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ABSTRACT

The objective of this work was to study the single crystal growth of Na,CoO, by the
optical floating zone technique and the intrinsic properties of the high quality single
crystal samples thus produced. The properties of the superconductors derived from it

will also be reported.

This thesis, after a literature review on the Ng,CoO, family and the superconductors
derived from it, reports a systematic study on growing Na.CoO, (x = 0.32-1.00) and
NaCoO; - yH20 (x = 0.22-0.47, y = 1.3). The experiments demonstrate that nearly pure
a- (x = 0.90-1.00) and é.- (x =0.75) phases of NaxCoO- crystals could be obtained using
the optical floating zone method, while other phases with lower sodium content, x <
0.70 (B-phase with x = 0.55, 0.60 and y-phase with x = 0.65 and 0.70, respectively), are
observed always to contain NaO, Co30,4, and Napoor phases. There is experimental
evidence that the dependence of the superconducting transition temperature on Na
content is much weaker than reported earlier. Implications of the Na effect for
understanding of the structure, thermoelectricity, and superconducting phase diagram

are discussed.



Na-extraction and hydration were carried out on the a- and d-samples to obtain the
superconducting phase. Hydrated single crystals exhibit cracked layers perpendicular to
the c-axis, due to a large expansion when the water is inserted into the structure. A
study of intercalation/de-intercalation was performed to determine the stability of the
hydrated phase and the effects of hydration on the structure of the compound. X-ray
diffraction and thermogravimetric experiments were used to monitor the processes of
accommodation of water molecules and their removal from the crystal lattice. The
initial intercalation process takes place with two water molecules (correspondingto y =
0.6) inserted in aformula unit, followed by a group of four (y = 1.3) to form aNa(H,0),
cluster. Thermogravimetric analysis suggests that de-intercalation occurs with the
remova of the water molecules one by one from the hydrated cluster at elevated
temperatures of approximately 50, 100, 200, and 300°C. My investigations reveal that
the hydration process is dynamic and that water molecule intercalation and

de-intercalation follow different reaction paths in an irreversible way.

This thesis aso contains intensive studies on the cobalt oxide superconductors Ng.CoO,
. 1.3H20 based on *Co nuclear magnetic resonance (NMR) and nuclear quadrupole
resonance (NQR) measurements. For the sample with x = 0.26 and critical temperature
T. = 4.6 K, it was found that the spin-attice relaxation rate, 1/T,, shows a T3 variation
below T.and down to very low temperatures, which indicates the presence of line nodes
in the superconducting (SC) gap function. The spin susceptibility below T, for these

samples was aso studied via Knight shift measurements. The spin part of the Knight
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shift decreases below T in both the a- and ¢- directions, indicating asinglet spin state of
the Cooper pairs. Theresults strongly suggest that the superconducting state is a d-wave
state. Based on bulk measurements of the electron momentum distribution, using the
technique of x-ray Compton scattering, the evidence that small, ellipticaly shaped
pockets do indeed exist in the Fermi surface of cobalt oxide superconductors was

presented.

The magnetic properties of two-layer NaxCoO- (x = 0.42, 0.82, and 0.87) were studied.
The magnetic susceptibility measurements revealed considerable anisotropy aong
H//ab and H//c for the as-grown single crystals. It was found that an antiferromagnetic
transition with Néel temperature, Ty = 21 K, occurred for the x = 0.82 sample, and there
was a paramagnetic phase for the x = 0.87 sample over a wide temperature range from 2
to 300 K, while the sample with x = 0.42 showed a monotonic increase of y with
increasing temperature above ~100 K. In addition, the x = 0.82 sample had the largest
derived anisotropic g-factor ratio (ga/ge~ 1.30), whereas the sample with x = 0.42 was

nearly isotropic (ga/gc~ 0.96).

Magnetic susceptibility measurements on three-layer a-Na,Co0O, (x = 0.91, 0.92, and
0.93) showed that the magnetic properties depend strongly on x. The compound was
found to be antiferromagnetic at Tn~ 20 K for x = 0.91 and x = 0.92, and paramagnetic
for x = 0.93. In-plane and out-of-plane anisotropy were observed for the x = 0.91

crystals. In addition, the anisotropic g-factor ratio (gw/gc) derived from the anisotropic

3



susceptibility along H//ab and H//c decreased significantly as the sodium composition

increased from x = 0.91 to x = 0.93.

A systematic study was aso carried out on the conduction mechanism and the
anisotropy of the electrical transport properties of the a-Nayo,CoO, single crystals. The
resistivity was found to show a large anisotropy along the ab plane and the c axis. The
resistivity below the metal-to-insulator transition temperature (20 K) can be well fitted
by the variable-range hopping model. The high temperature range can be fitted well by
p(T) = po + Angdsinh(hwd2ksT) + BT" both for the in-plane and the out-of-plane
behaviours. Such behaviour provides evidence for small polaron and spin-wave

scattering metallic conduction in heavily Na-doped sodium cobaltate.



Chapter 1 Introduction

1.1. Introduction

The discovery of high-temperature superconductors (HTSCs) [21] in layered copper
oxides has encouraged scientists to investigatefor unknown materials for more than two
decades. Many new materials and spectacular phenomena of great scientific interest
and/or technological importance have been discovered [2], but the behaviors of these
materials are very complex, and there is still no widespread agreement on the origin of

the superconductivity [ 3].

A,MX, type compounds (A = akaline metal, M = transition metal, X = O, S, Se) have
attracted much attention as cathode materials for many years [4]. These compounds
have a layered structure, and among them, there is an extensive group of oxides
involving 3d transition-metal s that have been investigated as a reference for HTSCs. In
1997, |. Terasaki et al. discovered the coexistence of alarge in-plane thermoelectric (TE)
power (~100 uV/K) and low resistivity (200 uQ) at room temperature in NaCo,O, (or
Nay5C00,), which made the sodium cobaltate an attractive material for thermoelectric
applications [5]. Recently, enhancement of the figure of merit Z has been found in

poorly explored, heavily doped NaxCoO, (x > 0.75), and a 40-fold enhancement of Z



was realized at the critical doping xp ~ 0.85 (at 80 K), which greatly improves the

prospects for TE applications [6].

NaCo,0, belongsto afamily of bronze-type compounds expressed asA,MO, (0.5< x <
1), which was first identified by Jansen and Hoppe [7]. An important similarity to
HTSCs is that NaCo,0;, is a layered transition-metal oxide, where Na sites are ~ 50 %
occupied and CoO» units are alternately stacked along the ¢ axis. Thus, the physical
properties are expected to be highly two dimensional (2D). However, the CoO- layer is
different in structure from the CuQO, layer of HTSCs the former is a 2D triangular
lattice, and the latter is a 2D square lattice. Early investigation by Tanaka, Nakamura,
and lida [8] has shown that polycrystalline NaCo,O, is a good metal down to 12 K,
although it shows Curie-Weiss-like susceptibility instead of the Pauli paramagnetism.
According to their results, NaCo.04 can be regarded as a doped 2D triangular spin

lattice, which is worth comparing with the CuO, layer HTSCs.

The recently discovered superconductor Nay 35C00, - 1.3H,0 has attracted considerable
attention as being the first layered superconductor to replace copper with cobalt and as
evidence that important electronic correlations exist [9]. Its superconducting transition
temperature of maximum T.< 5 K exhibits composition dependence, with T, decreasing
for both under-doped and over-doped materials, as observed in the cuprates. Despite the
major differences in their geometry and bond filling, there is the intriguing similarity
that the cobalt superconductor has low spin Co*™ with S = 14 just as cuprate

6



superconductors have Cu?* with S = 1/2. The similarities and discrepancies are shown in

Fig. 1.1.
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Fig. 1.1. The similarities and discrepancies between cobaltates and cuprates. The
crystal structure of Nagz5Co0, - 1.3H,0 [9] is on the left, and the crystal structure of

Bi2212 ison theright.

However, the transport and magnetic properties of NaxCoO: are strongly dependent on
the Na content. It has been found that as x increases from 0.3, the ground state of these

compounds goes from a paramagnetic metal through a charge ordered insulator (at x =
7



0.5) to a ‘CurieWeiss meta’ (around x = 0.70), and finaly to a weak-moment
magneticaly ordered state (x > 0.75) [10]. Muon spin rotation (uSR) and nuclear
magnetic resonance (NMR) measurements have identified the stoichiometric three-layer
N&,CoO, phaseto be a non-magnetic insulator [11, 12]. Thus the phase diagram of
Na,Co0, is different from that of cuprates. The superconducting ‘dome’ of Na,CoO, is
closer to Co® (S = 0) rather than Co*" (S= 1/2) [13-15], and Na,CoO, even shows
magnetic ordering at x > 0.75, except for a specia one at x = 0.5 [10, 16]. These
interesting behaviours clearly indicate that the origin and functionality of strong

correlations in these two materials are very different.

Whatever the relationship between these two types of superconductor may be, the cobalt
superconductor at least could provide insight into the relationship between
dimensiondity and superconductivity. This suggests that a detailed characterization of
the electronic and magnetic behavior of this new family of materials and their interplay
with structural peculiarities may contribute to a more fundamental understanding of the

high T, superconductivity in cuprates and even lead to thermoel ectronic applications.

Single crystals with high purity and perfection are in demand for every branch of
research concerned with the solid state. The reason is easy to find, for the single crystals
have strong characteristics of symmetry, structural simplicity, and purity, which endow
the crystals with unique physical and chemical properties. With the crystal growth

techniques that have been developed, more and more single crystals are used by
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physicists, chemists, biologists, and material scientist to investigate their delicate
structure, anisotropic properties, radiation damage, superconductivity, and nuclear and
electron resonances Extensive investigations have indicated that the intrinsic properties
of amateria cannot be ascertained until single crystals with sufficiently high purity and

perfection can be prepared.

NawCoO, has a layered structure, so high quality single crystals with well defined
stoichiometry are essential for the study of the intrinsic properties of this family of

compounds, especialy for anisotropic properties and neutron diffraction measurements.

Crystal growth methods may be divided into growth from the melt, from the vapour,
from supersaturated solutions, and by other methods. Most of the studies on layered
structure materials have reported using crystals grown from the melt [17, 18]. The flux
method is used when materials decompose below the melting point or when they have
high vapour pressure upon melting. The main disadvantage of this method is the
possible introduction of flux into the crystals, as well as contamination from crucibles.
As one of the crucible-free methods, the floating zone method allows such impurities to
be avoided; it has been successfully used for high-T. superconductor single crystal
growth [19]. The theory of the floating zone method has long since been reported [20].
Here, the author will give a brief presentation of the travelling solvent zone method
(TSZM), which has been widely chosen for the growth of large bulk high-T,

superconductor single crystals [19], as well as for the growth of layered NaxCoO, for
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fundamental research.
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Fig. 1.2. lllustration of the four lamp ellipsoidal infra-red image furnace for TSFZ.

As shown in Fig. 1.2, sintered dense polycrystalline cylindrical rods are used as seed
and feed rods. A vertical liquid zone with a controlled composition (the travelling
solvent) is heated by four halogen lamps, and crystal growth is conducted by upwards
transition of the molten zone, with both the feed and the seed rods counter-rotated
during the growth. Since the surface tension is the principal force supporting this molten

zone, a straight feed rod and good shape of the liquid zone are needed for continuous
10



crystal growth.

This thesis, after the literature review on the family of NaCoO- and their derived
superconductors, consists of areport on a systematic study of single crystal growth of
Na,Co0O, by TFZM and on the intrinsic properties of the resultant high quality single

crystal samples. The properties of the derived superconductor also will be reported.
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Chapter 2 Literaturereview on sodium cobaltates

2.1. Introduction

The present review deals with all the phases of sodium cobaltate. With sodium content x
increasing to 1.0, there are four thermodynamically stable phases in the Na.CoO;
system that have been previously reported [21]. In all the phases, sheets of edge-sharing
CoOg octahedra are interleaved by sodium ions along the c-axis direction, delineated as
(i) a-Na,Co0, (0.9 < x < 1) having the O3 structure (with O referring to the octahedral
coordination of the Naions and 3 the number of layers in a repeat), (ii) d-Nao.75C0o0,
(O3 structure, i.e. monoclinic distortion of O3 phase), (iii) f-NaCo0, (0.55 < x < 0.6)
having the P3 structure, and (iv) y-Na,CoO, (0.55 < x < 0.74) having a P2 phase. For
these phases, chemical or electrochemical methods can be used to adjust the sodium
composition within these structures. Thus, lower Na content phases have been obtained
by de-intercalation of their higher x counterparts [22]. In addition, intercalation can be
used to increase the sodium content of the higher Na phases to even higher phases. For

example, y phasefrom x = 0.7 uptox = 1.0 [22].

Among them, a- phase, d-phase, and f-phase have three-layer structures; only y-phase
has a two-layer structure. The richness in the structure of the phases, physics, and

12



chemistry had remained largely unexplored until recently. This review will not be
systematic, but will rather analyse the most important study results obtained so far, in
the author’s opinion, and will try to underline the research directions for the author's
work. | will review the basic properties of the Na,CoO, family of compounds as well as
the superconducting phase Na,CoO, - yH,O. The review will start with the preparation
methods for the two-layer phase (including de-intercalation methods) and the properties
of these compounds, from powders to thin films, and finally to single crystals. Thereis
then areview of the remarkable phase NapsCoO,, which is a charge-ordering insulator.
Later, the review concentrates on the threellayer phases, and finally comes to the
complex superconducting phases. There is an emphasis on compound fabrication and
crystal structure for the various phases. The related physical and chemical properties

will also bereviewed.

2.2. Two-layer Na,CoO,

2.2.1. Polycrystalline samples and physical properties

In March 2003, Takada et a. announced the discovery of superconductivity in a
compound in this family with two-dimensional CoO- layers [9]. They reported that by

using a chemica oxidation process (as shown in Fig. 2.1) from Na-;CoO,, a
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superconductor, Nay3CoO, - 1.3H,O with a T, of about 5 K, was obtained. This
discovery has generated enormous interest in the research community. Earlier interest
was focused on the understanding of the surprisingly high thermoelectric power of the

metallic conductor Na, ;CoO, [23, 24].
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Fig. 2.1. Sructural views of Nay,CoO, (left) and Na,CoO, - yH,O (right), where Na
and H,0 sites are partially occupied. Nay,CoO, was prepared by solid-state reaction
under oxygen gas flow. A fivefold excess of Br, with respect to the Na content was
dissolved in acetonitrile (CH3CN). A well pulverized powder of Nap7CoO. was
immersed in the Bro/CHsCN solution for 5 days to de-intercalate Na ions; then the
product was filtered, washed with CH3;CN and distilled water, and finally dried in

ambient atmosphere[9].
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Two-layer y-Na,CoO, has a hexagona structure with the space group symmetry of
P6s/mmc and lattice parameters a = b = 2.840 A and ¢ = 10.811A [7]. The in-plane
direction of the CoOs octahedron in CoO> aternates with the nearest CoO: layers, as

shown on the left of Fig. 2.1.

There have been extensive efforts to fabricate and precisely control the Na content for
polycrystalline samples [10, 25-33]. Based on the results of thermogravimetric (TG)
analysis on the phase formation, T. Motohashi et al. employed a “rapid heat-up” (RHU)
technique to heat the mixed raw materias to obtain Na,COs; samples with precisely

controlled Na contents by avoiding Na evaporation [27].

Samples of y-NaCoO, with precisely controlled Na content were obtained. In this
procedure, a powder mixture of NaeCOz and CozO4 in an appropriate ratio is put in an
Al,O3 crucible and directly placed in a furnace preheated to 700-900 °C to be fired for
12 h in air. Thetemperature is adjusted to correspond to the Na content, and in general,

powderswith higher sodium content need alower sintering temperature.

To obtain samples with Na contents lower than the as-grown NaxCoO», a chemical
de-intercalation method has usually been used. Utilizing one of the three oxidizing
agents: I, Br, [34], and NO,BF, [35], a Na-rich sample is immersed in an acetonitrile
(CH3CN) solution of the oxidant for one or several days with stirring at room
temperature, and the product is then washed severa times with CH3CN, and finally

15



dried. Karppinen et a. [37] demonstrated the results on oxygen non-stoichiometry and
the actual Co vaence in NaxCoO2.5. Low sodium content samples were de-intercalated
from 0.70 < x < 0.78 powder samples. It was found that the oxygen vacancies increase
as x decreases, until it finaly reaches the threshold value of 0.35. Their research
suggested that the oxygen non-stoichiometry parameter is the dominant influence on the

cobalt valence, rather than the x parameter in two-layer Na,CoO..

The electrochemical method aso can be used for intercalation of sodium from the
parent compounds of NaxCoO- bronze [25, 26, 38], while maintaining the parent crystal
structure in most cases. This method provides an easy way to approach large single
crystal samples. As Na,CoO, compounds are conductors, they are used as cathodes
during the intercalation or de-intercalation at room temperature. Discharge potentias
(2.0<V < 3.5V) have been used as a function of the composition. The electrochemical
intercalation of sodium in al these materials is reversible within their range of
existence. Since the electropositive metals can be easily changed in this material, the
electric properties and other properties can be chemically or eectrochemically tuned
over awide range, and this is one reason why Na,CoO, is attractive. The holes arising
from sodium non-stoichiometry during the de-intercalation process can be partly
compensated by electrons resulting from the oxygen non-stoichiometry [38], and this
agrees well with the results from chemical de-intercalation [37]. Both methods are

widely used in the fabrication of low sodium content Na,CoO, [39, 40].
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Another study [41] on the ab face of Na,CoO, (x = 0.79) presents interesting results.
When the sample was examined under a dry nitrogen flux by conducting probe atomic
force microscopy (CP-AFM), the surface conductivity and surface profile of NaxCoO2
could be reversibly modified by an electrochemical method. This has attracted further
interest in these compounds, because it indicates the potential of sodium cobaltate to be

used in nanoscal e rewritable media.

In 2004, Sakurai et al. [30, 31] synthesized powder samples of NaCoO2 (x = 0.70, 0.72,
0.74, 0.76, 0.78, 0.80, 0.82, and 0.84) by conventional solid state reaction from
stoichiometric mixtures of Na,CO3 (99.99%) and Co0;0,4 (99.9%) in flowing oxygen.
Samples were carefully characterized by X-ray diffraction analysis (XRD),
inductively-coupled plasma atomic emission spectroscopy (ICP-AES), and redox
titration. It was found that two-layer NaxCoQO; is formed only in the narrow range of
0.70 < x < 0.78. The magnetic properties strongly depend on the Na content. A sharp
peak at T, =16 K and an anomaly at T, = 9K, aswell asatransitionat T, =22 K and a
broad maximum a T, = 50 K were found for Nay7sCo0,. A type of weak
ferromagnetic trangtion seems to occur a Tk. The transition at Tc caused by spin
density wave formation was observed clearly for x > 0.74 with constant T and Tp
independent of x. Furthermore, a phase separation into Na-rich and Na-poor domains

occursfor x > 0.78.
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Fig. 2.2. The phase diagram of non-hydrated NaxCoO; [ 10].

By changing the Na content x, using a series of chemical reactions from x = 0.75, it has
been found that Na,CoO, exhibits metallic behaviour over a wide range (x < 0.75), but
an insulating state existsat x = 0.5 [10]. Asx increases from 0.3, the ground state goes
from a paramagnetic metal to a charge-ordered insulator (at x = 0.5) to a ‘Curie-Weiss
metal’ (X = 0.7), and finally to a weak-moment magnetically ordered state (x > 0.75).
The metallicity in the phase diagram of layered Na,CoO, is shown in Fig. 2.2. The
authors suggested that insulating behaviour is based on strong coupling between the
electronic charge carriers (holes) and the Na ions. Recently Wu et a. [36] refined the
magnetic phase diagram and proposed a magnetic structure for Naps5C00z, as shownin

Fig. 2.3.
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Fig. 2.3. The renewed magnetic phase diagram of NaxCoO,. 1-AF, antiferromagnetism

of Co*>>*’; AF, antiferromagnetism of Co>> % FM, ferromagnetism of Co®>>™; MM,

metamagnetism of Co®°™; SC, superconductivity; and SDW, spin density wave. The
open and filled circles stand for the ferromagnetic transition points for Nag5,CoO, and

Nag 55C00,, respectively. The inset figure shows the magnetic structure proposed for x

= 0.55 with field H//c plane[36].

