thermopower, @, also called Seebeck coef-

ficient, S:

ok

AT b

O
I
5=
=
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Figure 2.3: Thermopower can be explained by (a) taking a system with a tem-
perature gradient across a volume, the electrons move towards the region of lower
thermal energy. This charge flow sets up a voltage gradient in the system (b). The
Seebeck coefficient (thermopower) is found by taking the ratio of voltage gradient
to thermal gradient. [22]

V is the electrical potential, E is the electric field, and AT is the temperature
gradient (fig. 2.3) [20,21]. @ for Nag sC00; is an order of magnitude larger than
similar metals [2].

The efficiency of a thermoelectric material is proportional to the figure of merit,

o 1
ZT = Q?TE = QzTEE (2.2)
Where T is the absolute temperature, @ is the Seebeck coefficient (or ther-
mopower), o is the electrical conductivity, s is the thermal conductivity and p
is resistivity (1/o). Therefore a material with low thermal conductivity should

have high electrical conductivity and high Seebeck coefficient, to be considered as
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a thermoelectric material [23]. The relationships for efficiency in power generation

(1) and the optimum coefficient of performance in refrigeration (¢) are:

%4 _TH—TC \/‘1+ZT—-1

L g L E 2.3

2 Qu Ty I+ZT+ % &)
VI+ 2T -2

¢ - QC TC Te (24)

W Th—Tc v1+27 +1

W is the electrical power output, Qg is the thermal power supplied, Q¢ represents
the cooling rate, T = T—H—;f—TQ, Ty and T are the temperatures for the hot and
cold extremes of the system [24-26].

So far thermopower has been discussed in terms of the Seebeck Effect (equ.
2.1 and fig. 2.3), but a useful application of these materials is to utilise the
Peltier Effect. This takes into account the charge current across a junction of two
metallic materials without temperature gradients. When the electrical current
flows across the junction heat is evolved (heating) or absorbed (cooling) at the
junction, therefore leading to applications of heating and refrigeration. The Peltier

coefficient measures this affect and is given by:
| (2.5)
Je

j is the electric current density, and jg is the thermal current density. This is

related to the Seebeck coefficient by the Kelvin relationship [21,27]:
W=1T@ (2.6)

Nag.g5Co0, was found to have a thermoelectric figure of merit, Z, approx-
imately 40 times larger than the original Nag75Co0O; sample [28]. Previous to
our studies the surprisingly high figure-of-merit of sodium cobaltate has evaded

explanation.
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Figure 2.4: In-plane thermopower, @, versus an applied in-plane magnetic field,
H , which is parallel to the negative temperature gradient at selected temperatures.
At 2.5K @ approached zero (within uncertainty) when u,H exceeds 8T. [29]

Oxides are not expected to be suitable thermopower materials because the elec-
tron mobility is usually significantly lower than that found for the semiconductors
normally used for thermoelectrics. Low mobility results from strong electron-
phonon interaction or strong electron-electron interaction. In the former case the
electron conduction can follow a polaron mechanism [30]. In the latter case the
strong Coulomb repulsion between electrons prevents each electron from moving
independently whilst being delocalised over the whole solid - such systems are
called strongly correlated electron systems. Some material parameters in these
systems exceed the upper limit of the band theories. This and other transport
properties are discussed in refs. [31,32].

A possible explanation of the high thermopower comes from spin entropy [29].

Applying an inplane magnetic field of 8T to the sodium cobaltate samples at 2.5K
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suppresses the thermopower (fig. 2.4) which coincides with the complete align-
ment of the electron spins. Although the magnetic measurements show that no
spinflop transition is seen by applying inplane magnetic fields upto 14T, whereas
applying a field of 8T at low temperature along the ¢ direction does induce a
spinflop transition [33-35]. Wang’s results imply that the thermopower comes
from the spin entropy carried by the holes in the material [29,36,37]. Others be-
lieve this could be explained using the degeneracy of carriers together with strong
correlation of 3d electrons [38], or by taking into account Fermi level effects [39)].

In this thesis we propose a new way of thinking about this materials thermo-

electric properties.