Cui et al. [33] dudied the structure and transport properties of polycrystalline samples
of Na,CoO, (x = 0.52, 0.56, 0.6, 0.68, 0.72, 0.76, 0.8), where x represents the nominal
Na content. ICP-AES results confirmed that the ratio of Na to Co was in good
agreement with the nominal value, with minor increases for x = 0.68, 0.72, 0.76. With
increasing Na content, the in-plane lattice parameter a increases while lattice parameter
¢ decreases. The temperature dependence of the electrical resistivity shows that all the

samples remain metallic, and the resistivity reaches a minimum around x = 0.68. This
19



indicates that theinsulating phase (x = 0.5) exists only in avery narrow sodium range.
An electron diffraction study [29] revealed an extensive series of ordered Na ion-Na
vacancy superlattices which existed beyond the simple hexagonal average structure. The

superlattice was found in a Na, 71 CoO, sample (Fig.2.4).
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Fig. 2.4. Model for the Na planes of Nag.71C0oO» (left) and electron diffraction pattern of
Nag7:C0o0, (right). The Na planes at both z = 0 and z = 1/2 are given. Occupied Na
positions are given as black dots and Na vacancies by open circles. X indicates the
positions of the underlying Co atoms. On the right of each model, it is indicated whether

the Na atomsareat aNal or aNa2 site[29] .

“Na nuclear magnetic resonance (NMR) and superconducting quantum interference
device (SQUID) magnetometer studies on nominal 0.50 < x < 0.70 powder samples give
evidence for the order of the Naions and of the Co charges in the CoO, planes [32].

Although Co charge order did not occur in ref. 11, it is a mystery as to whether the Co
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charge order is an intrinsic property of the CoO, planes which governs ground state
properties and drives the Na ordering as a side effect, or conversely, has become an

extremely important step to understand the physics of sodium cobaltates.

2.2.2. Effectsof elemental doping

In order to investigate the thermoelectric properties and the electronic transport
properties of the cobalt oxide NaCoO, system, many researchers have focused on
doping effects [42-52]. Doping of akaline-earth metals into Na sites will change the
carrier concentration, and doping of transition metal into Co sites will change the
electronic spin state. The effects on the thermoel ectric properties of doped samples were
investigated by Yakabe et a. [44], who doped Na sites with 5 % Li, La, Ba, Ca, Mn,
Cu, and Ag. It was found that in akaline-earth metal doping, the effective carriers are
electron holes. The Ag doping improved the thermoelectric power but reduced the

resistivity, although this could not be explained by conventional band theory.

Y. G. Zhao's group [49-51] systematically studied the doping effects on Co sites, with <
5 % doping with Mn, Ti, and Ga A resistivity upturn was observed at low temperatures
for both Mn and Ti doped samples, while it does not appear in the Ga doped samples.
Early researches [46-48] reported tha an electrical upturn was aso observed in Ni

doped samples, while the upturn was absent in Cu doped samples. Pb doped samples
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showed improved thermoelectric properties [45] because Pb in Co sites increased the
charge carrier concentration by reducing the Co**/Co™ ratio. Low level doping with 3
% Mn on Co sites resulted in a metal-insulation transition at about 35 K [49]. This

differs from the resultson NaCo,.,Cu,O, [46].

Samples with higher Mn doping (> 4 %) [52] show an electrical resistivity upturn at low
temperature, which can be attributed to the scattering of conduction electrons by the
spin frustration. The resistivity, magnetoresistance, and specific heat can be fitted by p =
po+ar? +binT,M = Mg + a’ T? + b’ InT, and C/T =y + yT? + alnT, respectively. The
results suggest that the Mn doping on Co sites increases magnetic fluctuations in the

cobalt oxides, leading to possible quantum critical behaviour.

2.2.3. Thin film growth and physical properties

The Na,CoO, series have the ground states of a two-dimensional triangular lattice. For
the purposes of fundamental research and applications, many efforts have been focused
on the fabrication of Na,CoO, thin film with modulated sodium concentrations. Due to
the high vapour pressure of Na in these materials, the incongruent melting of NaCoO2,
and the complex relations between the film and the substrate, the epitaxial growth of
high-quality, single phase thin film is much more difficult than for ordinary materias,

even with no mention of controlling x.
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In 2005, Oht et al. reported the growth of epitaxial Na,CoO, thin film using reactive
solid-phase growth via lateral diffusion of sodium [53], the so-caled “reactive
solid-phase epitaxy (R-SPE) method”. Although the precise control of the sodium
content and related characterizations need to be improved, this work has opened the
door to achieving success. x = 0.68 and 0.75 thin films have been fabricated on sapphire
(0001) substrates via the lateral diffusion of sodium into Co04 (111) films by
pulsed-laser deposition (PLD) [54, 55]. Sodium contents were well controlled with a
capped-sandwich lateral diffusion scheme. The thin film quality is as decent as that of
single crystals. A Nayg3Co0, epitaxia thin film was prepared by the R-SPE method
[57]. The temperature-dependent photoemission has been studied on the as-grown film;
the results suggest that the large thermoelectric power at high temperatures should be
treated within the correlated hopping model. Son et a. [58] grew epitaxia thin films on
sapphire substrates by the PLD method. The deposition rate controlled the phase
structure. A p-phase thin film was grown at the low deposition rate of 0.02 A/pulse
using the eclipse method. When the deposition rate was increased, mixed f- and y-phase
was observed. At the high deposition rate of 0.2 A/pulse, single phase f-NagsCoO, thin
film was deposited in the island growth mode. The y-Nao.7CoO> thin film exhibits spiral
surface growth with highly crystallized texture compared to that of the f-NapsCoO» thin

film.

23



2.2.4. Single crystal growth and physical properties

2.2.4.1. Singlecrystal growth by the flux method

Large single crystals are required for measuring the thermoel ectric properties and other
anisotropic properties of these sorts of compounds. However, it is difficult to grow large
Na,CoO, crystals In 1997, Terasaki et a. first grew NaCo,0O, single crystals by the flux
method, with the largest size 1.5 x 1.5 x 0.01 mm?. Sincethen, the flux method has been

widely used in the single crystal growth of NaCoO» [59-67].

Fujita et al. [60, 61] studied the flux growth of two-layer »-NaCoO, and its
high-temperature thermoel ectric properties. Single crystals were grown from the molten
materials using NaCl as the flux. The starting materials were well mixed in the ratio of
NaCOs: C0304: NaCl =1:1: 7. The mixture was heated in an Al 203 crucible at 1223
K for 12 h in air and slowly cooled down to 1123 K at the rate of -0.5 K/h. This was
followed by washing away of the NaCl flux with pure water. The largest size of the
flaky resultant samples was about 5 x 3 x 0.05 mm?®; the typical size was 1.5 x.1.5 x
0.03 mm? (as shown on the left of Fig 2.5). These single crystals with metallic lustre
are thin in the c-axis direction and can be cleaved along the ab plane. Single crystals
grown by the same procedure were used in many studies [64-66]. The in-plane
resistivity and thermal conductivity of single crystal Na, ;CoO, were measured down to
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40 mK. A Fermi-liquid state at low temperature is characterized by the largest
Kadowaki-Woods ratio ever observed. Comparison with other materials suggests that
the giant electron-electron scattering is due to magnetic frustration or to the proximity
of a nearby magnetic quantum critical point [65]. Wang et al. [64] investigated the
electronic structure and charge for Na 7CoO, single crystals by means of an optical
spectroscopy probe. The in-plane optical conductivity spectra show two broad interband
transition peaks at 1.6 eV and 3.1 eV, and a weak mid-infrared peak at 0.4 €V. The

origin of the interband transitions and the low-frequency charge dynamics is aso

discussed in Ref. [64].

Fig. 2.5. An optical micrograph of a sample prepared by Fujita et al. (left) [61], and
typical Nap7CoO> single crystals packeted parallel to the ab plane (middle and right)

[69].

Single y-Nay 7C00, crystals can be grown from a higher flux ratio (Na: Co: NaCl =1 :
1 : 10) mixture by the same procedure [68]. The resultant hexagonal thin platelets with a

typical size of 3 x 3x 0.1 mm? seem have better morphology than the crystals grown
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from the lower flux ration (as shown on the right of Fig 2.5). When B,O; was used as
the flux with N&,COs : B20z =8 : 1[63], y-Nan.sCoO. single crystals were grown with a
typical size of 3x 3 x 0.1 mm®>. (The Na content isinaccurate, however, as otherwisethe

compound would be -phase.)

2.2.4.2. Single crystal growth by optical floating zone method

Solution growth by using NaCl (or B,Os) flux was performed, but that unfortunately led
only to thin crystals, where the NaCl flux wash in water will lead to non-stoichiometric
and possibly contaminated samples. This kind of crysta can't be used for
superconducting phase studies, for the compound can be partially decomposed during
the intercalation process, resulting in highly defective crystals containing Na-poor

phases.

Large and high quality single crystals of y-phase NaCoO» were grown by the
floating-zone technique in an image furnace [10, 52-60], and their chemical, thermal,
and structural behaviour, and their physical properties were carefully studied. The

details of crystal growth will be discussed in Chapter 3.
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Fig. 2.6. Typical Nayg,CoO, single crystal grown by the floating-zone technique in an

image furnace (@ 6 x 80 mm3).

Bayrakci et a. systematically studied the physical properties of high-quality single
crystals of Nayg,CoO, [69-73]. Susceptibility, specific heat, and muon spin rotation
measurements revealed bulk antiferromagnetism with Négl temperature Ty = 19.8+ 0.1
K and an ordered moment perpendicular to the CoO:2 layers. The susceptibility exhibits
a broad peak around 30 K, characteristic of two-dimensional antiferromagnetic
fluctuations. The magnetic order encompasses nearly 100 % of the crystal volume. The
in-plane resistivity is metallic at high temperatures and exhibits a minimum at Ty.
Anisotropic dc magnetic susceptibility and xSR measurements on the x = 0.82
composition both showed that the Co spins were oriented along the ¢ axis [69]. Neutron
scattering  measurements  demonstrated  that NapsCoO2  exhibits  A-type
antiferromagnetic order, and the corresponding spinwave dispersions were

characterised. The antiferromagnetism coexists with metallic conductivity. The in-plane
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and out-of-plane exchange constants resulting from a fit to a nearest-neighbour
Helsenberg model are similar in magnitude [73]. Spectral ellipsometry measurements
on a Napg2CoO, crystal demonstrated two prominent transitions as a function of
temperature [72]. The first one at 280 K involves marked changes of the electronic and
lattice responses that are indicative of charge ordering in the CoO, layers. The second

transition at Ty = 19.8 K reveal s sizabl e spin-charge coupling.

When the field was paradlel to the c-axis a metamagnetic transition from an
antiferromagnetic state to a quasiferromagnetic state was found at 8 T at low
temperatures for a Na = 0.85 single crystal sample, but when the field was
perpendicular to the c-axis, no transition was found below 14 T [74]. High-resolution
thermal expansion measurements on Nao.soCoOzsingle crystal revealed the continuous
behaviour of the paramagnetic-antiferromagnetic phase transition at Tw= 21.7 K, with
critical exponent & = 0.18. The thermal expansion was highly anisotropic [76]. Schulze
et a. [77] found a direct link between low temperature magnetism and high temperature
sodium order in Na = 0.8 and 0.85 single crystals. The impact of ordered Na" Coulomb
potential on the CoO> physics is evidenced opening new ways to experimentally revisit

the NaCoO2 phase diagram.
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2.2.5. Theoretical explanations

There have been many efforts to explain the novel physical properties found in y-phase
NaCoO; [78-83]. However, such basic issues as the low energy e ectronic structure and
the Fermi surface topology in the cobaltates have not been well understood [80].
Density functional calculations were used to study the doping dependence of the
electronic structure and magnetic properties in Na,CoO, for x = 0.3, 0.5, and 0.7, and a
weak itinerant ferromagnetic state is predicted for al doping levelsin the range x = 0.3
to x = 0.7, with competing but weaker itinerant antiferromagnetic solutions [78]. The
puzzle of the discrepancy between the angle resolved photoemission spectroscopy
(ARPES) results and the local density approximation (LDA) Fermi surfaces was
resolved by showing that the small ey Fermi surfaces in NaxCoO- are destroyed by Na
disorder [79]. In order to explain how strong correlations drive orbital polarization and
the band narrowing observed in ARPES, Zhou et al. [80] adopted a multiorbital
Hubbard model and obtained a quasipartide dispersion and a Fermi surface topology
that were in good agreement with experiments. The 3D Hubbard model calculation
results indicated that the spin fluctuations that give rise to superconductivity in
NacCo0O:, - yH20 and the 3D magnetism in non-hydrated Na,CoO- share the same origin
[82]. The unexpected experimental results showed that signatures of strong correlations
are present in the Na-rich regions of p-NaxCoO> and absent in the Napoor regions (x =

0.3), which can be explained by density functional theory and dynamical mean-field
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theory calculations. The Na potential was shown to be a key element in understanding

correlations in thisphase [83].

2.3. Charge ordered insulator Nay,sCo0,

2.3.1. Crystal structure of NagsCoO:>

NaosC00: is not a thermodynamically stable phase, but it is obtained from the parent
compounds y-NaxCoO: [6, 16, 87-95] or a-NaxCoO, [96] by a de-intercalation process,
as described in Section 2.2.1, and the resulting structures are determined by the
structures of the parent sodium cobaltates. In all the phases, sheets of edge-sharing
CoOg octahedra are interleaved by sodium ions. The stacking sequence of the oxygen

layers gives the number of sheets within a unit cell.

Neutron diffraction data [87] has shown that the average crystal structure of Nay sCoO;
at room temperature belongs to Space group Pmmn, with parameters: a = 5.6305 A, b =
11.1299 A, and ¢ = 4.8758 A. The structure undergoes several phase transitions below
100 K, and becomes a magnetically ordered insulator at low temperatures. The crysta
structure involves an ordering of the Naions into zigzag chains, which is confirmed by

semi-quantitative analysis of the electron diffraction data, as shown in Fig. 2.7.
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Fig. 2.7. The crystal structure of NapsCoO, obtained from y-NaxCoO, showing layers
of edge-shared CoOq octahedra and the triangular prismatic coordination of Na within

theintermediary layers [87].
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Planes with Na atoms

Fig. 2.8. [001] diffraction patterns of NapsCoO2: (a) pattern of commensurate
super structure was taken almost immediately expose to the electron beam, (b) pattern of
incommensurate superstructure was taken after exposure to the electron beam; (c)
diffraction pattern taken at about 100 K with extra reflections, such diffraction patterns
were only observed in a few areas. White arrows in (b) indicate the first and second
order superstructure reflections of the central spot and the 110 spot. (d) Model for the
Na planes of NagsC00,. Both the Na planeson z= 0 and z= 1/2 are given. Occupied
Na positions are shown as black dots and Na vacancies by open circles. X indicates the
positions of the underlying Co atoms. On the right of each model it is indicated whether

the Na atoms are at a Nal or a Na2 site[29] .
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An electron diffraction study [29] revealed an extensive series of ordered Na ion/Na
vacancy superlattices, which went beyond the simple hexagona average structure. The
clearest superlattice was found in NapsCoO, sample (Fig. 2.8), and it showed the
presence of lines of Na ions and vacancies rather than simply maximized Na-Na

Separations.

Fig. 29. The crystal structures of NaCoO, phases (x = 0.6, 0.5) derived from
threedayer NaCoO,. The smaller and larger black spheres represent Co and sodium

ions, respectively, while the grey spheres are the oxygen ions.

NaosCo0> derived from three-layer NaxCoO- [96] only has one octahedral layer (space

group C2/m), where the sodium ions are in trigonal prismatic coordination (see Fig.
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2.9). The unit cell parameters area = 4.8809(1) A, b = 2.81535(9) A, and ¢ = 5.7738(2)

A. B =105.546(2)°.

2.3.2. Magnetic gructure of NaysCo0,

The relationship between the ordering pattern of Co sites and that of Na ions is very
important for determining the electronic structures and the magnetic moments of Co
atoms. From the data taken from various methods (magnetic susceptibility, specific
heat, NMR, nuclear quadrupole resonance (NQR), and neutron scattering), Yokoi et al.
[93] found two now well-known transitions for NagsCoO, (as shown in Fig. 2.10).
Pseudo-gap-like behaviour was observed in this phase. The Co sites with the larger
quadrupole frequency, v, have larger magnetic moments. These moments align
antiferromagnetically at 87 K with their direction within the plane, while the Co sites
with smaller vo have smaller moments. They align in the direction parallel to the c axis.

The proposed magnetic structures for NapsCoO, are shown in Fig. 2.11.

From polarized and unpolarized neutron scattering measurements, the simplest
magnetic structure in single crystals of NagsCo0O, was proposed, as shown in Fig. 2.12
[16]. The solid circles represent ‘*non-ordered’” Co ions, and the open circles represent
magnetically ordered Co ions, where the arrows indicate the directions of the magnetic

moments. The shaded parallelogram outlines the magnetic unit cell.
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Fig. 2.10. Magnetic susceptibilities measured for a single crystal of NasCoO, with a
field of 1 T parallel and perpendicular to c. At 87 K, the anomaly is very small for H//c,
while the anomalies are significant at 53 K for directions of H that are both

perpendicular and paralld to the c-axis[93] .

Fig. 2.11. Magnetic structures proposed [93] for NapsCoO, are shown with ordered
pattern of Na atoms. The close relationship between the ordering patterns of the Na

atoms and the Co moments can be seen.
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Fig. 2.12. Mode of the spin arrangement in NaysCo0,. The two CoO, layers in the

magnetic unit cell are depicted, and, for clarity, only Co ions are shown [16].

The electronic structure [84] and optical spectra[85] of NapsCoO2 have been calculated
within the local density approximation (LDA). The results agree well with some
experimental data. Charge disproportionation (CD) and spin differentiation in
NaysCo0, were studied by the correlated band local density approximation + Hubbard
U (LDA + U) approach [ 86, 98], and valuable models have been proposed. The optical
conductivity in NapsCoO2 was calculated from the tight binding approximation [99].
The calculated gross features agree well with the experimental findings. Choy et a.
[100] demonstrated that at a filling factor of n = 1.5, a hexatic insulating state obtainsin
the extended Hubbard model on a triangular lattice. Their model is capable of
explaining the Hall coefficient both qualitatively and quantitatively. Neutron powder

diffraction was utilized to probe the crystal structure of layered Nay4sCoO, over the
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temperature range of 2 — 600 K [101]. They argued that changes in the Na (1)-O bond
lengths observed at the magnetic transition at 88 K reflect changesin the electronic state
of the CoO; layer [88]. Transport measurement on the x = 0.5 powder sample with
pressure up to 30 GPa demonstrated a paradoxical result [95]: with the pressure
increasing, the transition temperature at 53 K passes from an insulating to a metallic
state. J Y. Son [102] successfully grew NaysCoO, thin films on (001) sapphire
substrate by the PLD method. Epitaxia thin film with high crystallinity was obtained
from Na de-intercalation of epitaxial Nap7CoO, in a solution of iodine-dissolved
acetonitrile. The NaysCoO, thin film showed layer-by-layer growth closely following
an ideal step flow growth mode. The charge-ordered insulator property of Na sCoO,

thin film was confirmed by experiments.

2.3.3. Other physical properties of NagsCo0,

Raman scattering experiments have been performed on NaysCoO, single crystal as a
function of temperature (10 < T < 300 K), a structural instability and a metal—nsulator
transition have been observed [94]. Three additional phonon modes (at 414, 437, and
496 cm'l) were observed compared to samples with x = 0.82. Combined variable
temperature transmission electron microscopy and Raman scattering were used to
investigate the structural transformations [103]. Structural transitions in the temperature

range from 80 to 1000 K were directly identified, and the observed superstructures
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agree with the Na-ordering model. The Raman scattering measurements reveal ed phase
separation and a systematic evolution of the active modes along with phase transitions.
This work demonstrates that the combination of electron diffraction and Raman
spectroscopy measurements is an efficient method for studying the cation ordering and
phase transitions in related systems. The charge ordering in Na, sCoO, single crystal has

also been studied by infrared reflectivity [104].

Using high-resolution photoemission spectroscopy [105, 106], the electronic structures
of insulating cobaltates were systematically studied. It was found that the a4 band,
which forms a large hexagonal Fermi surface centred at the I(A) point, shows a
dispersion kink at a binding energy of approximately 100 meV [105]. Xia et a. [106]
found an insulator-like low-energy state with a weakly k-modulated gap due to

particle-holeinstability on the Fermi surface for NagsCoOs.

%9Co NMR studies have been performed in metallic NaysCoO, in the temperature range
of 350 — 100 K [107]. The NMR results, together with the susceptibility, indicate the
presence of Co®* ions with S= 0, as well as the magnetic Co™* ions. Ning et al. [108]
presented *Co NMR evidence for charge ordering below 51 K and evidence that the
insulating ground state of the itinerant antiferromagnet Nay sCoO, (T = 86 K) isinduced

by charge ordering.
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2.4. Unusual physical properties phase y'-Nap.7sC002

2.4.1. Crystal structure

Nay75C00, is a rather unusual metal. It is interesting because of its magnetic and
thermoelectric properties. Neutron scattering has revealed spin correlations which are
ferromagnetic in the ab plane and antiferromagnetic in the stack direction. Below about
22 K the compound is ordered in this way, with a small moment of about 0.2 ug per Co
atom. Photoemission spectroscopy (PES) has shown that there is a single large Fermi
surface (FS) in this latter concentration region [109, 110]. The Fermi surface measured
by photoemission is a cylinder around the stack axis. It has a complex crystal structure.
Quite early [21] research demonstrated a monoclinic distortion of the O3 phase, and
powder neutron diffraction data [88] indicated that there was a narrow two-phase region
with 31.1 % H1 type Nag7:Co0, (a = 2.8314 A, ¢ = 10.8756 A) and 68.9 % H2 type
Nay7Co0, (a = 2.84126 A, ¢ = 10.8144 A), but the Nay75C00, derived from
three-layer Na,CoO, [96] has a one-layer CoO, monaclinic cell with space group C2/m
(a=4.9043 A, b=28723 A, c =5.7789 A, g = 111.764°. In this review, | take an

average structure for this phase with amonoclinic cell, as shownin Fig. 2.13.
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Fig. 2.13. The crystal structures of Nag75C00, derived from three-layer NaCoO,. The
small and large black spheres represent Co and sodium ions, respectively, while the

grey spheres are the oxygen ions [96] .

2.4.2. Sodium pattern and magnetic structur e of Nag.7sCo0>

Long range sodium ordering has been reported, however, the ordering pattern of
Nay75C00, appears to be controversial [29, 111-113]. Up to now, no eectronic pattern
has been resolved. Thisis mainly because of the difficulty in accurately determining the
Na content and the sensitivity of sodium ordering to small variations in x or to the
synthesis method. Fig 2.14 shows the neutron diffraction results and the proposed
pattern of sodium ions in this most studied phase. Neutron diffraction shows Na" order
for x =0.75a T =150 K. Superlattice reflections form rings around hexagonal Bragg
reflections, and some higher-order harmonics are observed [111]. The Naion ordering
pattern proposed for x = 0.75 [113] indicates that sodium ions at Na(1) positions may

hop (arrows) onto unoccupied neighbouring Na(2) positions (solid triangles), but
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sodium ions at Na(2) positions (triangle centres) cannot. This is because edge-sharing
triangles cannot be occupied simultaneously. NMR data also suggest a similar selective

mobility in Nao7sCoO; [113].

- gy 5 -

ol b
o 28 Ak
= .
< G*-“I": o
2 _4 . -
5 T - :
§ 2 Bl e >
G . 4 - 1
= -AfE Sy

|

|
F

Fig. 2.14. Neutron diffraction results showing ordering of Na" (left [111]) and the Na

ion ordering pattern proposed for x = 0.75 (right)[ 113] .

Helme et a., using polarized and unpolarised neutron scattering measurements,
confirmed the ferromagnetic correlations within the CoO, layers and revealed
antiferromagnetic correlations perpendicular to the layers. Their results are consistent
with an A-type antiferromagnetic ordering. They estimate the interlayer and intralayer
exchange constants to be 12.2 + 0.5 meV and -6 £ 2 meV, respectively. The magnetic
fluctuations in Nap.75C00O2 were found to be highly three dimensional [114]. Fig. 2.15
shows that the simplest spin arrangement consistent with the observations is the A-type

antiferromagnet.
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Fig. 2.15. Left: The magnon dispersion of Nag7sCoO: paralld to the (00l) direction,
measured on IN8 at a temperature of 1.5 K. Right: The magnetic structure on which the
spin-wave model is based, showing the two exchange constants J,, and J., and the spin

directions[114] .

Later, they presented experimental results [115] that provide information on the spin
anisotropy and the magnetic structure of Na,CoO,. They reported low-energy neutron
inelastic scattering measurements of the magnetic excitations in the magneticaly
ordered phase of Nay75C00,. The energy spectra suggested the existence of two gaps
and can be well fitted by a spin-wave model. The in-plane anisotropy is the puzzling
feature of their work. The gap energies decrease with increasing temperatures, and both
gaps are found to have closed when the temperature exceeds the magnetic ordering

temperature, T, ~ 22 K.
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Fig. 2.16. (a) The ordered A-type antiferromagnetic structure in the a-c plane, with an
external magnetic field B applied parallé to the magnetic moments. (b) Above a critical
field B¢ the system undergoes a spin-flop transition to a phase with spins at an angle 6

tothecaxis[115].

First-principles calculations were used to analysis the exchange mechanisms of
Nao.7sC002 [116], and the results agree with the neutron results [117], favouring the
antiferromagnetic stacking of ferromagnetic planes. It was found that interplane
coupling to second neighbours plays an important role in the out-of-plane magnetism. It
was suggested that the exchange between the six next-nearest neighbours in adjacent

planes needs to be taken into account when doing calculations.

2.4.3. Crystal growth and physical property measurements

As detailed in 2.2, Nag7sCo0O2 samples were prepared by the RHU technique [27,

118-121], the flux method [122, 123], or the floating zone technique [124-129]. The
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optical floating zone (FZ) technique is the best way to prepare large crystals of
NaxCoO, for experiments where size is important, such as inelastic neutron scattering
and anisotropic property measurements. Prabhadran et a. [124] systematicaly
investigated the growth of Na,CoO, single crystals by this technique. It was found that
the oxygen annealing will change the magnetic properties of the material, especially at
low temperature. Na loss during the growth was reduced by using a high-pressure
growth atmosphere. They concl uded that there is an optimum OJ/Ar ratio near 4 : 1 for
good crystal quality and minimum CozOs impurity content. High quality large single
crystals aso can be obtained by using the FZ technique under a low oxygen atmosphere

[125-129].

Early research [27] found a simultaneous enhancement of the thermopower with
reduced resistivity in Nap7sCo0O», with S reaching a high value of 120 uV/K at 300 K.
There are five Raman active phonons with positions around 195 cm™ (Eqg), 482 cm™,
522 cmt, 616 cmi* (3E,,), and 663 cm™ (Ayg) that appear in x = 0.75 sodium cobaltate.
The Raman spectra change aong with the intercalation of H,O and changes in the

superconducting properties[123].

A sudy on polycrystalline samples [119] found a magnetic transition of the second
order at 22 K. All the measurement results indicated that this unusua €electronic state
may be attributed to the strongly correlated electrons in Na75C00,. The p'SR

spectroscopy indicated that this magnetic transition was an intrinsic change in the

44



magnetism of the sample [120]. Magnetic susceptibility, resistivity, magnetoresistance,
and heat capacity measurements on single crystals of Nag.75C00; indicated a bulk phase
transition at 22 K. These data are consistent with the formation of an antiferromagnetic
spin-density-wave (SDW) at 22 K, with the easy axis for magnetization along the c axis.
The SDW transition in this compound is found to be sensitive to the preparation

conditions, and no SDW transition was observed in polycrystalline powder [125, 126].

The crystal samples exhibit a sharp first-order phase transition at 340 K. M.-H. Wangbo
and D. Da [128] proposed the use of a modified Curie-Weiss law to analyse the
magnetic susceptibilities of Nay 75 CoO,, and their study showed that the low-spin Co*
(S = 1/2) ions were responsible for the anisotropic magnetic properties of Nay75Co0O,
and suggested that the six nearest-neighbor Co®" ions of each Co*" ion had adopted the
intermediate-spin electron configuration. This proposal resolved the conflict between
the magnetic structure derived from neutron scattering studies below 22 K and that
deduced from magnetic susceptibility measurements between 50 and 300 K. Ga or Mn
doping studies found that Ga doping increases the electronic resistivity of Nag75C00,,

while 5 % Mn doping causes a metal-insulator transition at low temperature[51].

2.5. Threedayer Na,CoO,
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2.5.1. Crystal structure

Compared with the widely studied aforementioned phases of NaxCoO, there has only
been little research focus on three layer sodium cobaltates. The research has been
hampered by difficulties in single crystal growth, as well as by phase separation effects
for high Na content samples [6]. Some physical properties are even decided by the
sample preparation process. For instance, no superconductivity has been found in
sodium cobalt oxyhydrates obtained from a parent polycrystaline sample of
S-NaosCo02[130], but sodium cobalt oxyhydrates obtained from both single crystal and
powder samples of -Nao.sCoO, have shown superconductivity with aT. of about 4-5 K

[131, 132].

In three-layer structured NaCoOy, crystallographic studies have been reported for x = 1
(single crystals [133], polycrystalline powder [136]), X = 0.92 (polycrystalline powder)
[96], and x = 0.60[130], 0.61 [134], and 0.67 [135] (polycrystaline powder). At x =1
and 0.92, the reported three-layer structure istrigonal (R-3mwith a= 2.889 A and ¢ =
15.60 A), and at x = 0.6, the reported structure is also trigonal (R-3mwith a = 2.8256(4)
A and c = 16.466(2) A), while at x = 0.61, the crystal structure is two-layer hexagonal
(P6s/mme, with a = 2.83287(2) A, ¢ = 10.8969(1) A). However, at x = 0.67, the crystal
structure is single-layer monoclinic (C2/m, with a = 4.9023(4) A, b =2.8280(2) A, ¢ =

5.7198(6) A, and 5 = 105.964°). The three-layer structure is shown in Fig.2.17, where
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the unit cell is defined by three CoO, identically orientated planesin an ACBACB [96]

or ABCABC [130] hexagonal stacking arrangement.

Fig. 2.17. Left [96]: The crystal structure of Nagg,CoO,. Smaller and larger black
spheres represent Co and sodium ions, respectively, while the grey spheres are the

oxygen ions. Right [ 130]: The crystal structure of Nag¢CoO..

2.5.2. Sodium ion ordering and magnetic state

The strong correlation between the Na vacancies and the doped holes clearly determines

the electronic and magnetic properties of the sodium cobaltates [111]. Sodium ions
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between the CoO, layers play an important role for the understanding of the magnetic
properties and electronic structure in three-layer NaxCoO». Both the f- and a-phases
have sodium ion ordering in different patterns. Zandbergen et a. [29] studied the Na
ordering by electron diffraction, and two types of [001] diffraction patterns were
observed for Naye,CoO,. Both show incommensurate superstructure reflections, but
they differ in () not showing and (b) showing the presence of reflections at 1/2,0,0 and
similar positions. Some of these reflections are circled in (b). The incommensurate

vectors g1 and gz, which are of equal length and make an angle of 3.6° with the [11-20]

and [1210] directions are indicated with white arrows in (a).

Fig. 2.18. (a) and (b) show the two [001] diffraction patterns observed for NageCoO,
[29]. The arrows indicate the incommensurate vectors g: and g2 in (a), and the circles

indicate the extra reflectionsin (b).
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The nature of the underlying magnetic state is still debated. Bernhard et a. [137]
studied NaxCoO» (0.78 < x < 0.97) by muon spin rotation. They proposed that the
intrinsically inhomogeneous magnetic state can be described in terms of hole-doping
(Na vacancy) induced magnetic clusters. However, this state cannot be discussed in

terms of chemical inhomogeneity or of impurity phases.

2.5.3. Sample preparation and physical properties

The sample preparation method strongly impacts on the structure and physical
properties. f-NayC00O, synthesized by a solid state reaction of Na,CO3; and Co30, at
610 °C for 3 days is a three-layer structured powder, and the derived cobalt oxyhydrate
has no superconductivity [130]. When using the RHU method with same starting
materials, the powder has a two-layer structure, and the derived oxyhydrate shows
superconductivity at 4.5 K [131]. When -NaosCoO: is prepared by conventional solid
state reaction using Co and anhydrous NaOH as starting materials, followed by 5 days
of heating at 550 °C, the powder has a monoclinic structure, and the derived oxyhydrate

has superconductivity at 3.7 K [132].

Small -Nags7Co0> single crystals (1.5 x 1.5 x 0.01 mm3) can be grown from a NaCl
flux, where the NaCl ismixed inamolar ratioNa: Co: NaCl =1: 1: 7. The mixtureis

then fired at 950 °Cfor 12 h and then slowly cooled down to 850°C [138]. a-NgCO,
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single crystals a'so can be grown from a NaCl flux with a molar ratio Na: Co: NaCl =
1:1:40r1:1:5[139, 133]. Bigger single crystals of Na.CoO> were grown by a flux
technique [141, 63] using N&COs and CosOs powders as the starting materials. A
mixture of NaCl, Na,COs, and B,O; was used as the flux. The typical dimensionsof the
obtained Nag 4Co0O, crystal were 3 x 3 x 0.1 mm?3, while those of Nay¢Co0, were 6 X 6
x 0.1 mm?>. Investigation [140] on an as-grown NaygCoO, crystal indicated a transition
from a paramagnetic to an incommensurate spin-density wave state (IC-SDW) at 19 K
and suggested that the oscillating moments of the IC-SDW are directed along the ¢ axis.
The NaysCo0, crystal is paramagnetic down to 1.8 K, and the magnitude of the
electronic specific-heat parameter indicates that Na.CoO, is unlikely to be a typical

strongly correlated electron system.

The growth of large f-NaCO:> single crystals till remains a big challenge for the
researcher, even using the FZ method, and only poor quality ingots, including mixtures
of Napoor phase, f-Na,CO,, and Cos0O, can be obtained [142]. High quality large
single crystals of a-Na,CO, can be grown by the FZ method [143]. For the a-Na,CoO,
single crystal with x = 1, crystallographic, magnetic, and NMR measurements indicated
that the stoichiometric NayCoO, was a non-magnetic insulator, as expected for
homogeneous planes of Co®* ionswith S=0. Because of adlight average Na deficiency,
phase separation led to a segregation of Na vacancies into the well-defined, magnetic,
NaygC00, phase [12]. With x < 0.97, no detectable phase segregation was found [137,

143]. The cobalt spin susceptibility corresponding to NayCoO, phase was measured
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using Na NMR. It was found to be almost zero, in agreement with the low-spin 3+
charge state of all the cobalt atoms. This single state of Co ions in CoO2 planes was
confirmed by *Co NMR, giving evidence of a single non-magnetic Co® state in
N&,CoO, [11]. The phonon properties of the insulating phase of N&CoO, were
systematically studied by theoretical calculations [144] For the Ni doped Nay sCo0O,, it
was found that thermoelectric efficiency is enhanced upon nickel substitution in the

sodium cobaltate [145].

Single phase thin films of Na,CoO, have been grown by Krochenberger et al. [146],
using pulsed laser deposition. The NayssCoO, film grown on SrTiO; (100) substrate
maintained its metallic behaviour down to 4.2 K. Later, Na,CoO, (x = 0.51, 0.54, and
0.59) thin films with c-axis texture down to the substrates were grown. The substrates
were SITiOz (100) with a 5° vicinal cut towards [010]. An unusua large resistivity
anisotropy ratio pdp, 0f 680 has been found in x = 0.54 films, thus making it possible to
develop a strategy for the fabrication of NgaCoO, based thermoelectric thin film

devices.
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2.6. Na,CoO, - yH,0 superconductor

2.6.1. Crystal structure

Motivated by the discovery of superconductivity in two-dimensional CoO: layers [9],
many efforts have been made to investigate the structural details of the water
intercalated superconductor Na,CoO, - yH,O, for an understanding of the crystal
structure is fundamental to interpreting the physical and chemical properties.

The crystal structure of superconducting NaxCoO2 - yH.O differs from the parent
material’s crystal structure, and the structural details differ from the model for structure
refinement. Even different data (XRD data or neutron data) for refinement may result in
differences in the structural details. In general, superconducting Na,CoO, - yH,O
derived from y-Na,CoO, and p-Na,CoO, has a hexagonal P6s/mmc space group
structure (No. 194), while that from a-NaxCoO: has a trigonal R-3m space group
structure (No. 166). All superconducting phases have two layers of H.O/D.O between
the CoO, layers. The crystallographic symmetry does not change during the Na
de-intercalaion and H,0 intercalation processes. The small differences in the unit cell
parameters shown in Table 2.1 may come from errors in the Na and H,O content

determination.
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Table 2.1. Structure details and unit cell parameters of Na,CoO, - yH,0 at room

temperature.
Parent B [134] v [9] v [148] v [149] a [150]
phase
Space group | P63/mmc P63/mmc P63/mmc P63/mmc R-3m
Datasource | Neutron XRD neutron XRD XRD
Co site 2a 2a 2a 2a 3b
Osite 4f 4f 4f 4f 6c
M1 site 6h(Na) 2d(Na) 2b(Na) 4e(Na/H,0) | 6¢(Na/H,0)
M2 site 2b(Na) 2b(Na) 2c(Na) 2d(Na)
W1site 241(D,0) 12k(H,0) 12k(D,0) 12k(H,0) 18h(H,0)
W2 site 241(D,0) | 12k(H,0) | 12k(D,0) | 12k(H,0) | 18h(H,0)
a(A) 2.81693(5) |2.8230(2) |2.8232(1) |2.81693(5) |2.8231(9)
b(A) 19.6449(6) | 19.6207(14) | 19.530(1) 19.6449(6) | 29.506(7)

Takada et d. systematically studied the oxidation state of cobalt in the Na,CoO, - yH,O
superconductors [15, 149-151], and it was found that the oxidation number of cobalt is
about 3.46, which is significantly lower than the value (3.64) deduced from the Na to
Co stoichiometry ratio, X. This may be explained by the presence of an oxygen
deficiency or excess protons. They also found that the Na content decreased during the

water intercalation process, Raman spectroscopy indicated that the ingoing species
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substituting for the Nal ion is the H;O" ion, therefore, the reaction corresponding to the

water intercal ation should be as follows:

Nag 406C00, + (0140 + n) H,O—

N 30.337(H 30)0.070C002'nH 20 +10.070 N a+ +10.070 OH"

NaxCoO; aso experienced reductive insertion of HsO" ions according to the following

reaction:

N&g 337(H30)0.070C00,-nH,0 + 0.246H,0 —

N30.337(H 30)0.234C002'nH 20 + 0.041 02

Although it is not clear whether the reactions occurred sequentialy or simultaneously,
they modified the refinement structure model by the occupation of the M sites not only

by Na" ions, but also by oxonium (H;O") ions.