2.6 Electronic Properties

Another confusion with respect to this system has involved the charge ordering

on the Co layer and the 3D nature of the magnetism.

2.6.1 Charge Ordering & Phase Diagram

Ideally the cobalt layer will be a mix of non-magnetic spin-zero zCo®** and mag-
netic spin-3 holes (1 — z)Co®*, but in reality Co’" has never been observed in
these compounds. It is expected that CoO, is a Co** Mott insulator (3d°); when
the ratio of Coulomb repulsion energy between electrons to available kinetic en-
ergy is large then the valence electrons become localised. If this happens to all
valence electrons near the Fermi surface then the material is a Mott insulator [32].
NaCoO; is a Co®* Band insulator (3d%). Some believe that CoQ, is an impossible
compound to make, being too unstable to degrading to more stable cobalt oxides.
However at least one paper reports the crystallographic properties of this material,
made with electrochemical deintercalation of lithium from Li,CoO, [16].

Below z = 0.45 the cobalt valency is found to remain constant at 3.45+ ac-
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companied with oxygen vacancies which increase in number with Na deintercala-
tion [40]. It is possible to think of this as a critical concentration where an intrinsic
phenomenon within the Na or Co-layer becomes prominent therefore altering the
Co valency. This result is verified in a letter comparing the Co valency behaviour
with ion concentration for Li,CoOy and Na,CoO, which shows that the cobalt in
Li system is more in tune with the ion concentration than the Co valency in the
Na system [41].

For z = 0.70 Mukhamedshin reports that instead of the expected 70%Co%*
they observe 26%Co*", 55%Co*3*+ and 19%Co*"* [42]. The sodium ordering
is assumed to affect the cobalt ordering / Coulomb landscape [42-47] but the
present superstructure models do not give sufficient insight into this because they

lack understanding of the principles behind the sodium ordering.

Phase Diagram
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Figure 2.5: Electronic phase diagram of Na,CoO, [48]

Foo et al. propose a phase diagram which takes into account only the sodium

concentration (fig. 2.5). At z = 0.5 we have a insulating state separating a
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paramagnetic metal for z < 0.5 and a ‘Curie-Weiss’ metal for z > 0.5 with a spin
density transition at around z = 0.75. The superconducting state forms a hump
between approximately 0.25 < z < 0.33. The electrochemical properties of this
system offers a unusual possibility of modifying samples to provide different types
of physics by applying a potential and ‘dialling up’ the required Na* concentration.

Recently a new phase diagram has been proposed and shown in a talk by
Argyriou [49] where the variables are Co-valence charge and temperature. This
has been inferred from his own work [50] and the work of Takada [51,52] studying
the Co valence charge in the superconducting state, and Raman Scattering by
Lemmens et al. showing a phonon mode that they propose to be due to charge
ordering [53]. The phase diagram shows that the superconducting state is closer in

similarity to the charge ordered state at £ = 3 not the z = % state as is expected

1
2
therefore it is important to understand the % state because it could potentially
be a groundstate of the superconductor and also the magnetic structure of this

concentration is understood [54, 55].

2.7 Magnetism

Since all electronic properties were expected to be two dimensional the observation
of 3D A-type antiferromagnetic excitations using inelastic neutron scattering came
as a surprise [4,5]. These measurements showed that there is an antiferromagnetic
coupling between ferromagnetic cobalt layers as shown in fig. 2.6a which is deter-
mined to have interplane coupling constant, j. = 12.2meV, of nearly twice that
for inplane ferromagnetic coupling, j,, = —6meV, for z = 0.75. The coupling con-
stants for z = 0.82 are found to be equivalent in magnitude with j,; = —4.5meV
and j. = 3.3meV. These experiments have shown that sodium cobaltate should
not be assumed to be an ideal 2D system anymore. If the system was two di-

mensional then fig. 2.6c would show a flatline at constant energy instead the



CHAPTER 2. Properties of Na,CoQ, 17

[§18)

| b) i ¢)
sof- ¥ e - Bayrakci 5

Helme
present work
x=0.75 (extrapolation) .

o
=
—

Energy (meV)

1)

G ® I : I : . s ‘-_, ﬁlza-i'.".."":- *....-
e 0.33 0.7 025 0.5
a
(h, h, 0) 0,0,1

Figure 2.6: a) The ideal A-type antiferromagnetism on the cobalt lattice of
Nag75Co0, [5]. b) Spin-wave dispersion for NaggaCoO, (Bayrakei [4]) and
Nag 75C00, (Helme [5]) along (hhO). c¢) Dispersion along (00l). If there were
no magnetic coupling between the planes then this line would be a straight line at
constant energy. Both lines fitted with LDA calculations by Johannes et al. [56].

measurements show a (Q-dependence.