The two typical superconductor structures are given in Fig. 2.19. The figure in the
middle shows the D20 ice structure [129]. For comparison, the small figure between
these two structures shows the ice molecule superimposed on the water block in the
structure of the superconducting phase, demonstrating that the dimensions of the water

block are close to those found in free ice. The crysta structure of the a-NaCoO,



derived superconductor (R-3m) is shownin the right figure. The stacking sequence of O

atoms are represented by A, B, and C, which denote their positionsin cells.
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Fig. 2.19. Sructural models [148] for the Na,CoO, - 1.4(D, /H,O) superconductor:
Left: P6s/mmc structure of the y-Na,CoO, derived superconductor. The figure in the
middle shows the D,O ice structure [153]. The figure on the right shows the crystal

structure of the a-NaxCoO- derived superconductor (R-3m) [150] .

In contrast to the well known fact that the parent materials only show a significant
expansion along the c-axis with increasing temperature, the unit cell parameters for the
P6s/mmc superconductor show expansion in both the a- and c-axis parameters with
increasing T [ 148, 149].
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2.6.2. Superconducting phase diagram

The dependence of the superconducting T. on the degree of eectronic band filling is
one of the most fundamental issues. It was found that there is an optima T, which
occurs in a narrow range of Na concentrations (and therefore electron concentrations)
[152], for two-layer derived superconductors. As shown in Fig. 2.20, the single phase
sample with sodium content of x ~ 0.30 displays the highest T at 4.3 K, while the

overdoped or underdoped samples show lower T..

Milne et al. [14] revised the diagram, both in terms of Na content x and the Co valence
state, as shown in Fig.2.21. They found that their results were consistent with a report
[151] that intercalation of H3O" ions into NaCoO, occurred, together with water,
indicating that Na substoichiometry alone does not control the electronic doping of
these materials. In their superconducting phase diagram, the optimal T is within a Co
valence range of 3.24-3.35. The critica role of dimensionality in achieving
superconductivity differs only in the interlayer spacing. However, the maximum T
occurs near the average cobalt oxidation state of +3.5, when considering only Na

control of the electronic doping [155, 163].
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samples as deter mined from measurements of the Na content and the Co oxidation state.

Dashed lines are only guidesto the eye[14] .

Superconductors derived from o-phase are less stable in laboratory air at ambient
temperature compared with those from y-phase [154]. Both a- and f-Na,Co0O, - 1.3H,0
have lower superconducting T, values at 4.2 and 4.3 K, respectively. D,0O intercalation
in either a- or f-NaCoO, - 1.3H,O also yields dlightly lower Tc at about 0.2 K

[131,132].

2.7.3. Sample preparation and physical properties

When the Na de-intercalated samples (x = 0.22-0.45) are immersed in deionized water
or kept in 100% relative humidity atmosphere at room temperature, the superconducting
phase begin to appear. Single phase powder samples normally need 3—7 days to achieve
this [14, 151-155]. Large single crystals are very hard to obtain, because during the
water intercalation process, the c-axis parameter doubles. This large increase in
thickness aong the c-axis is visible to the naked eye, and the morphology exhibits

layered cracks perpendicular to the c-axis [142].

Na,Co0O, - 1.3H,0 superconductor isin a metastable state [156]. It exhibits a systematic

variation of T, as afunction of time. Immediately after synthesis, this compound is not a
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superconductor, even though it contains appropriate amounts of Na™ and H,O. The
samples become superconducting with low T after about 90 h. T continually increases
until it reaches a maximum value after about 260 h. Then T. drops drastically, and the
sample becomes non-superconducting approximately 100 h later [155]. It needs more
than one day to show superconductivity in a 75% relative humidity atmosphere, and
reaches the maximum T, after about 7 days. T and the superconducting volume fraction
are amost invariant between 7 days and 1 month’s duration [157]. The research
revealed that the two O-H covalent bonds in Nap3CoO> - 1.3H20 superconductor differ
in strength by about 18 % [158]. Superconducting epitaxia thin films of Na;3CoO, -
1.3D,0 grown by pulsed laser deposition technique have been reported. This provides

an additional path for experimental research and future applications [159].

Nuclear quadrupole resonance (NQR) studies found that a low T, sample has a larger
residual density of states (DOS) in the superconducting state and a smaller increase of
UT,T (1T, isthe spin-lattice relaxation rate)just above T, than a high T, sample. Thisis
seemingly associated with the two dimensionality of the CoO, plane, which is
considered to be one of the most important factors for the occurrence of

superconductivity [160].

T, decreases with increasing pressure at an average rate of -0.49 + 0.09 K/GPa up to
2.36 GPa The decreasing T behavior in different pressure regions indicates that the

electronic and magnetic states of Co are primarily responsible for the superconductivity
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[161]. Measurements of the pressure dependence of T, (up to 1.6 GPa) also support the

assumption of two-dimensional superconductivity in these materials[162].

M agnetic research on Nay3C0o0, - y1.3D,0 revealed that the superconducting phase has
a larger susceptibility than Nay3CoO, and a higher degree of anisotropy for in- and
out-of-plane [127]. The inplane anisotropy of magnetic fluctuations in Na,CoO, -
y1.3D.O were determined by Michioka et al., and they suggested that there was a

change in the electronic state in the CoO> plane around 150 K [164].

A *Co Knigt shift measurement indicated that the electron pairing in the
superconducting state is in the spin singlet form [165]. The electron momentum
distribution in bulk NaxCoO: - y1.3H>O superconductor, measured by x-ray Compton
scattering, gives evidence that the small eliptically shaped pockets predicted to be the

electronically dominant Fermi surface sheet do exist [166].

Raman spectroscopy studies [123, 167, 168] have shown a broad electronic continuum,
with a pronounced peak at around 100 cm* and a cut-off at approximately 600 cm™.

Since the discovery of this superconductor, considerable theoretical work has been done
on this materia [169-177]. The superconductivity of NaCoO, - y1.3H,0O is often
assumed to be unconventional, in that the Cooper pairs are not in a spin singlet state
with ss-wave symmetry. There are number of proposals [174-177] for the pairing

symmetry, but still no solid evidence for any particular pairing state up to now. I. I.
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Mazin and M. D. Johannes [177] based their conclusions on 3 criteria used to test each
of the 25 symmetry-allowed pairing states. These are (1) two-dimensionality [137, 161,
162]; (2) absence of a finite superconducting gap [179]; and (3) absence of
superconductivity-induced spontaneous magnetic moments below the critica
temperature T, [177]. Surprisingly, the possible pairings have f-wave symmetry, which
contradicts many experimental results. The experimental reports are often contradictory,
however. For instance, *°Co nuclear guadrupole resonance measurements suggest
non-s-wave superconductivity [178], but Mn doping effects studied by X-ray absorption
spectroscopy indicates the coexistence of s-wave superconductivity in this material
[179]. *°Co NMR and NQR studies [ 180, 181] strongly suggest that the superconducting

state of Na,CoO, - y1.3H,0 is ad-wave state.
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Chapter 3 Two-layer sodium cobaltates. crystal growth,

structure, melting behavior, and electrical properties

3.1. Introduction

It is of particular interest that the Na,CoO, compounds can be transformed into a
superconductor with water moleculesintercalated between the CoO; layers [9, 24, 152],
as the observation of superconductivity in a transition metal oxide is a rare and
exceptional phenomenon. Great efforts have been made to study the mechanism of
superconductivity and the magnetic susceptibility, and to investigate basic properties,
such as specific heat and electronic anisotropy [71, 162, 182-184], but even these are far
from being understood. To obtain superconductivity in the compound, a controlled
doping level or a particular ratio of Co**/Co™ has to be achieved, and the intercalated
water should aso be considered as an important parameter. Although neutron and X-ray
powder diffraction (XRD) were used to determine the crystal structure and the
arrangement of water molecules in the sodium layer [131, 134, 148], it israther difficult
to fix thelocal coordination of the water molecules. Furthermore, the intercal ated water
in the crystal is extremely unstable; hence, the accurate characterization of the
compound becomes another problem to be solved [ 70, 138, 156, 185]. Several models
have been proposed [134, 148] to interpret the structure of the compound. There are
several plausible scenarios of unconventional, non-phonon superconductivity in
Nao3Co0, - yH20, and it is expected that the water coordination also affects the

electronic properties of the CoO, planes. Moreover, the hydrated compound is
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extremely unstable under ambient conditions [156, 182] or at €levated temperatures, and
it exhibits several phases with different y vdues on dehydration. Therefore, the
availability of single crystals is important, since they allow an accurate characterization
of the compound with respect to its physical, chemical, electrical, and thermal

properties.

When growing NaCoO- single crystals, considerable difficulties appear on account of
the high Na,O vapor pressure, which increases exponentially from 10> to 102 Torr
with heating to temperatures between 500 and 800°C, followed by a noticeable
evaporation. Therefore ceramic powders were synthesized using additional Na,CoO; to
compensate for the Na loss during heating [138, 156], or a “rapid heat-up” technique
was used [27] to avoid the formation of a non-stoichiometric compound. Solution
growth using NaCl flux [60] was performed, but unfortunately, that led only to thin
crystals (< 0.03 mm) or to non-stoichiometric and possibly contaminated samples. To
obtain the superconducting phase, the crystal must be hydrated by chemical oxidation
[9]. The compound can be partially decomposed during the oxidation process, leading

to highly defective crystals containing Na-poor phases.

In this chapter, | present the floating zone (FZ) method for growing Na,CoO, with

varying Na content. Investigations of the resultant chemical and thermal properties,

crystal structures, thermoel ectricity, and superconductivity are discussed.

63



3.2. Experiment

Single crystals were grown in an optica floating zone furnace (Crystal System
Incorporation, Japan) with 4 x 300 W halogen lamps instaled as infrared radiation
sources. Starting feed and seed materias were prepared from NaxCoz and CozO4 of 99.9
% purity, with the nominal composition of Na,Co0O,, where x = 0.50, 0.60, 0.70, 0.75,
0.80, 0.85, and 0.90, respectively. Well-mixed powders were loaded into aumina
crucibles, heated to 750°C, and kept at that temperature for one day. The heated
powders were reground and calcined at 850°C for another day. They were then shaped
into cylindrical bars about 6 mm in diameter and 100 mm long by pressing a an
isostatic pressure of ~ 70 Mpa and then sintering at 850°C for 1 day in flowing oxygen

to form thefeed rods.

Each sintered feed rod was pre-melted with a mirror scanning velocity of 27 mm/h,
while traveling the upper and lower shafts to densify the feed rod. After pre-melting, the
~ 20 mm long rod was cut and used as the first seed, and thereafter the grown crystal
was used as the seed. The feed rod and the growing crystal were rotated at 15-30 rpm in
opposite directions. In an attempt to reduce the volatilization of Na and obtain large and
stoichiometric crystals, | applied traveling rates of 1-2 mm/h under pure oxygen flow of
200 ml/min throughout the growing procedure. The initial growth compositions together

with the analyzed crystal data are given in Table 3.1.



To obtain superconductivity, the Na was partly extracted by placing crystals in a 6.6
mol Bro/CHZCN solution for 100 h and then washing them out with H2O or DO
solution [9]. Alternatively, the electrochemica technique was aso applied, using an
aqueous solution of NaOH as an electrolyte to partialy extract the Na [89]. This
technique needs a longer time for de-intercalation, and the resulting superconducting

transitions are generally sharper.

Table 3.1. Possible co-existent phases in the Na,CoO, single crystals and their
crystallographic data.

Sample | Feed  rod | Comments Crysta Lattice Lattice

no. composition | (phases, formula parameters a | parameters b
impurities) (A) (A)

A Nas50Co0, | Napoor phase, | Nas5Co0, | - -
Co304

B Nav.60CoO, | Na-poor-, B | Nap.soCoO; | 2.819(3) 11.111(8)
phase, Co304

C NaesCoOz | 6-, B-phase, | NanssCoO, | 2.828(5) 10.921(2)
Co30O4

D N&70Co0, | é-, B-phase, | Nay75C0o0, | 2.842(5) 10.814(7)
Co304

E Na7Co0, | é-, y-phase, | Nay7,Co0, | 2.843(6) 10.808(5)
C0304

F Na.soCo0Oz | a-,a-phase, Nap.s7Co0, | 2.841(4) 10.839(5)
Co30O4

G Na&gCoO, | y-phase, Co04 | Ng73Co0, | 2.843(0) 10.817(0)

H Na.ooCoO, | a-,a-phase, Na.s2Co0, | 2.841(9) 10.820(7)
Co30O4

G-phase: x = 0.75; B-phase: 0.60 > x > 0.55; y-phase: 0.74> x > 0.55; (0.75 < x <0.90):
a + & phases ; (0.60 < x < 0.75): a-phase + NaosCoO, [186].

Thermogravimetric and differential thermal analysis (TG-DTA) was performed to study

the melting behavior, as well as the time and temperature dependence of the water loss
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in the compound. Single crystal XRD measurements were carried out with an x-ray
diffractometer (Philips PW 1710) using Cu Ka radiation, a scanning rate of 0.02° per
second, and 6 — 20 scans from 5° to 90°. The lattice parameters obtained from XRD data
were refined using the commercial program PowderCell. The chemical composition was
determined by energy dispersive x-ray spectroscopy (EDX), including microanalysis.
The as-grown crystals were cleaved parallel to the a-axis, and the composition of Na

and Co was determined across the cleaved section.

3.3. Results and discussion

3.3.1. Médlting behavior of two-layer NaxCoO:>

The melting behavior of a Nan7CoO: crystal was investigated by DTA-TG
measurements and with a high temperature optical microscope. A small single crystal
was placed in a Pt crucible and then heated in the DTA-TG apparatus (NETZSCH
STA-449C) at 7.5 °C/min up to 1200-1250°C in flowing oxygen. Two peaks with onset
T1=1035°C and T>= 1092°C on the DTA curve correlate very well with the weight loss
observed by TG, as shown in Figs 3.1(a) and 3.2(b), respectively. No weight changes

were observed below 980°C.
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Fig. 3.1. DTA-TG analysis by melting single crystalline Nay ;CoO,, with heating at 7.5
°C/min up to 1200-1250°C in flowing oxygen. T, = 1035°C, T,= 1092°C. (a) The
melting behavior of the compound, and (b) the temperature dependence of the weight

|oss.

A high temperature optical microscope study of the crystal reveads that the liquid phase
appears at T, = 1035°C, but the solid phase (crystal) still remains up to T,= 1092 °C, so

that there is a coexistence of solid and liquid phases. The investigations indicate that
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therma decomposition of Nay;CoO, is accompanied by a weight loss down to 96.2
wt% and the compound decomposes into a sodium-rich liquid and a cobalt-rich solid

phase[186, 187], assuming that the chemical reaction of the melt proceeds as follows:

Na,CoO,—> CoO +liquid (Narich) + XO, — (T>1100°C) — > [Na,CoO, ¢ *

* = homogeneous melt.

The dissolution of CoO occurs in the Narich melt by taking up oxygen from the
environment. Thus, it results in an increase of weight, because the oxidation state of

cobalt is significantly higher in the melt, i.e., Co™’

, according to the chemical reaction
equation shown above. A sharp weight loss down to 95.5 wt% occurs at T,= 1092°C,
and the melt starts to become homogeneous and stable. A nearly constant weight of
95.5-94.9 wt% is obtained in the temperature range of 1120-1200°C, where the melt
becomes homogeneous. A monotonic weight loss in the melt may occur under constant

heating. Evidently, the melting behavior described so far indicates that the compound

melts incongruently.

3.3.2. Crystal growth, morphology, and composition

When sintering Na,CoO, at high temperatures, the decomposition of Na,O can cause
weight loss and lead to an inhomogeneous compound. During growth, a white powder

consisting of NaO is observed to volatilize and be deposited on the inner wall of the

68



quartz tube. From weighing, atotal weight loss of ~6 wt% is estimated. Thisvaueisin
agreement with the data shown in Fig. 3.1(b), neglecting the tiny loss of oxygen caused
by the change in the cobalt valence state. The main loss of N&O is found during the
pre-melting procedure and is estimated to be ~5 wt%. This is probably caused by
incompletely reacted NaO when the mixtures are calcined and sintered prior to

pre-melting. An additional ~1 wt% loss is estimated after the crystal growth.
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Fig. 3.2. Typical NapgCoO2 (upper) and Nap75C0o0O, (lower) single crystal ingots

obtained by the optical floating zone technique.

Large single crystals of NaCoO, were obtained with variable Na content, using a

growth rate of 2 mm/h in flowing oxygen atmosphere. During growth, it has been
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observed that the molten zone was stable and that it was easy to form the é-phase of
NaxCoO, with sodium content x = 0.75, while it was hard to grow the f-phase with x =
0.55 and 0.60, and y-phase with x = 0.65 and 0.70. EDX (energy dispersive X-ray
anaysis) results indicated that as-grown Na,CoO, with the lower sodium content of x =
0.65 consists of multi-phases such as Na,O, Co;0,4, and Na-poor phases. Co-existent
phases and inhomogeneous composition are always observed in the compounds with

initial x =0.70, 0.80, and 0.82, aslisted in Table 3.1.

Fig. 3.2 shows typical as-grown crystal ingots of Nay &,CoO, and Nay 75C00,. The XRD

00l diffraction patterns indicate nearly pure phases of both y- and &-Na,CoO, crystals,

asshowninFig. 3.3.
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Fig. 3.3. 001 XRD patterns showing pure y-phase Nap.s2CoO:> (upper panel) and y-phase

Nag75C00, (lower panel). The split peaks are CuKa; and CuKa, for the higher and

lower intensity, respectively.

Both crystals were identified to have a hexagona structure with two sheets (prismatic,

P2) of edge-shared CoOs octahedra in a unit cell for the y- and d-phase, respectively.

The lattice parameters and cell volumes were determined by least squares refinement of

the XRD data and correspond to the space group P6s/mmc (P2), respectively. The

crystallographic data are given in Table 3.1.
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Fig. 3.4. Two halves of an as-grown crystal ingot with a cleaved 001 surface: (a)
As-cleaved half ingot of Nap7CoO,, showing CoO: inclusions gathered at the growth
boundary (b) The other half of the ingot transformed to Nap3CoO- - yH>O, showing the
removal of the CoO, inclusions after de-intercalation followed by hydration. (c) The

enlarged CoO, inclusions.
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Fig. 3.4(a) displays one-half of an ingot showing crystal platelets with the 00l face of
several cm? areas cleaved from the ingot with a sharp scalpel. Fig. 3.4(b) shows the
other half after water intercalation. Crystal grains were found to grow preferentially

along the a crystallographic axis, parallel to the rod axis.

A convex growth interface is observed to be the boundary between the regions of
smaller and larger diameter of the crystal ingot, as shown in Fig. 3.4. The smaller
diameter part was formed when the molten zone was at lower temperatures, and the
larger diameter one was formed at higher temperatures. Therefore, the unequal diameter
for an ingot indicates that temperature fluctuations occurred at the molten zone during
growth. According to the temperature-composition relationship, a fluctuation in the
heating temperature may result in a composition change of the molten zone, leading to
an inhomogeneous compound. Fig. 3.4(a) shows that many tiny crystal grains of CoO>
gather at the boundary of the growth front. These grains can be removed by the
de-intercalation treatment, as shown in Fig. 3.4(b) and the inset of Fig. 3.4(a),
respectively. It is important to maintain a stable molten zone by applying a constant

heating temperatureto grow ahigh quality single crystal.
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Fig. 3.5. Typical terraced pits on the (110) face of as-grown Nay7CoO, single crystal.

In order to understand the detailed structures of these materials atomic force
microscopy (AFM) and transmission electron microscopy (TEM) were used. Figure 3.5
shows an AFM image taken from the freshly cleaved (110) face of Nap7CoO- single
crystal. It can be seen that there are some triangular pits at specific sites, which may be

attributed to the defects in the as-grown crystal.

High-resolution TEM (HRTEM) imagestaken from the ingot in Figure 3.4(a) are shown
in Figure 3.6. The identical d-spacing of 1.09 nm s consistent with the d-value of (001),

indicating single-crystal characteristics, with a cleavage surface along [001].
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Fig. 3.6. () HRTEM image showing the layered structure of a Nay7CoO, single

crystal; (b) HRTEM image of an edge dislocation in the same crystal.

The composition distribution along the ingot of Nay 75C00, was determined using EDX.

The crystal was scanned through a 3 mm segment along the growth direction in order to
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determine the Na/Co compositions. The average value of the Na composition was
calculated from four measured points in the central and edge regions of the crystal. It
was found that the Na content varied with the temperature fluctuations during the
growth. At the beginning of the growth the temperature fluctuations were high and
caused a high variation of the composition, Ax~ 0.11, determined within 2 cm from the
seeding part of the ingot. Further away from the seeding part, the variation of Na
content is smaller, Ax = 0.06, when the molten zone is maintained in a stable state by a
constant temperature. A volatilized white NaoO powder accumulates on the inner wall
of the quartz tube after the growth is completed. The loss of Na may result in a
reduction of its concentration in the as-grown crystal. White Na,O powders also form
on the surfaces of crystals if the samples are stored under ambient conditions.
Therefore, the freshly grown crystals must be stored in an evacuated container or a

desiccator to avoid decomposition.

3.3.3. Sodium extraction and water hydration

By chemicaly extracting additional sodium from the structure of Nay7sCoO, and
following this by hydration, | obtained the superconducting phase of the compound with
the composition Na«CoOz2 - yH20 (0.26 <x <0.42, y = 1.3). Crystalsof NaxCoO; with x
= 0.3 resulted from a treatment in 6.6 mol Br,/CH3;CN, and the details of the oxidation

process are described in Ref. [70]. Naextraction from the crystals was also carried out
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by the electrochemical method. The composition Nay3CoO, could be achieved in an
agueous solution of NaOH using a constant current of 0.5 mA and a voltage of 1.0 V for
over 10 days. Compared to the published 1-5 days extraction time for Nap.7CoO
powders [9, 152], a longer time is needed for single crystal samples to complete the
extraction, also depending on the dimensions of the sample. This can be attributed to the
fact that the Na extraction process takes place along the 100 direction, and the chemical
bonding period of Na—O—Nain the NaO layer for single crystal is an order of magnitude

greater and more perfect than that of nanoscae powders, which are randomly

distributed.
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Fig. 3.7. Sodium distributions along the growth direction for the as-grown Nag 75C00,

single crystal before and after Na-extraction.
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Before and after the extraction treatment, the sodium composition distribution across
the crystals was determined by EDX. Fig. 3.7 shows a plot of the sodium distribution in
the central area aong the crystal growth direction. This analysis indicates that the
change in the sodium content of the resulting crystals after de-intercalation was AX =~
0.3. The sodium intercalant layer expanded with decreasing Na content, because the Na
removal results in Co oxidation (where Co®" ions are oxidized to the smaller Co*" ions),
and thus the CoO, layers are expected to shrink [156]. This suggests that a decreased
bonding interaction between the layers with decreasing Na content may result in a

readily cleaved plane.

The Na-extracted samples are then hydrated by immersing them in de-ionized water at
room temperature to obtain the superconducting phase. After hydration a large increase
in thickness is visible to the naked eye, and the morphology exhibits layered cracks
perpendicular to the c-axis. The typical crystal morphologies are shown in Fig. 3.8. (a
c) and (b, d) show morphologies formed by Naextraction and H,O-intercalation,

respectively.
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Fig. 3.8. Typical crystal morphologies showing the layered structure of Na,CoO, single
crystals. Intercalant layers appeared after de-intercalation using (a) Bro/CHsCN
solution (2 days) and (b) H20 to wash out Na ions. (c) “ Booklet” -like crystals obtained
by the electrochemistry method using NaOH solution (7 days); (d) the same

electrochemistry method crystals after a further washing with D,O.
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3.3.4. Hydration dynamics

The high sensitivity of the X-ray diffraction procedure allows us to observe the phase
formation as well as its dissolution during the hydration and dehydration of Nay3CoOs.
Fig. 3.9 shows the 002 reflections obtained from a crystal with hydration time from 0
min up to 10 days. It isnot surprising to observe the coexistence of the two phases with
y = 0 and 0.6 (Fig. 3.9, 0 min) prior to hydration, since the non-hydrated sample of
Nan3C0o0> was stored in air and readily absorbs water to form a partial hydrate under
ambient conditions (Fig. 3.10(c)). After heating the sample at 150°C for 15 minutes, the
y = 0.6 phase could be removed. As hydration proceeded, the y = 0.6 phase reformed
and vanished after 10 days, when the fully hydrated phase of y = 1.3 was formed.
Assuming that the initial diffusion paths of the water molecules ran along the Na-plane
to fill the partially occupied sites, this process would not stop until water saturation
occurred in these planes. According to the 002 reflection patterns, the expansion of the
c-axis per intercalant layer is about 1.3 A, averaged between the non-hydrated
Nag3C00, (11.2 A) and the partialy hydrated NagsCoO, - 0.6H,0 (13.8 A). This value
is smaller than the diameter of an oxygen ion (~2.8 A), suggesting that in this partial

hydrate, the Naions and the H>O molecules are accommodated in the same plane.

As shown by the hydration process in Fig. 3.9, the y = 1.3 phase is formed
predominantly and becomes the sole phase within 10 days, with nearly complete

elimination of boththey = 0 andy = 0.6 phases. These results suggest that the sample is
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fully hydrated with four water molecules, forming clusters of Na(H,O), in the structure.
Thus, the optimal superconducting phase of Nap3CoO, - yHO (y = 1.3, n = 4) is
achieved with T, = 4.9 K [70]. No evidence of the formation of the phases withy = 0.3
(n=1),0.9 (n=3),0r 1.8 (h = 6) is observed during the 10-day hydration process. This
clearly demonstrates that the initial intercalation process takes place with two water
molecules, followed by a group of four to form two additional layers between the Na
and the CoO,. Increasing the hydration time further, beyond 15 days, may lead to an

additional phase of y = 1.8 [40].
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Fig. 3.9. The 002 reflections show the hydration dynamics of the water molecule
intercalation in Nag3CoO,. The process indicates that two water molecules (y = 0.6, n
= 2) areinserted into a formula unit initially and that thisisfollowed by a group of four

to forma fully hydrated phase (y = 1.3, n = 4) [40].

With increasing intercalation time, the y = 1.3 phase starts to form after a hydration time
of 15 min. The diffraction data in Fig. 3.11 show that the 002 intensity of this phase
tends to be stronger, indicating that more water molecules are accommodated in the

lattice, resulting in an increase in the phase volume, while the opposite is true for the
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non-hydrated y = 0 phase. The fully hydrated sample will lose water after being moved
to ambient conditions, and mixture phases are formed withy =0, 0.3(n=1), 0.6 (n =

2),0r 1.3 (n=4) (seeFig. 3.10(a) and (b)).

t 0.3H,0 a=2.82¢=12.478
] i 0.6 HO a=2.82 c=13.815

t 1.3H0O a=2.82¢=19.710

Intensity (arbitrary units)

10'20'30'40'50'60'70'80'90
20 (deg)
Fig. 3.10. XRD patterns and lattice constants for Nag3CoO, - yH,O under changing
ambient conditions. (a) From humid to dry air for 2 days after full hydration. (b) From

humid to dry air for 5 days after full hydration. (c) From dry to humid air for 5 days

before hydration.
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Fig. 3.11. Time dependence of the 002 counts for y = 0, 0.6 and 1.3, respectively,
indicating that the volume of the fully hydrated y = 1.3 phase increases whilethey = 0

phase rapidly decreases. They = 0.6 phaseisrather stable.

3.3.5. De-intercalation process

The specimens of Nag3CoO, were first treated by an over-hydration time of 15 days,
and the dehydration process was then carried out by heating the sample. The process
was monitored by thermogravimetry. The results in Fig. 3.12 are given as a
thermogravimetric curve obtained from an over-hydrated sample heated at 0.3 °C /min
in a flowing oxygen environment. There are five plateaus observed as a change of

weight during heating of the sample.
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Fig. 3.12. Thermogravimetric analysis of an over-hydrated (15 days) NagsCoO, -
1.8H20 (112.9650 mg) sample, showing the temperature dependence of the weight loss

for the compound heated at 0.3 °C/min in flowing oxygen. Inset: the derivative curve.

Anaysis of the XRD data suggests that each plateau corresponds to a particular
dehydrated phase with a different number of crystal water units (as shown in Fig. 3.13,
[40]), i.e., y values. They values are calculated from the weight loss. Note that thereare
turning points between every two plateaus at elevated heating temperatures, which are
similar to a phase transition. These can be seen clearly in the derivative of the weight
loss curve in the inset of Fig. 3.12. The first sharp loss of weight is estimated to be

about 13 mg, observed between 28 and 50°C. This value resulted from the initial water

86



content of y ~ 1.8, indicating that the sample was over-hydrated with the composition

Nao.3C00> - 1.8H20.
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Fig. 3.13. The 0 O | X-ray diffraction pattern for Nay3CoO, - yH,O showing the mixture

of hydrateswithy = 0, 0.3, 0.6, 0.9, and 1.8, respectively [ 40 .

For an over-hydrated sample, it is assumed that six water molecules are inserted below,
in, and above each Naion site to form a cluster of Na(H,O)s. The XRD data indicate
that this results in the y = 1.8 phase with lattice constant ¢ = 22.38 A. The process
described above reduces the water content fromy = 1.8 (n=6) toy = 0.9 (n = 3),

corresponding to a loss of about three water molecules from each sodium site. It is
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noticeable that the y = 1.3 phase is not observable from aturning point in Fig. 3.12. The
indication of this rapid loss of water confirms that both the over-hydrated phase (y =
1.8, n = 6) and the optimum hydrated phase (y = 1.3, n = 4) are extremely unstable at
around room temperature. The result was reproduced with another sample of partially

hydrated Nay :Co0O, - 0.9H,0 (107.7800 mg), as shown in Fig. 3.14.
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Fig. 3.14. Thermogravimetric results from another sample of partially hydrated
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3.3.6. Electrical properties

The time dependence of the in-plane and out-of-plane resistivity shows anisotropic
behavior for single crystals. | demonstrated the time dependence of the resistivity for
single crystals during the hydration process. Fig. 3.15 shows that the resistivity plateau
increases stepwise for increasing doping times tq, tos, t, ty, t3, 14 t5, and te, and then
sharply and gradually decreases at ts and t4, respectively. During hydration, some water
molecules enter to intercalate between the CoO. and Na layers, so that the CoO. layers
are separated by atri-layer of HoO/Na/H20 in the compound. The dominant effect is to
expand the c-axis lattice parameters, from about 11.2 A without water
(non-superconducting phase of Na;;Co0O,) to 125 A (semi-hydrated phase of
N&ap3Co0:> - 0.6H20), and then to 19.5 A when the system becomes superconducting

(fully hydrated phase of Nap.3CoO: - 1.3H20).

The experiments indicate that a stepwise increase in the form of resistivity plateaus
occurs at a constant chemical doping level as the CoO, layers are increasingly separated
by the intercalation of water. This phenomenon is more significant in pc than pa,
showing its anisotropic behavior. Interestingly, the resistivity decreases rapidly when
the water doping level reaches that at ts and then slowly decreases again at tos,
monotonically decreasing with further doping. The increase of the 002-reflection

intensity suggests that it is the increasing volume of the superconducting phase from the
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Fig. 3.15. (a) Time dependence of the in-plane and the out-plane resistivity for

Nay 3Co0, -

yH>O single crystal during a constant hydration process. (b) Schematic

representation of the structures of the possible ordered phaseswithy = 0, 0.3, 0.6, 0.9,

and 1.3, respectively.

constant doping process that brings down the room temperature resistivity. The results

reveal that thereis an interesting correlation between the CoO, layers and the
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superconducting temperature, i.e., the Co-O distance decreases with increasing T [134].
The layer thickness of CoO> changes from 1.93 A for the non-superconducting phase to

1.84 A forthe superconducting phase [148].

Fig. 3.16 demonstrates the time dependence of the resistivity for non-hydrated single
crystals under ambient conditions. It shows that the resistivity of the sample increased
from t1 to t> and then sharply and gradually decreased to a stable level for in- and
out-of -plane, respectively. The in-plane sample had absorbed water to form a partially
hydrated phase under ambient conditions before the measurement. During the first
stage, absorbed water molecules intercalate between the CoO, and Na layers, expand
the c-axis lattice parameters, and finally form some fully hydrated phase of Nap3CoO: -
1.3H20 (Fig. 3.10(c)). The fully hydrated phase is not stable under ambient conditions;
it rapidly loses intercalated water to form the most stable phase of Ngy3Co0, - 0.6H,O
within several hours. The p. curve has several plateaus and tiny peaks, but pg, only has

one big transition at t,, showing its anisotropic behavior under ambient conditions
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Fig. 3.16. Time dependence of the in-plane (left) and out-of-plane (right) resistivity, pan

and p, of Nap3CoO- single crystals.

It is clear that the layer thickness of CoO, shrinks after reaching full hydration or
doping to y = 1.3 and a change in the oxidation state of Co occurs. This is because the
oxidation state directly corresponds to the carrier density in the CoO, layers and there is
some electron transfer from the cobalt ions [9]. Nevertheless, the change in the room
temperature resistivity during the doping process is not only influenced by the expanded
spacing in the system, but also by a redistribution of the charge in the CoO, layers. It
has been observed that the resistivity plateaus are changed in a stepwise manner due to

the rapid kinetics of doping water, but isolation of the intermediate plateaus for their
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detailed structure and physical study would, although interesting from a fundamental

point of view, be quite difficult.

3.4. Conclusion

This investigation on growing a series of two-layer NaCoO, single crystals was
performed by the optical floating zone technique using a variety of Na contents. A high
quality compound was formed at x = 0.75, i.e. a-phase, while other phases with lower
sodium content of x < 0.70 (B-phase with x = 0.55 and 0.60, and y-phase with x = 0.65
and 0.70, respectively) are observed always to contain Na,O, Co;04, and Na-poor
phases, while the pure phase was formed in the tail of the ingot. The availability of the
Na,CoO, crystals gives us the opportunity for a more accurate characterization with
respect to various aspects. structure, thermoelectric and electric behavior, and

superconductivity.

Using TG-DTA it has been found that Na,CoO, is an incongruently melting compound.
Both non-hydrated and fully hydrated crystals are exceptionally sensitive under ambient
conditions. The study of XRD and TG indicates that the semi-hydrated phase
NaxCo0,-0.6H20 is more stable than the other compositions under ambient conditions.
The hydrated compound is highly unstable with respect to its chemical, structural, and

electrical properties. The data show that the water intercalation/de-intercalation
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processes in Ngy 3Co0, - yH20 single crystals are essentially different. The intercal ation
process from immersing the crystals in water takes place in such a way that two water
molecules per Na ion are inserted initially into the Na-planes, followed by a group of
four (two more) to form a hydrated cluster of Na(H,0), in a formula unit. In the water
de-intercalation process monitored by TG measurements, the water molecules are
removed from the hydrated cluster of Na(H,O), one by one at elevated temperatures,
starting from 50°C. The intercalation/de-intercalation dynamics via different hydrates
may lead to complex non-equilibrium states in the bulk, especially on the surface of the
single crystals. There are indications of multiphase formation and their coexistence in
Nay3Co0, - yH20. Their effect on the electronic and superconducting properties
remains unclear. However, depending on the reaction conditions, transition-like
phenomena mark phase boundaries between quasi-equilibrium states withy = 0 (n = 0),
03(n=1,06(MN=2),09(n=3),13(n=4),and 18 (n =6). This signas that,
presuming a careful control of hydration conditions, it is possible to study the cobaltates
under quasi-equilibrium conditions. | therefore propose to carefully reinvestigate the

recently claimed evidence for unconventional superconductivity in single crystals.
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Chaper 4 Studies on a superconductor derived from two-layer

sodium cobaltates

4.1. Introduction

The recently discovered superconductivity in cobalt oxide NaCoO, - 1.3H,O has
attracted considerable attention [9]. The new material consists of two-dimengonal CoO2
layers that bear a similarity to high-T. copper oxide superconductors. A simple but
widespread view of the electronic state is that increasing the sodium content x adds x
electrons to the spin 1/2 network in the CoO, layer [172, 176], which is dmilar to the
case of doping the spin 1/2 network in the CuO, layer of the high-T, cuprates. However,
there is alarge difference between these two classes of transition-metal oxides. Namely,
Co forms a triangular lattice in the cobaltate, instead of a sgquare lattice as in the
cuprates. Because of thiscrystal structure, exotic superconducting states are expected in
the cobaltate. So far, chira d-, p-, f-, and i-wave states [169, 172, 174, 176, 189-192], as
well as an odd-frequency swave state [ 193], have been proposed theoretically. The d-

and i-wave states are spin singlet states, while the rest are spin triplet states.

The physical properties are determined by the amount of sodium and water in Na,CoO,
- yH,0 via their influence on the Co vaence state and the resulting local distortions of
the CoOg octahedra that are present in the structure. The compound Na,CoO, shows
manifestations of frustration in its physical properties because Co occupies a triangular
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lattice and the exchange interactions are antiferromagnetic [69,71]. The close
relationship between the structural and the electronic properties establishes itself also on
the Fermi surface, which is expected to show features of strong nesting [169, 193].
Furthermore, there exists evidence that the superconductivity might have an
unconventional order parameter [169]. When water is introduced into the compound, it
exhibits chemical and structura instabilities. The Na' ions are at least partially mobile
at elevated temperatures and may become ordered at low temperatures depending on the
composition and sample treatment. The same is proposed for the Co*/Co™ charge state

on the triangular lattice [ 87].

All of these features make the study of the physical and chemical properties of the
compounds difficult. However, nearly al the studies reported so far have been
conducted on either sintered specimens or poorly characterized polycrystalline samples.
These materials are often found to be inhomogeneous, especially with respect to the
distribution of Na" ions in the lattice and in the intergranular spaces, due to N&O
decomposition in the compound, and with respect to the intercalation of water. In
polycrystalline samples water may in part accumulate in the intergranular spaces. The
possible presence of second phases |eaves a degree of uncertainty when interpreting the
structural, electrical, and superconducting properties as functions of composition, i.e.,
establishing a superconducting phase diagram. This problem may be circumvented by
the use of high quality single crystals, the chemical composition and crystal structure of

which can be properly determined.
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In an early study on a sample with large Na content, x = 0.31 and T = 3.7 K, it was
found that the spin-lattice relaxation rate 1/T1 showed no coherence peak just below T,
and there isa T" decrease [178], which suggests a non-s-wave superconducting state.
However, the crossover from n = 3 to 1 a low temperatures, which was confirmed
subsequently by other groups, was insufficient to determine the exact form of the gap
function [194, 195]. The later measurements on a low-x sample with high T¢ (x = 0.26;
Te = 4.6 K) found that 1/T1 obeys a T dependence all the way down to T = T¢/6,
indicating unambiguously that line nodes exist in the gap function [196]. The T
dependence of 1/T; has aso been observed recently down to 0.12 T, in a sample with a
very high T, of 4.8 K [197]. It is also worth noting that the antiferromagnetic
fluctuations increase with decreasing Na content and become strongest at x ~ 0.26,
where T¢ is a its highest [196]. In order to gain information on the spin-pairing
symmetry, the Knight shift has been measured in a single crystal. It has been found that
the shift decreases below T along both the a-axis and the c-axis directions [165]. This

indicates that the Cooper pairs arein the singlet form.

In a conventiona superconductor, electrons at the Fermi surface form Cooper pairs
under an attractive interaction mediated by lattice vibrations. The manner in which
electrons form these pairs can be strongly influenced by the shape of the Fermi surface.
Questions regarding the origin of the pairing interaction and the nature of the

superconductivity in the cobaltates has stimulated significant theoretical speculation,
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most of which has focused heavily on the properties of some small eliptically shaped
pockets predicted to be the electronically dominant Fermi surface sheets [69, 177, 193,
198]. However, the outcome of direct attempts to look for them has instead cast serious

doubt over their existence [199-203].