Local Density Approximation theory (LDA) succeeds in calculating the mag-
netic fluctuations seen by Bayracki et al (fig. 2.6b & ¢) [56]. This success comes
when the second-nearest-interplane neighbour correlations, J., are taken into ac-
count. The coupling constants for x = 0.82 are found to be J,;, = —4.5meV
in-plane and J,=1.98meV for nearest neighbours and J. = 0.22meV for the
next-nearest neighbour giving indistinguishable results from experiment where
Jop = —4.5meV and J, = 3.3meV [4]. Although the authors admit that the the-
ory partially fails for the dispersion seen by Helme et al. on z = 0.75 where the
dispersion is not accurately replicated. They conclude that this could be due to
the lack of Na-ordering included in their simulations.

The presence of the two epitaxial impurities CoO and Co30, has led to some

confusion over phase transitions just below room temperature.
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2.8 Superconductivity

In 2003 it was found that the insertion of water molecules in Na,CoQO, - yHyO
(x = 0.35, y = 1.3) leads to the observation of superconductivity below T, of
about 5K [3]. Ever since the discovery of high-T, superconductivity in layered
copper oxides, researchers have searched for similar behaviour in other layered
metal oxides. In this new class of superconductor the Co ions form a triangular
lattice with magnetically frustrated geometry in contrast to the square lattice of
the CuO; plane. Further studies using angle resolved photoemission spectroscopy
(ARPES) confirm the superconductivity is unconventional [57].

The oxygen from the water molecules form NaQOg prisms upon intercalation
therefore separating the Na* and CoO, layers. The hydrogen from the water
forms a hydrogen bond with an oxygen from the CoOj layer. Slight variations on

this structure occur for different sodium or water concentration [58-60]. Recent
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Figure 2.7: a) Nag;CoO; and b) the ideal Na,CoO, - yHy0 structures where the
Na and H,O sites are partially occupied [3].
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Figure 2.8: a) Nag7CoO, single crystal cleaved as grown. b) The cracked layers
of Nag3CoO, after deintercalation. This damage gets worse for the hydrated
material, Nag 3C00,-1.3H,0 [66].

research suggests that the water not only acts as a spacer ion as originally thought
but also has an important chemical role to play. Oxonium ions (Hz3O™) are cre-
ated by donation of protons (H") to neighbouring water molecules whilst the
oxygen is absorbed into oxygen vacancies in the CoO, layer. The oxonium occupy
vacant sodium sites [40] (similar to (Na®t,H30")7MnO, [61]), whilst reduction
reactions contribute to the valency of the cobalt ions inside the superconductor
again showing the importance of valence charge on the cobalt layer [51]. Oxygen
vacancies have also been proposed as having important chemical and electrical af-
fects [62,63]. The motion of the water molecules is found to have no effect on the
superconducting transition temperature [64]. Superconductivity in this system is
proposed as either s-wave or p-wave pairing, or a possibility of a coexistence of
these two types [65].

Single-crystal samples of superconducting sodium cobaltate are difficult to
prepare because the crystals split into ‘leaves’ (see fig. 2.8). Time also degrades

the superconductivity of these hydrated samples with the critical temperature
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increases to 5K within a month and then decreasing to 2.7K after a year in a high
humidity atmosphere with some samples losing their superconducting property

when they were found to contain CoOOH [67].