Here, | use high quality single crystals to study the superconductivity in Na,CoO, -
1.3H20, and report arevised superconducting phase diagram and the magnetic-field (H)
strength dependence of the Knight shift in the superconducting state. It also present
evidence that small elliptically shaped pockets do indeed exist, based on bulk
measurements of the electron momentum distribution in hydrated sodium cobalt oxides

using the technique of X-ray Compton scattering.

4.2. Experiment

The single crystal of NaxCoO> - 1.3H20 (x = 0.22-0.47) used in this study was grown
by the TSFZ method followed by Na extraction and H,O intercalation, as described in
Chapter 3. XRD measurements were carried out with the x-ray diffractometer (Philips
PW 1710). The chemical composition was determined by EDX, including microanaysis
and inductively coupled plasma — Auger electron spectroscopy (ICP-AES) techniques.
The superconducting properties were characterized by AC susceptibility, using a
superconducting quantum interference device (SQUID) magnetometer (Quantum

Design, MPMS 7.0). Nuclear magnetic resonance (NMR) experiments were performed
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using a homebuilt phase-coherent spectrometer. The NMR spectra were collected by
changing the external magnetic field (H) at a fixed radio frequency (rf) and recording
the echo intensity step by step. A Compton profile represents a double integral
(one-dimensiona projection) of the full three-dimensional electron momentum density.
Five Compton profiles equally spaced between I'-M and I'-K were measured on the
high-resolution Compton spectrometer of beamline BLO8W at the SPring-8 synchrotron

(Japan synchrotron radiation research institute). The measurements were made at 11 K.

4.3. Results and discussion.

4.3.1. Super conductivity

The superconducting properties of the fully hydrated single crystals were characterized
by AC susceptibility using a superconducting quantum interference device
magnetometer. Zero field cooling (ZFC) measurements with 10 Oe applied field are
presented in Fig. 4.1 [ 70]. Superconducting transition temperatures T, = 2.8-4.9 K with
X ~ 0.28-0.42 were observed, respectively. Some of my samples showed strong
diamagnetic AC signals and a superconducting volume fraction as high as 20 %. The
transition width for each sample is different, which is very likely caused by an
inhomogeneous sodium concentration and partial hydration, which affect the
superconducting state of Na,CoO, - 1.3H,0. Fig. 4.2 shows aplot of T as a function of

the sodium concentration of Na«CoO». For samples with 0.47 > x > 0.22 there is no
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superconducting transition detectable. These data agree to some extent with a recent
study that shows a constant T for Na contents up to 0.37. However, they conflict with
the superconducting ‘‘dome’’ of T¢(x) demonstrated for powder samples [152]. This
latter dependence motivated the proposal that there are intrinsic critical concentrations

X1~ 1/4 and Xer2 ~ 1/3 related to charge ordering instabilities of the Co**/Co™.
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Fig. 4.1. Zero field Cooling (ZFC) magnetic characterization of the NaxCoO3 - 1.3H20
single crystals showing the onset T(X). Inset: ZFC and FC measurements showing that
the optimum T, = 4.9 K with x = 0.42 [ 70].

In the present single crysta study the upper limit is shifted to much higher
concentrations, Xc2~ 0.45. This implies that a possible charge ordering at Xcr2 ~ 1/3 is
not relevant to the suppresson of Te.
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Fig. 4.2. Revised superconducting (Na,CoO, - 1.3H,0O) and non-superconducting
(Na,Co0,) phase diagrams schematically combined. My susceptibility data (open
circles) is compared to earlier data (small solid squares) and theoretical estimations
(thin dashed curve). The arrows in red SC area mark a proposed charge ordering
instability at x = 1/4 and x = 1/3 that is not evident in my data [152] . Green bars mark
the report of charged ordered phases at x = 0.5, 0.60, and 0.65. For x = 0.5, a
metal—insulator transition (MIT) is observed. The composition x = 0.5 separates the
behavior of the magnetic susceptibility into a paramagnetic metallic and a
Curie-Weiss-like regime. The antiferromagnetic (AF) phase shows an approximately
composition-independent critical temperature Ty and fades out for a composition of x <

0.75.
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However, the superconducting phase now extends close to the phase line where
non-hydrated NapsCoO, shows a meta—insulator transition [87]. This is evidence for
the importance of electronic correlations at higher x in the hydrated system. It is
interesting to note that the Nédl transition at Ty~ 20 K is aso only observed for higher
Na concentrations with x > 0.75 in non-hydrated crystals and that this ordering
temperature does not change appreciably with x. Bulk antiferromagnetic order has been
proven using muon spin rotation (MSR) and other thermodynamic experimental
techniques [69]. The exact nature of the ordering, however, still needs to be investigated

further.

Evidence for superlattice formation and electronic instabilities, either due to Na or
Co*/Co™ charge ordering, has recently been accumulating for non-hydrated NaxCoO-
with x = 0.5, but aso to some extent for other stoichiometries [29,204]. Hydration
contributes to the charge redistribution due to its effect on the CoO, layer thickness and
the formation of Na(H,O), clusters that shield disorder of the partially occupied Na
sites. The above-mentioned instabilities should influence the superconducting state, as
they modulate the electronic density of states and change the nesting properties of the
Fermi surface. Further studies are needed to investigate a possible interrelation of Na
content, hydration, and structural details on well-characterized samples with the highest

Te.
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4.3.2. Evidence for d-wave pairing in the cobalt oxide superconductor NaxCoO: -

1.3H20

It has been found that the Knight shifts, both along the a-axis (K,) and along the c-axis
(K¢), decrease below T¢(H) [165]. The reduction of K; and K¢ a T = 1.6 K amounts to
0.2 % and 0.13 %, respectively (for the K¢ data, see Ref. [165]). The reductionin Kais
much smaller than that deduced from a powder pattern spectrum for which s-wave
symmetry was proposed [205]. Fig. 4.3 shows the temperature dependence of the
Knight shift K,, with the field applied aong the a-axis at low temperatures. T, withH =
3.2 T pardlé to the a-axisis 3.5 K, which isin good agreement with the report by Chou

etal.[89].

Tl.'
34 .

ptote

Knight Shift (%)
—i—

N _

T(K)
Fig. 4.3. Temperature dependence of the Knight shift for Na,CoO, - 1.3H,0 with the
magnetic field (3.82 T) applied along the a-axis (data from Ref. [165]). The arrow

indicates T under the field.
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Fig. 4.4. The magnetic-field dependence of the ®°Co Knight shift (K) along the a-axis
directionat T= 1.7 K, where AK = K, (T = 4.2 K) - K4(T = 1.7 K). The curveisafit to

AK oc. (JHIH,, .

As discussed in detail in Ref. [165], the reduction of K, and K. below T(H) is due
predominantly to the reduction of the spin susceptibility, which indicates that the spin

pairing in the superconducting state is in the singlet state.

Fig. 4.4 shows the magnetic-field dependence of Ky at T = 1.7 K, where AK = K,(T =

4.2K) -K,(T = 1.7 K). Asseen in the figure (solid curve), the data can be fitted with

—AK . JH/H, (1)
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with the upper critical field Ho, = 7 T. At H = 8.6 T, AK = 0, confirming that the
decrease of the Knight shift ceased above Hc2. This result adds new evidence that there
are line nodes in the gap function. In the vortex state of nodeless superconductors, all
quasiparticles are localized in the vortex cores [206]. In such a state, the Knight shift,
which is determined from the spectrum coming from nuclei outside the vortex cores,
will have no H dependence. However, if there are nodes in the gap function, the
guasiparticles will be leaked out of the vortex core along the nodal directions, and their
density of states will be proportional to JH [207]. Such afeature has been observed in
atypical d-wave superconductor, TISr,CaCu,O; [208]. The results shown here indicate
clearly that thereis a quasiparticle density of states outside the vortex cores in Na,CoO,

-1.3H,0.

Although ad + id symmetry, which has a full gap, has been proposed theoretically for
an exact triangular lattice [172, 176, 209], anisotropy of the triangles or modulation of

the Fermi surface could cause the symmetry to be d-wave with line nodes.

4.3.3. Elliptical hole pockets in the Fermi surfaces of hydrated sodium cobalt

oxides

A superconducting sample was produced by the chemical intercalation of deuterium
oxide (with D,O used rather than H,O to alow future neutron experiments on the same

sample) by submersion in liquid D20 for three months at 5 °C [89]. Subsequent to the

105



Compton experiment, a measurement of the sample’ s magnetization showed that it was

superconducting at atemperature of 3.5 K.

The spectrometer consists of a Cauchois-type crystal analyzer and a position-sensitive
detector, with afull width at half maximum (FWHM) resolution at the Compton peak of
0.115 au. (1 au. of momentum = 1.99 x 10 % kg m s'%) [210, 211]. For the Compton
profile, ~ 600 000 counts in the peak data channel were accumulated, and the Compton
profile was corrected for possible multiple-scattering contributions. A two-dimensional
momentum density, representing a projection down the c-axis of the full
three-dimensional density, was reconstructed from five profiles using tomographic
techniques [212] and then folded back into the first Brillouin zone (BZ), using the
Lock-Crisp-West procedure [213, 214] to obtain the occupation density from which the
occupied parts of the Brillouin zone could be inferred. The occupation density is shown

in Fig. 4.5 (right) where black represents the lowest occupancy and white the highest.

A simple geometric simulation of such a Fermi surface is shown on the left of Fig. 4.5
and it, together with the experimental occupation density for the hydrated Nao.35Co0O; -
1.3D20 (Fig. 4.5, right), is strongly suggestive of the presence of small hole pockets,
which can be discerned close to the central hexagon; it is worth remarking that the ayg
sheet retains a strong hexagonal shape, whereas electronic structure calculations on the
hydrated structure (although without the actual presence of water) predict something

more circular [185]. The results suggest that the effects of hydration on the Fermi
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surface are in fact rather modest and perhaps not as drastic as suggested by Xiao et al.
[215]. The estimated area of the hexagona aig sheet is 0.310, and (where appropriate)
that of the six elliptical ey pockets, based on a comparison of simulations to the
experimental data (with the total area constrained by the appropriate Na concentration),

is0.016. That the pockets appear rather close to the a;4 sheet is a'so noteworthy.

! density (arbitrary units)

Fig. 45. A smulation of a Fermi surface comprising a central hexagonal sheet
(representing the a,q hole sheet) and six € elliptical hole pockets (left) together with
the experimental Fermi surface of Nap3sCoO. - 1.3D.O obtained from the
reconstruction of five Compton profiles for each composition (right). The boundary of

thefirst Brillouin zone is indicated.

4.4. Conclusion
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In conclusion, the superconducting transition temperature of NaCoO; - 1.3H.0 (X =~
0.22-0.47) is weakly influenced by the Na content. Tc = 2.8-4.9 K with x = 0.28-0.42,
and the highest T = 4.9 K isfound for x = 0.42. A revised superconducting (NaxCoO: -

1.3H,0) and non-superconducting (Na,CoO,) phase diagram was presented.

The spin susceptibility in Na,CoO, - 1.3H,O measured by the Knight shift decreases
below Tcand, a T = 1.7K, followsa vH dependence. Also, it has been reported that
the spin-lattice relaxation rate 1/T1 follows a T° dependence below T, down to T =
T./6. These results indicate that there are line nodes in the superconducting gap function
and the Cooper pairs are in the spin-singlet form. These results strongly suggest that the
Cooper pairing symmetry in Na,CoO, - 1.3H,0 is of the d-wave type, as in the case of
copper-oxide high-T. superconductors. The antiferromagnetic fluctuations aso
resemble the behavior of the cuprates [178, 196] and may be responsible for the d-wave

pairing.

We have presented the Fermi surface of Nay3sCo0, -1.3D,0, and the occupancy map
shows the presence of small e eliptical hole pockets. The observation of the pockets
lends strong support to theories based on their special nesting properties in this family

of compounds.
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Chapter 5 Magnetic anisotropy of two-layer Na,CoO, single

crystals

5.1. Introduction

Layered cobaltite Na«CoO- has received much attention because of its potential as a
battery electrode material and in thermoelectric devices [216, 217]. The bulk
superconductivity induced by water insertion in N&y 2300, has increased the number of
investigations into the physical properties of the Na,CoO, compounds [6, 9, 96, 119],
which have remained largely unexplored so far. One of the outstanding puzzles is the
nature of the magnetic interactions. In the large-x region of NaxCoO, (x > 0.75), the
research has been hampered by difficulties in growing single crystals, as well as by
phase separation effects, which appear above athreshold doping known as x,, [6]. So far,
most studies have been carried out on polycrystalline samples or poor quality crystals.
Studies using high quality single crystals will give more accurate results on the structure
and physical properties of this frustrating material. In this work, | report on the
anisotropic magnetic properties of large single crystals of Na,CoO, with x = 0.42, 0.82,

and 0.87.

5.2. Experiment
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Crystals of Nayg,Co0, and Nay g;Co0O, were prepared by the traveling solvent floating
zone (TSFZ) method [70]. The Nap42CoO, sample was obtained by de-intercalation of
Nao.s2Co02 as-grown single crystal, as previously described [40]. The composition of
the samples for measurements was determined using energy dispersive X-ray (EDX)
anadysis. Single crystal X-ray diffraction (XRD) was carried out on mechanically
cleaved faces of the crystals along the growth direction to examine the crystalline
quality and orientation of the crystal growth. Cu K, radiation was used as the X -ray
source. The magnetic susceptibility measurements were carried out using a
superconducting quantum interference device (SQUID) magnetometer (Quantum
Design, model MPMS 7.0) over a wide range of temperatures from 2 to 300 K under a

magnetic field of 1 T.

5.3. Results and discussion

Single crystals of Na,CoO, were obtained with a growth rate of 1.5 mm/h in flowing
oxygen atmosphere. The typical as-grown cylindrical crystal ingot size is 6.5 mm in
diameter and 10 cm in length. When conditions were close to optimum, very clear
facets appeared on opposite sides of the crystal rod. These facets were found to be
perpendicular to the c-axis. The rest of the measurements were performed on crystal
samples cleaved from the top ends of the crystal rods, which are normally of higher

quality without any detectable Co;O,4 impurity present.
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Single crystal XRD measurements were made on crystal samples. Typical XRD patterns
are shown in Fig. 5.1. All the peaks were indexed as the (00I) peaks of NaCoO.. Using
afitting method based on the Nelson—Riley (N-R) function, the c-axis lattice constant is
estimated to be 11.116 A, 10.808 A, and 10.806 A for Nag4,C00,, Nayg,CoO,, and
Nay g7C00,, respectively. The ¢ parameter decreased as the Na content increased. No
traces of impurities or inclusions were observed in my samples for magnetic

measurements.
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Fig. 5.1. X-ray diffraction patterns for NaxCoO: single crystals cleaved along the

growth direction. All the peaks can be attributed to the (00l) orientation.

The as-grown crystal quality was determined to be high, with the mosaic structure of the

FWHM < 0.133°. A typica X-ray (Mo K, radiation) rocking curve measured on
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Nagg,C00, crystal is presented in Fig. 5.2. The profiles of the (300) and (0010) Bragg
reflections have FWHM values of 0.042 ° and 0.133 °, respectively, indicating the

excellent quality of the crystal.
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Fig. 5.2. X-ray rocking curves for the as-grown Nay g;C00O, crystal (Mo K,-radiation).

The temperature dependence of the susceptibility for the Ngyg,CoO, and Nag;CoO,,
measured in afield of 1 T oriented either along or perpendicular to the (001) direction,
is shown in Fig. 5.3. Upon cooling, a broad peak appears around 21 K for the
Nayg,C00, sample. Below 20 K, the susceptibility drops down sharply for H//c, but

goes up for H//ab. Similar behaviors were observed for other single crystal samples
112



with sodium contents ranging from 0.78 to 0.85 [74, 128, 184]. The upturn of the curves

below 14 K appears to be due to paramagnetic contributions from impurities; this upturn

issuppressed inafield of 5T [184].
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Fig. 5.3. Temperature dependence of the susceptibility of Nagg,CoO, and Nagg;Co0,
measured in a field of 1 T. The open and closed symbols are for the magnetic field

applied parallel and perpendicular to the (001) direction, respectively.

The broad maximum at ~40 K for H//ab is characteristic of low-dimensional short-range

magnetic ordering.
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The susceptibility of the Nayg/CoO, sample shows paramagnetic behavior over a wide
temperature range from 2 to 300 K. Two tiny kinks can be observed at about 19 K and

13K inafieldof 1 T paralel to (001), but are absent for the perpendicular direction.

The magnetization is very sensitive to the presence of Co;0, and CoO, which are
antiferromagnets with Ty = 35 and 292 K, respectively. No other transitions in the
susceptibility have been found from 20 K to room temperature for any of the as-grown
crystals, indicating high quality of the samples. This is consistent with the x-ray

diffraction measurements, which exhibit no traces of impurities.

The magnetic susceptibility data for Nag4,CoO, are shown in Fig. 5.4, where a
magnetic field of 1 T was applied parallel to the ab plane and to the c direction. y
decreases from 300 to 86 K, and sharply increases again below 33 K. Two small
anomalies develop at 51 and 86 K along the c direction. The susceptibility cusp at 51 K
is isotropic, whereas the one near 86 K is anisotropic, which is consistent with the
reports for x < 0.5 single crystals[10, 90]. | note that the 287 K anomaly does not exist
in the parent x = 0.82 crystal sample. It is therefore tempting to assign the 287 K
anomaly to the existence of CoO (Tn = 292 K) impurity which appears during the
de-intercalation. It can be seen that the susceptibility increases as the sodium content x

changes from 0.42 to 0.87.
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Fig. 5.4. Temperature dependence of the susceptibility for Nay ,,C00, sample measured

with the field parallel and perpendicular to the (001) direction.

In order to anayze the temperature dependence of the anisotropic susceptibility
quantitatively, | plotted yap (T) versus yc (T) with an implicit parameter T for the sample,
as shown in Fig. 5.5. The analysis mentioned in ref. 12 leads to the relation between ya

(T) and y (T):

1o (T) = (9a/99)2 1 (T)+( %0 «(Ganl ) ° 0)

where g4, and g, are the g-factors aong the ab-plane and the c direction, respectively.

The fitted slope of the data corresponds to the ratio (g4/g)> The samples with x =
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0.42, 0.82, and 0.87 have gan/gc ~ 0.96, 1.30, and 1.24, respectively. The sample with x
= 0.82 has the largest anisotropy, whereas the sample with x = 0.42 is nearly isotropic.

These results agree with the tendency reported by Chou et al [90].
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Fig. 5.5. yan (T) versus y. (T) for single crystals of Na,CoO, (x = 0.42, 0.82, and 0.87).

| fitted the temperature dependence of the susceptibility under a1 T field for the x =
0.82 and 0.87 single crystals to a modified Curie-Weiss law, y = yo + C/(T-0), by a
least-squares calculation, where y, C, and 6 are the temperature independent
susceptibility, the Curie constant, and the asymptotic Curie temperature, respectively.

The fitting parameters for both field orientations in the range T = 70-300 K are given in
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Table 5.1. The fitted values for the powder average are also listed. As expected, | find
that the Curie constants for H//ab and H//c are significantly different for these single
crystal samples, which may arise from an anisotropic g-factor. The negative 6 suggests
antiferromagnetically interacting spins. The powder averaged Curie constant gives
effective magnetic moments of pe, = 1.52 ug and 0.60 pgfor the single crystal with x =

0.82 and 0.87, respectively, where pg is the Bohr magneton.

Table5.1. Summary of magnetic datafor Nags2Co02 and Nag.g7Co0O».

Sample Field C 0 Xo
orientation | (cm®K/mole) | (K) (emu/molcoOe)

Nao.s2C002 | //ab 0.36(2) -243(10) | -0.00027(3)
llc 0.135(7) -159(8) | 0.00004(1)
powder | 0.29(2) -215(10) | -0.00019(3)

Naog7Co0; | //ab 0.054 (2) -33(2) | 0.00041(1)
llc 0.0262(9) -14(2) 0.00046(1)
powder 0.045(2) -27(2) 0.00043(2)

SinceNa’ is non-magnetic, the Curie-Weiss behavior of x (T) is attributed to the distinct
Co*" and Co* ions arranged at the cobalt ion sites. In the localized spin approximation,

there are three kinds of possible spin states for each cobadlt ion, i.e, Co® :s=0, 1, 2,
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and Co*" : s = 1/2, 3/2, 5/2, respectively. In this study, the effective magnetic moment

was calculated using the formula,

Heale = [X x 4 S(Co®) (S(Co®) + 1) + (1-x) x 4S (Co™) (S(Co*) + 1)]Y2,

where the ratio [Co®'] : [Co™] = x: 1-x, was assumed. The experimental value (0.60 pus)
of x = 0.87 single crystal is close to the value of peac= 0.62 pg, which is the spin-only
value of Co™ in S = 1/2. When assuming S(Co>*) = 0 and S(Co™) = 1/2, the value
obtained for x = 0.82 crystal iSpcac= 0.73ug. The closest vaue obtained for x = 0.82
crystal is pege = 1.64 g, assuming S(Co*) = 0 and S(Co*") = 3/2. Another possible
explanation for the larger experimental value for the x = 0.82 crystal is the spin state
transition (SST) of the Co ions[72, 218], which implies that the actual mole fraction of
the anisotropic spin sites in NaxCoO; can be considerably larger than 1-x because of the
presence of nearest-neighbor Co”* ions. Further study is needed to understand the spin

states of the mixed valence cobalt ions in the present compounds.

5.4. Conclusion

High quality single crystals of Na,CoO, (x = 0.82 and x = 0.87) have been successfully
prepared by the traveling solvent floating zone (TSFZ) method. A Nay 4,C0o0O, sample
was obtained by de-intercalation of an as-grown single crystal. The magnetic

susceptibility measurements revealed considerable anisotropy aong H//ab and H//c for
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the as-grown single crystals. The x = 0.82 sample had the largest derived anisotropic
g-factor ratio of ga/gc ~ 1.30, whereas the sample with x = 0.42 was nearly isotropic
(9a/9c = 0.96). The magnetic susceptibility for the as-grown crystals was fitted by a

modified Curie-Weiss law, and the results were discussed.
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Chapter 6 Studies of Single Crystal Growth and Anisotropic
Magnetic Properties of Non-Stoichiometric Threelayer

Sodium Cobalt Oxides

6.1. Introduction

Since the discovery of simultaneous surprisingly high thermoelectric power and low
resistivity in - Na,CoO, (x < 1 ) [219, 220], and in particular, the discovery of
superconductivity at temperatures below 5 K in Nag 35C00,-1.3H,0, which is formed by
the de-intercalation of Na from double layer y-NaxCoO: followed by a full hydration

process [9], these materials have attracted considerable interest.

Early investigations on the sodium-cobalt-oxygen system have revealed that crystals
with the formula Na,CoO, (x < 1) are bronze type phases, consisting of sheets of
octahedra (CoOy)n, between which are inserted sodium ions [21]. The unit cell of
r-Na,CoO, has a P2 structure (prismatic, two layer), i.e., with two (2) sheets of edge
shared CoO, in its unit cell, which are rotated by 60° with respect to each other. The
sodium ions, on two crystallographically distinct sites, are trigonal prismatic (P) in
coordination to the oxygen atoms. a-Na,CoO, has an O3 structure (octahedral, three
layer), i.e., has three (3) sheets of edge shared CoO» per unit cell, displaced lateraly
from each other. The sodium ions are located only on one crystallographic site in an

octahedron (O), with coordination to the oxygen atoms.
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The transport and magnetic properties of two-ayer Na,CoO, are strongly dependent on
the Na content. It has been found that as x increases from 0.3, the ground state of these
compounds goes from a paramagnetic metal through a charge ordered insulator (at x =
0.5) to a ‘CurieWeiss meta’ (around x = 0.70), and finaly to a weak-moment
magneticaly ordered state (x > 0.75) [10]. Muon spin rotation (uSR) and NMR
measurements have identified the stoichiometric three-layer Na,CoO, phaseto be a

non-magnetic insulator [11, 12].

No superconductivity has been found in a new series of sodium cobalt oxyhydrates
obtained from the parent compound f-NaysCoO, [130], whereas the sodium cobalt
oxyhydrates formed from a-NaCoO, show superconducting transitions at 4.3-4.6 K
[221, 222]. Both parent materials have three CoO- layers per unit cell, in contrast to
the first superconductor, NaxCoO, - yH>O, which was obtained from a parent
r-Na,CoO, containing only two CoO, layers per unit cell. This indicates that the
geometrical shape of the site for the Na ions and the number of CoO, sheets play an

important role in the resultant el ectronic and magnetic properties.

Single crystals are very desirable for experiments that require large volumes or areas of
samples, such as neutron diffraction and anisotropic property measurements. Data
obtained from the single crystal samples will shed light on the electronic and structural
properties of this new type of superconductor. There has been much research on this
family of materias. Single-crystaline whiskers with x = 0.5 have been grown by an
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unconventional method from potassium-containing compositions. The maximum size of
the whiskersis 1.6 mm in length, 15-40 um in width, and 1.5-4.0 um in thickness[223].
Using NaCl as a flux, plate-like single crystals of NaCo,0O4 and NaCoO_ have been
prepared with typical sizes of 1.5 x 1.5 x 0.03 mm® and 0.5 x 0.5 x 0.02 mnT,
respectively [60, 63, 133, 219]. Compared to these methods, the traveling solvent
floating zone (TSFZ) method is just as suitable for such single crysta growth. In
principle, crysta growth can be performed continuously at one point on the
temperature-composition phase diagram. Chou et al. succeeded in growing large single
crystals of two-layer Na,CoO, from a feed rod with x = 0.75, using an optical floating
zone furnace under oxygen atmosphere [89]. Single crystals of Na,CoO, with nominal
Na content from 0.50 to 1.00 have a so been grown successfully using the TSFZ method
[70, 124, 142]. In this contribution, | present a detailed study on the crystal growth of
large and high quality three-layer NaxCoO2 (x = 0.91, 0.92 and 0.93) single crystals by
the floating zone method and demonstrate their structural behavior and anisotropic

magnetic properties.

6.2. Experiment

The feed rods for the crystal growth were prepared by the conventional solid-state
method. Powders of Na,O, (97 %) and Coz0, (99.998 %) were mixed in the molar
ratios Na : Co = 1.00 : 1.00, 1.05: 1.00, and 1.10 : 1.00 in an argon filled glove box.

The temperature was slowly (150 °C/h) increased to 850 °C, held constant for 24 hours
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and finally slowly cooled down to room temperature in flowing oxygen. The
polycrystalline powders were reground and formed into cylindrical rods 7 mm in
diameter and 80 mm in length in an argon filled glove box. The rods were
hydrostatically pressed under a pressure of ~70 MPa and then sintered at 900 °C for 24
h in flowing oxygen. After sintering, a 20 mm long rod was cut to serve as the first seed

for crystal growth.

The crystal growth was performed in an infrared radiation furnace equipped with four
300 W halogen lamps. Prior to the crystal growth, a high density feed rod (~90 % of the
crystal density) was obtained by pre-melting the rod at the rapid rate of 25 mm/h in
flowing oxygen. A short polycrystalline preemelted feed rod (~20 mm in length) was
used as the seed rod in the crystal growth. Trials were made in which crystals were
grown under different atmospheric compositions and pressures as follows: flowing
oxygen, flowing argon, and low oxygen pressure (2 atm). The crystal growth speed also
varied between 1 and 5 mm/h accompanied by a counter-rotation of the feed and seed
rods at 30 rpm to ensure efficient mixing of the liquid and uniform temperature

distribution in the molten zone.

Crystal wafers were cut perpendicular to the growth direction and polished to a mirror
finish to allow us to examine them for the existence of macroscopic defects such as
cracks, twins, grain boundaries, and inclusons under a polarized microscope.

Compositiona analysis of the as-grown crystals was obtained from inductively-coupled
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plasma — atomic emission spectroscopy (ICP-AES). A Mo K X-ray source was used

for powder XRD measurements to examine the phase purity and the crystal structure.

Single crystal X-ray diffraction (XRD) was carried out on mechanically cleaved faces of
the crystals aong the growth direction to examine the crystalline quality and orientation
of the crystal growth. The measurements were conducted in a 6-26-scan mode in a 20
range of 10-120° for single crystal measurements. Cu K, radiation was used as the

X-ray source.

The magnetic susceptibility measurements were carried out using a superconducting
guantum interference device (SQUID) magnetometer (Quantum Design, model MPMS
7.0) over the large temperature range of 2-350 K. Magnetic fields were perpendicular

and parallel to the c-axis for cleaved as-grown crystals.

6.3. Results and discussion

6.3.1. Crystal growth

When preparing the polycrystalline Ng,CoO, by the solid state method, sintering the
feed rods, pre-melting the feed rods, and growing the crystals at high temperatures, the
sodium loss caused by high NaxO vapor pressure has to be considered. Therefore,
ceramic powders were synthesized using additional Na,O, for compensation. Sintered

powders were observed by X-ray powder diffraction (XRD) to consist of a main phase
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of a-NaCoO, mixed with a small amount of Co;O, impurity, due to the slow reaction in
the core of the rod compared to the outside area; this is what normally happens in this
series of compounds. Crystals grown using the impure feed rod did not contain any
impurities, since Na has a large solubility range in the a-phase in this system, and the

Nalossis corrected by homogeneous mixing in the following molten process.

Crystals grown under different conditions follow the aforementioned procedures. The
guality of the pre-melted feed rods is one of the critical conditions of the TSFZ
technique, because during the crystal growth the molten zone is sustained by the feed
rod through surface tension. A straight, long, and equal-diameter feed rod is required to
stabilize the molten zone over along growth period. | found that it was very difficult to
stabilize the molten zone during the atmospheric flow, due to the evaporation of Na,
which can be observed as white NaoO deposited on the inner wall of the quartz tube,
with the molten zone collapse being the result of the composition change. Application
of low-pressure oxygen (2 atm) during growth was found to greatly reduce the Na
evaporation. Under these conditions, zone travel rates of 1.0, 2.0, 3.0 and 5.0 mm/h
were employed. It was found that the zone travel rates in this range have no detectable
influence on the crystal quality. However, it has been observed that the slower rate
stabilized the molten zone. Considering the evaporation of Na ions during the growth,

much slower rates were not applied.
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Fig. 6.1. As-grown single crystal of a-NaCoO: (left) and the cleaved crystal from the

last grown part of the ingot (right).

Fig. 6.1 (left) presents a typical a-Na,CoO, boule, which was grown at the moderate
rate of 2mm/h under an oxygen pressure of 2 am in an attempt to reduce the
volatilization of Na and obtain large crystals. The boule was black with a metallic luster
and was 5 mm in diameter and 37 mm in length. The arrow indicates the crystal growth
direction. Due to the layer growth mechanism, the crystal grains were found to grow
preferentially along the crystallographic ab-plane, paralel to the rod axis. It was found
that the cleaved surface of the as-grown crystal was shiny, but unstable under
atmospheric conditions, in contrast to y-phase Na«CoO> crystal. The cleaved surface
became dull just 20 minutes after cleavage due to its reaction with moisture and COz in
the air. The crystal samples must be quickly removed after processing and stored in a

clean and dry container to prevent the absorption of moisture.

The crystal wafers were cut from the last grown part and polished to a mirror face.

Under a polarized light microscope, only a few separate grains were found in the
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peripheral area. No inclusions, cracks, or grain boundaries were observed in the inner
area of about 4mm diameter. Fig. 6.1 (right) displaysa5 x 2 x 1 mm® crystal. This
crystal was mechanically cleaved from the central region of the last grown part of the

ingot using asharp steel pin.

6.3.2. Composition and structure

There can be a concentration gradient of Na either along or across the crystal growth
direction. In order to minimize this possibility, the crystal wafers were cut from the last
grown part, in the range of 2 to 3 mm from the end. Three pieces of crystal were cut
from the same crystal wafer, and all three pieces were analyzed by ICP-AES. | found
that the Na concentrations of the three pieces of crysta are very close. The average
values of Na determined from the three pieces of crystal are x = 0.91, 0.92, and 0.93 for
the starting compositions of Na; 0C0oO, Nay sC00,, and Nay,0C0o0,, respectively.
Single crystal XRD measurements were made on both as-grown crystals. Plate-like
crystals were cleaved along the growth direction. Typical XRD patterns are shown in
Fig. 6.2. All the peaks were indexed to the (00l) peaks of a-NaCoO,. Using a fitting
method based on the Nelson-Riley (N-R) function, the c-axis lattice constant is
estimated to be 15.597(2) A for Nayg,C0o0,, and 15.5928 (9) A for Nayg3Co0,. No

traces of impurities or inclusions were observed in my samples.
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Fig. 6.2. X-ray diffraction patterns for a-NaCoO, single crystals cleaved along the

growth direction. All the peaks can be attributed to (00I).

Table6.1. Crystallographic data for Nay g, CoO, in the space group R-3m.

Atom Wyckoff X y z Occ Biso(A) *
position

Na 3a 0 0 0 0919(2)  0.98(9)

Co 3b 0 0 05 1 0.57(7)

0 6c 0 0 0.2308(3) 1 0.52(10)

8l sotropic temperature factor
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The structure refinement of Nag,Co0O, was performed using a Rietveld analysis
program. | adopted the space group R-3m, and assumed that the sodium ions are on the
(0, O, 0) sites and are coordinated octahedrally to the oxygen from the CoO; layers.
Table 6.1 lists the refined structure parameters, and Fig. 6.3 presents the refinement
pattern of the Nag 0,C00, single crystal. The final factors were quite low, decreasing to
R, = 8.50 %, R,, = 10.89%, Rs = 1.83% and * = 1.01. The cell parameters are a =
2.88762(17) A, ¢ = 15.6020(8) A. The lattice parameters of NapoCoO, were
determined by single-crystal x-ray diffraction aong the (0O, O, I) and (h, k, 0) directions
at room temperature, resulting in values of a = 2.8878(7) A and ¢ = 15.596(2) A: these

values agree with the reported crystal datafor a-NaCoO- [96, 133].
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Fig. 6.3. Rietveld refinement pattern for the as-grown a-Nap92CoO, crystal. The
observed diffraction intensities and the calculated patterns are represented by the plus
signs and the solid lines, respectively. The pattern at the bottom represents the
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difference. Short bars below the observed and cal culated patterns indicate the positions

of allowed Bragg reflections.

6.3.3. Magnetic anisotr opy

The temperature dependence of the susceptibility for the Nayg,CoO, sample, as
measured in afield of 1 T oriented either along or perpendicular to the (001) direction,
is shown in Fig. 6.4. Upon cooling, a peak develops around 20.5 K, which is sharper
than that observed in two layer Nayg,C0oO, single crystal [184]. The following sharp
decrease of the (001) direction susceptibility around 19.6 K heralds an
antiferromagnetic transition with ordered moments along c. The inset in Fig. 6.4 shows
that the transition is only weakly affected by the field. The upturn of the curves below
14 K appears to be due to paramagnetic contributions from impurities; this upturn is

suppressed inafieldof 5T.
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Fig. 6.4. Temperature dependence of the susceptibility for Nay 9,CoO, sample measured
with field parallel and perpendicular to the (001) direction. Inset shows the data

measured in 1 and 5 T with field parallel to (001).

The magnetization is very sensitive to the presence of Coz0s and CoO, which are
antiferromagnets with Ty = 35 and 292 K, respectively. No other transitions in the
susceptibility have been found from 20.5 K to room temperature for any of the single
crystal samples, indicating high quality. This is consistent with the x-ray diffraction

measurements, which exhibit no traces of impurities.

131



2.2x10" 4, | | ) | | )

4] 3.5x10 ]

2.0x10" = 3.0x10"] HiIC 1]
1.8x10*4 % = 25x10° ¢ 01T A
Jom £ 2.0x10™| "%, AT ]

_ 1.6x10 _ E L5101 ::'.’E « 5T | 7]
S 14x107 1 ¢ < 1.0x10* )
& 1.2x107 1 5.0x10° 7
= 1.0x10% 1 0 10 20 30 40 50
E 8 O 10 ] ........... T (K) ]
% UX Re o ............l.-Illllllllllllllllllllli
- @ -

6 . OX 1 O ........ CCOO0CCN, ....... 4

4 OxlO5 1 o HIC H=1T ]
2.0x10°1 = HIC ]

OO T T T T T T T T T T T

0 50 100 150 200 250 300

T (K)

Fig. 6.5. Temperature dependence of the susceptibility for Nap.g3CoO» sample measured
in a field of 1 T. The open and closed symbols are for the magnetic field applied
perpendicular and parallel to the (001) direction, respectively. Inset shows low

temperature results at different parallel magnetic fields.

The temperature dependence of the susceptibility for the Nap.g3CoO, sample measured
inafield of 1 T parallel and perpendicular to the (001) direction is shown in Fig. 6.5. It
can be seen that the antiferromagnetic transition at 19.6 K seen in the Nagg,CoO,
sample is absent for the Nag93CoO2 sample. Furthermore, y gradualy increases with
decreasing temperature, showing typical paramagnetic behavior. The inset figure shows
the separation below T¢ ~ 20 K, where the susceptibility decreased as the applied

magnetic field increased below this temperature.
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As to why such a little difference in the composition could cause such a big difference
in the magnetic properties of the a-NaCoO. single crystals, | believe that the
compositions of x = 0.92 and 0.93 are located right at a boundary (in the magnetic phase
diagram) that separates two different regions with different magnetic phases,
antiferromagnetic and paramagnetic. Considering the fact that the alpha phase only
forms for x = 0.9 up to x = 1.0 [21], the compounds with x = 0.90 and 0.92 are
antiferromagnetic, as has been observed in crystals grown by the flux method [90] and
in the crystals presented in thiswork. For x > 0.92, samples are paramagnetic (as in the

case of my x = 0.93 crystals) and eventually become non-magnetic for x = 1 [11].

In order to analyze the T dependence of the anisotropic susceptibility quantitatively, |
plotted yan(T) versus yc(T) with an implicit parameter T for both single crystals (Fig.

6.6). The analysis mentioned in ref. 23 leads to the relation between yan(T) and y(T):

1o (T)=(9a/99)” e (T)+[ 70 ~(Ga/)” 1 o]

The fitted slope of the data in Fig. 6.6 corresponds to the ratio (gab/gc)z. The samples
with x = 0.91, 0.92, and 0.93 have g./g. = 1.40, 1.29, and 1.12, respectively. These
results indicate that the derived anisotropic g-factor ratios (g4/g.) decrease significantly
with a small change in the sodium concentration, indicating that the physical properties
of the three-ayer NaxCoO» should be very sensitive to the Na contents.
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Fig. 6.6. yan versus y.for a-Na,CoO, with x = 0.91, 0.92, and 0.93.

| fit the temperature dependence of the susceptibility under a1 T field for the x = 0.91,
0.92, and 0.93 single crystals to a modified Curie-Weiss law, x = xo+ C /(T-0), by a
least-squares calculation, where y, C, and 6 are the temperature independent
susceptibility, the Curie constant, and the asymptotic Curie temperature, respectively.
The fitting parameters for both field orientations in the range T = 50-300 K are given in
Table 6.2. The fitted values for the powder average are also listed. As expected, it has
been found that the Curie constants for H//ab and H//c are significantly different for
these single crystal samples, which may arise from an anisotropic g-factor. The negative

0 suggests antiferromagnetically interacting spins.
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Table 6.2. Summary of magnetic datafor threedayer Na,CoO..