2.9 Fermi Surface

One main aim in recent years for experimentalists in the field of sodium cobaltate
has been to find pockets in the Fermi surface as proposed in 2000 by LDA [39] (see
fig. 2.9b). The reason for this interest is that theories have been proposed that
claim the superconducting order parameter depends on the orbital character of
the bands and the Fermi surface topology [37,69-72]. Recent research on another
high-T, materials, YBay;Cu3Og5 and BiySroCaCuyOg,s, reports the importance
of Fermi Surface and density of states on the superconductivity of these systems
indicating that these need further study in all unconventional superconductors
[73, 74].

Many experiments have found that the Fermi surface pockets do not ex-

ist [68, 75-78] (fig. 2.9a), and more theories are proposed that alter the LDA
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Figure 2.9: a) The Fermi surface of Nag7CoO, as measured by ARPES [68]
showing the lack of pockets as predicted by LDA calculation on Nag5CoO, [39)].
Red dots indicate the locations of measured Fermi crossings in Nag7CoO, [68].
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calculations in an order to agree with these experiments [79,80]. One possibility
is that the holes have sunk in energy below the Fermi level and this has now at-
tracted theoretical attention. Coulomb correlations in the d-band or possibly the
polarisation employed in the ARPES experiment could mean that observing the
holes on the Fermi surface is impossible [81-86]. A recent publication by Kuroki
et al. describes a model in which a 3D Hubbard Hamiltonian is used to explain
the ARPES data and to show that the magnetism and superconductivity share
the same origin [87].

It is safe to say that future calculations need to take into account the actual
sodium correlations to possibly achieve success in finding the correct Fermi surface

and aid the search for a theory to explain the superconductivity in this material.

2.10 Sodium Ordering

The difficulty in preparing high quality single-crystal samples has limited research
on sodium ordering mainly to powder neutron and x-ray diffraction. However,
using electron diffraction it is possible to focus on single grains. Zandbergen et
al. found a kaleidoscope of diffraction patterns as a function of concentration.
Figure 2.10 shows the (hk0) electron diffraction pattern for Nag;CoQO; [44]. The
diffraction patterns show substantial variation from grain to grain, presumably
due to a variation in composition. Furthermore, the diffraction pattern changes
dramatically during further irradiation by the electron beam (fig. 2.10c).

For powder diffraction of any kind (neutron or x-ray) it is difficult to determine
the actual two- or three-dimensional supercell since the experiment only yields
one-dimensional information but the technique gives reliable information on the
occupation of sites in the unit cell (e.g. [11,88]). This work shall be discussed in
chapter 9.

LDA+U calculations by Meng et al. agree with the conclusions from Zandber-
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Figure 2.10: (hkQ) electron diffraction patterns of NaggsCoOs. a) Not showing
and b) showing a superstructure peak at (%,U,O) as well as incommensurate su-
perstructure. c) A diffraction pattern after irradiation by the electron beam [44].

gen with respect to interactions but also models the affect that Co®** and Co**
ions on the CoO; layer has on the Na-ordering [43] although studies have shown
that Co®" is not seen in these materials, as already discussed. Meng’s work led
on from another LDA+U model which was proposed by Okabe et al. where they
succeed in obtaining fraction charges on the cobalt layer, but they do this by
“tentatively” using a hyperthetical supercell and occupancy [47] whereas Meng’s
supercell was from Zandbergen'’s paper. Density Functional Theory (DFT) calcu-
lations have also been done inorder to explain the complex nature of the sodium
ordering [45] and will be discussed later in this thesis. A model allowing fractional
charges on the cobalt based on the true sodium supercell is required and will be
described in this work.

Hard x-ray single crystal diffraction studies of Nag 75CoQ, showing, apparent,
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Na-stripe ordering have also been published [46] which claim to link the physics

of cobaltates and the cuprates.

2.11 Conclusion

Most aspects of research in this field over the decades of work have required
detailed knowledge of sodium ordering in order to explain the physics.

To illustrate the importance of the sodium ordering there have been only four
papers published in the journal Nature on this system, one of them being the

letter reporting the work contained in this thesis:
1. Superconductivity in 2003 [3].

2. The phase diagram (Na content versus superconducting critical tempera-

ture) for Na,CoO, - 1.3H,0 [89].
3. Spin entropy nature of the thermopower [29)].

4. Our paper reporting the sodium ordering [90].



















































































































































































































































































































