NAxCOO, FIELD C 0 Xo
ORIENTATIONS  (cM3%/MOLE)  (K)  (EMU/MOLEcoOE)
X=091 //ABL 0.0370(6) 64(2) -0.00001(2E-6)
/IAB2 0.0491(7) 85(2) 0.00002(2E-6)
Ic 0.0144(3) -38(2) 0.00012(9E-7)
X=092 /IAB 00633 (14)  -68(2) -0.0001(3E-6)
IIc 0.0328(6) 55(2) 0.00004(2E-6)
X=093 //AB 0.0056(1) 53(2) 0.00002(4E-7)
Iic 0.00263(9) _15(2) 0.00006(3E-7)
X = 0.91 (POWDER) 0.0334 (7) 63(2) 0.00005 (1E-6)
X = 0.92 (POWDER) 0.053(1) 65(2) -0.00005 (3E-6)
X = 0.93 (POWDER) 0.0047(1) -34(2) 0.00005(3E-7)

The three layer Na,CoO, has a hexagonal crystal dructure with in-plane and out of
plane parameters a = 2.887 A and ¢ = 15.60 A with space group R-3m. It is obvious that

the crystal structure is highly anisotropic. Therefore, the difference in the in-plane and
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the out-of-plane magnetic properties is expected, and it has been indeed observed in my
crystal samples. However, the occurrence of in-plane anisotropy seems hard to predict.
Nevertheless, | have noticed that in-plane anisotropy in two layer NayCoO, compounds
has just recently been observed using the neutron diffraction technique [224]. Therefore,

there could be a possibility of in-plane anisotropy in three-layer Na,CoO, crystals.

Although the determination of the a direction in the ab-plane is very difficult for the
NaCoO, crystals, it still can be determined how the magnetization changes when the
magnetic field is rotated in the ab-plane. Therefore, the ab in-plane magnetic anisotropy
was measured by the following procedures for the crystals: | first measured the sample
with the field along one direction in the ab plane (the abl direction as indicated in the
inset of Fig. 6.7), and then measured it again by rotating the sample 90° in the ab-plane
asindicated by the ab2 direction in the same inset. A large crystal (4 x 4 x 1 mm®) with
x = 0.91 was chosen for the in-plane anisotropy study, and its out-of-plane anisotropy

was also measured.

The temperature dependence of the susceptibility (y-T) for the x = 0.91 sample
measured in a field of 1 T is shown in Fig. 6.7. It can be seen that although the
susceptibilities measured along the two in-plane directions show the same trend with
temperature, they show about a 10-18 % difference in magnitude over a wide range of
temperatures. The two in-plane susceptibilities are very different from that along the ¢

direction. A cross-over is clearly seen at 120 K or 180 K, respectively, which is aso
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seen in the x = 0.92 sample at 120 K, as shown in Fig. 6.4. The above results indicate
that in-plane anisotropy exists in the o phase NaxCoO;, crystals. The in-plane and
out-of-plane Curie constants are calculated by fitting to the modified Curie-Weiss law,
and their values are given in Table 6.2. It can be seen that the C values for the abl and

ab2 in-plane directions are very close (0.037 and 0.049 cm® K-mole).

4.0x10" - -
3.5x10"

53.0x10" 1
S2.5x10"

Ez.omo"‘ .
= 4
1.5x10* 4

1.0x10*1 2 Hiab2  H=1T =

soxi0°] T e |

0.0 - y T T T T T T T T T T -

0 50 100 150 200 250 300
T (K)

Fig. 6.7. Temperature dependence of the susceptibility for Nay9;CoO, sample measured

with three different magnetic field directions.

However, the difference between the in-plane and out-of-plane values is big, which is
similar to what has been found for the x = 0.92 and 0.93 crystals. The difference in the
in-plane Curie constants is apparently due to the in-plane anisotropy of the three-layer o

phase NaCoO: crystals. my observations on the in-plane anisotropy in the a-NaCoO>
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single crystal samples are in agreement with what has been reported for two-layer y
NawCoO, phase. However, | should point out that it is very hard to align the crystal
perfectly in the ab-plane for each measurement. Therefore, less accuracy in the
alignment of the ab-plane could also contribute to the different susceptibility values in
the ab-plane. Further work is needed on an in-plane anisotropy measurement with very

accurate alignment in the ab-plane.

6.4. Conclusion

In summary, large, non-stoichiometric a-Na,CoO, in the form of high quality single
crystals can be grown using the traveling solvent floating zone (TSFZ) method under
oxygen atmosphere. As-grown single crystals are more sensitive under ambient
conditions compared with two-layer crystals. The structure derived from the single
crystals agrees with the reported powder samples. Lattice parameter ¢ decreases with
increasing Na content, while a remains constant. The compound was found to be
antiferromagnetic a Tn ~ 20 K for x = 0.91 and 0.92, and paramagnetic for x = 0.93.
In-plane and out-of-plane anisotropy were observed for the x = 0.91 crystals. The
anisotropic g-factor ratios (ga/gc) aong H//ab and H//c decrease significantly as the

sodium composition is dightly increased.
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Chapter 7 Transport anisotropy in Nag4,C00, single crystals:
variable range hopping, small-polaron metallic conduction,

and spin-wave scattering
7.1. Introduction

The conducting layered cobaltite Na,CoO, has received much attention because of its
potential for thermoelectric applications, such as battery electrode material and Peltier
refrigerators [57, 59, 216]. The discovery of the bulk superconductivity at Tc = 5 K
induced by water insertion into Nao3:3CoO: has stimulated investigations into the
physical properties of the Na,CoO, compounds [6, 9, 96, 119]. The recent report on the
electrochemically reversible modification of surface conductivity in Ng,.CoO, (x = 0.79)
has attracted further interest in these compounds, because it indicates the potential of
this material to be used in nanoscale rewritable media[41]. The richness in the sodium
cobaltate phases, physics, and chemistry, which had remained largely unexplored until
recently, is now being revealed by theoretical and experimental studies [10, 21, 40, 70,

83, 84, 152, 165, 170, 225].

One of the outstanding puzzles is the nature of the electronic properties. In the sodium
cobalt oxide series, the essential structural elements are layers of edge sharing CoOs
octahedra, which are separated by a variety of intermediate structures. The triangular
in-plane layers of CoO, favor the geometrical frustration of interactions. Their layered

crystal structure gives rise to relatively strong anisotropic electronic correlations [59].
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The structures between the CoO; layers can be modified in a variety of ways in order to
change their dimensionalities[162, 226, 227], ionic states [9, 228], carrier doping in the
CoO; planes [51], and relevant interaction strengths. The transport and magnetic
properties of Na,CoO, are strongly dependent on the Na content. Recent neutron
diffraction measurements performed on single crystals have revealed that the Na* ion
patterning also has a decisive role in the transport and magnetic properties [111]. It has
been found that as x increases from 0.3, the ground state of these compounds goes from
a paramagnetic metal through a charge ordered insulator (at x = 0.5) to a ‘ Curie-Weiss
metal’ (around x = 0.70), and finally to a weak-moment magnetically ordered state (x >
0.75) [10]. Muon spin rotation (uSR) and nuclear magnetic resonance (NMR)
measurements have identified the stoichiometric three-layer Na,CoO, phaseto be a

non-magnetic insulator [11, 12].

Because of the richnessin crystal phases with various Na contents and the sensitivity of
Na order and spin order to small variations in X, contributions from the interactions of
polarons, spin, and charge to the electrical properties are expected. Up to now, there has
been no unified description of the temperature dependence of the resistivity for this
family of sodium cobaltates. Information directly obtained from anisotropic transport
measurements on heavily Na doped NaCoO, single crystals will be significantly

helpful for afull understanding of the electronic propertiesin the system.
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Very little transport anisotropy has so far been reported on non-hydrated cobaltates.
Herel investigate the transport properties in the large x region of a-NaxCoO- (x > 0.90).
Research has been hampered due to the difficulties in growing single crystals, as well as
the phase separation effects, which appear above a threshold doping known as x,(x =
0.85) [6]. A singlecrystal a-NayoCoO, sample grown by the flux method was found to
be metadlic in the temperature interval 20K < T < 300 K, with an anomalous increase
below 20 K for in-plane resistivity [63]. However, a polycrystaline a-Nao.gCoO;
sample was a semiconductor, with a remarkable increase in resistance a low
temperatures [132]. Surprisingly, the curves of the in-plane resistivity versus T in highly
doped cobaltate (x ~ 0.89, 0.96, 0.97, 0.99, 1.0) retain a ‘metalic’ profile down to the
low temperature of 4 K [6], even for x = 1, which should be an insulator. Studies using
high quality single crystals will give more accurate results on the structures and physical

properties of this frustrating material.

In thiswork, | report the results on the temperature dependence of both the in-plane and
out-of-plane resistivity of high quality three-layer Na,9;CoO, single crystals. To the
best of my knowledge, this is the first systematic transport anisotropy study of high
qguality single crystal. The data clearly indicate that the resistivity, both perpendicular
and parallél to the c-axis, shows metallic behavior down to 20 K, and its temperature
dependence becomes insulating in the magnetically ordered state, with large magnitude

and strong temperature dependence of the anisotropy p¢/pap (0dpa = 52 a 300 K). The
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dominant mechanism for both directions is discussed in combination with the magnetic

results.

7.2. Experiment

Nay9:C00, single crystals were grown by the traveling solvent floating zone (TSFZ)
method, as described previously [143]. The average value of the Na content determined
from the three pieces of crysta by inductively-coupled plasma atomic emission
spectroscopy (ICP-AES) was x = 0.91. X-ray diffraction (XRD) pattern results on the
lattice parameters agree with the reported crystal data on a-Na,CoO, [63, 96], and no
traces of impurities or secondary phase were observed in my samples, from either the
single crystal X-ray diffraction results or the magnetic measurements. The crystd
quality was determined to be high, with the full width at half maximum (FWHM) <

0.05°, asshownin Fig. 7.1.
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Fig. 7.1. X-ray rocking curves for the as-grown Nay ¢;C00, crystal (Mo K, -radiation).

The magnetic susceptibility measurements were carried out using a superconducting
guantum interference device magnetometer (Quantum Design, model MPMS 7.0) over
the large temperature range of 2—350 K. Magnetic fields were perpendicular and parallel
to the c-axis for cleaved as-grown crystals. The samples for the resistivity
measurements were shaped into platelets with typical dimensions of 6.0 x 2.0 x 0.7
mm?®, with the wide faces exactly parallel to the ab-plane. The uncertainty in the
absolute values of pgy and p. 1S minimized by using relatively long samples (at least 5

mm long) and by painting narrow contact pads with awidth less than 0.2 mm.
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Fig. 7.2. The raw resistance vs. temperature data for the sample. Inset: Definition of

contact arrangement.

Electrical contacts with resistance less than 2 Q were made from silver epoxy on the
freshly cleaved surface; a contact configuration with two contacts on the ab-planes of a
crystd was used, as shown in the inset of Fig. 7.2. pa, and p. were obtained from
Montgomery-type (MT) analysis using a Quantum Design physical properties

measurement system (PPMS) in the 5-300 K temperature range.

7.3. Results and discussion
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The transport anisotropic behavior of the Nag¢,C0o0, single crystal is presented in Fig.
7.3. Fig. 7.2 1s based on raw data obtained from the two sets of measurements. Due to
the combined effects of the contact configuration, crystal geometry, and resistivity
anisotropy, the values of Vs4/l, and Vy4/l13 are rather different. | use MT analysis to

extract values of py, and p¢, with the finite contact size taken into account.
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Fig. 7.3. The temperature dependence of the in- and out-of-plane resistivity of

Nag 9:C00, single crystals deduced from Montgomery-type analysis.

The temperature dependence of the electrical resistivity of the Nayo,C0o0, crystals is
shown in Fig. 7.3. The resistivity is anisotropic, with the anisotropy having a magnitude
of 52-92 from 5 up to 300 K, as expected from the layered structure characteristics. The
in- and out-of-plane room temperature resistivity is 33.7 mQ cm and 1.75 Q cm,
respectively. The inplane resistivity at room temperature agrees well with previous
reports [6, 63, 140]. The magnitude of the resistivity for both directions is much larger

than for lower Na doping samples, indicating that the difference in the magnitude of p is

145



to be mainly attributed to the sodium content x rather than the crystal structure, which
shows a reduced distance between the adjacent CoO, planes and an increase in the
in-plane Co-Co separation when X increases. The data clearly indicate that the
resistivity, both perpendicular and parallel to the c-axis, shows metallic behavior and
exhibits complicated non-linear temperature dependence down to 20 K, with the
temperature dependence becoming insulating below this temperature. (The 20 K
anomaly is pronounced in the logarithm of the resistivity, as shown in Fig. 7.4.) Since
the magnetic susceptibilities of the Nap91CoO- single crystals have a clear cusp at the
same temperature (inset of Fig. 7.4), the increase in py, and pe below 20 K may be
related to a notable magnetically ordered state which has been well documented in
previous works [12, 74, 225]. The magnetization is very sensitive to the presence of
Co304 and CoO, which are antiferromagnets, with Ty = 35 and 292 K, respectively. No
other transitions in the susceptibility have been found from 20 K to room temperature in
as-grown crystals, again indicating the high quality of the samples. This is consistent

with x-ray diffraction measurements showing no traces of impurities.

The resistivity values also show an inflexion at 270 — 285 K, which may be related to

the Narearrangement at 285 K that was observed in Ref. 111.
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Fig. 7.4. Resistivity ratio pdpay and susceptibility ratio y/xa for Nag,CoO, crystal
measured with the field parallel and perpendicular to the (001) direction. Inset:

Temperature dependence of the susceptibility for the same sample.

The details in the variation of the anisotropy as a function of temperature can be clearly
seen by plotting pc/pa Versus temperature. From Fig. 7.4 we can see a pronounced
anisotropy in the resistivity for the Nay;CoO, single crystal. Upon cooling, the
resistivity ratio increases, and a broad peak develops at 54 K. The magnetic
susceptibility ratio also starts to turn up around this temperature. Since both a- and
S-NaxCoO, samples with 0.4 < x < 0.5 haveclearly revealed atransition at 53 K [132], |
propose that this peak is associated with a magnetic ordering and a metal-to-insulator

transition developing from this temperature. When the magnetic ordering reaches a
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significant level, the metal-to insulator transition takes place at about 20 K, revealing
itself as the sharp upturn in the resistivity ratio. The peak in the susceptibility ratio aso
occurs at the same temperature. The unpredicted resistivity ratio peak at 15.5 K may
relate to another magnetic transition which has been observed very recently in the ‘fast
cooled’ state of NaygsCoO, single crystal [229]. Below the peak temperature, pd/pa
decreases dramatically with decreasing T, suggesting that the system is heading towards
an anisotropic three-dimensional (3D) state as T — 0. This crystal has the smallest
resistivity ratio (pc/pab = 52 at 300 K) compared with other phases of sodium cobaltate
[127, 131, 230]. This can be explained from the point of view of the geometric

structure, which has the smallest |attice anisotropic ratio ¢/a(b) = 1.799 for this a phase.

In order to elucidate the transport mechanism over the whole measured temperature
range and illuminate the intrinsic properties of this compound, attempts were made to fit
the p-T curves according to several models suggested by previous reports [ 52, 65, 13§].
For example, fits were attempted to models of electron-electron scattering (proportional
to T2 or to T2 + bT®), of unconventional T-dependence (T*°) for the scattering of the
conduction electrons by locally cooperative band length fluctuations in a matrix of
vibronic and Fermi-liquid electrons, and of a power-law, p(T) = po + FT". All the fits
are quite bad. Other possible models, such as of electron-phonon interaction, hopping
motion of small polarons, and variable range hopping were aso tried. As shown in Fig.

7.5, the best fit by a standard Bloch-Grineisen (BG) expression [231] deviates
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substantially below 110 K and 140 K from the in- and out-of-plane data, respectively.
Thisfitisgiven by
Op /2T .
= po+ C*(4ny’ (2T/@D)5.fo x5/smh2(x)dx’ (1)

where pg is the residual resistivity, C is a T-independent proportionality constant, and
Op is the Debye temperature. Although the Debye temperature (©@ = 585 K) deduced
from the in-plane fitting is in good agreement with the result obtained from the equation
[31] ® = 373 + 232x (® = 584 K), where x is the Na content, the deduced out-of-plane
Debye temperature (® = 538 K) is not consistent with the in-plane value. These results

indicate that the BG expression is not valid for this material.
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Fig. 7.5. Temperature dependence of the electrical resistivity for Nage1CoO, crystal.

The solid lines are fits to the experimental data using Eq. (1).
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The resistivity data for both directions below 20 K are well described by the

variable-range hopping (VRH) model, assuming the view of carrier localization of Mott

and Davis[232], and Shklovskii and Efros [233], that is,

P(T) = po exp [(ToT)]. 2)

Here po is a constant which depends on the assumptions made on the electron-phonon
interaction, To is a constant proportiona to the density of states at the Fermi level and
the localization length in 3D, and v = (n+1) / (n+d+1), with d being the dimensionality
of the hopping process, while n describes the energy dependence of the density of states
(DOS) in the vicinity of the Fermi energy, N(Ef). As shown in the inset of Fig. 7.6

(open circles), a T%%

regime is clearly observed for both directions, showing 3D VRH
behavior for the low temperature resistivity. However, within one decade of T, one
cannot reliably distinguish between v = 1/4, 1/3, or 1/2. (Semi-log plots of ps and p Vs.
TY4 TV or T"Y2 dso appear to be linear for the 15.5 K to 5 K range) Moreover, the

parameter T,, determined by fitting the datain Fig. 7.6 with Eq. (2), istwice aslargefor

pc asfor pav.

| cannot definitely determine whether v = 1/4, 1/3, or 1/2 is more valid, due to the
limited temperature range. However, a value of 1/4 seems to fit the data better than 1/2
or 1/3, although my data spans only a decade in the resistivity values. | assume that a
3D-like VRH occurs in this three-layer crystal. The parameter To extracted from the low
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T datais8 K or 4 K parallel and perpendicular to the ab-plane, respectively. The source
of the To anisotropy is not clear at this stage. VRH behavior with v = 1/4 has been found

in atwo-layer NaysCoO, sample [227] very recently.

E 1

£ 5
c S
Q_-(% g 70.1 <

1=

l_'Tr'TT'TLﬁumlﬂliI= 0
1E-3 — T(K) —— 0.01
0 50 100 150 200 250 300
T(K)

Fig. 7.6. Temperature dependence of the electrical resistivity for a Nag;CoO, crystal.
The solid lines are fits to the experimental data using Eq. (3). The inset shows a plot of

log (p) vs. T*®below 20 K.

Theresistivity over a wide temperature range from 20 to 300 K can be fitted by a model
of small-polaron and spin-wave scattering [234]. The classical expression for the

resistivity in this temperature region is given by

o(T) = po + Awdsinh’(hwd2keT) + BT, )
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where po is the residual resistivity due to various temperature independent scattering
mechanisms, A is a constant that is proportional to the effective mass of the polarons, ms
is the average frequency of the softest optical mode, and B is a fitting coefficient. The
excellent fitting of the data by Eq. (3) (solid curvesin Fig. 7.6) above 54 K (where the
magnetic ordering begins, as mentioned above), suggests that the terms
Andsinh’(hod2ksT) and BT capture the basic physics responsible for the charge
carrier scattering in this temperature region, which can be attributed to the small polaron
[235, 236] and spin-wave [237] scattering, respectively. A model based on a Bardeen,
Cooper and Schrieffer (BCS)-approach has demonstrated that unusual spin-polaron
behavior can exist in heavily Na doped Na,CoO, [238], and a spin-wave model has
been suggested to account for the three-dimensional spin fluctuation in this material

[114].

7.5. Conclusion

In summary, | investigated the temperature dependence of the resistivity for both
in-plane and out-of-plane directions in high quality three-layer Nag91CoO., single
crystals. The data clearly indicate that the resistivity, both perpendicular and paralléel to
the c-axis, shows metallic behavior down to 20 K, and the temperature dependences
become insulating in the magnetically ordered state below this temperature. Although

the resistivity is strongly anisotropic, nevertheless it is 3D (in the sense that the
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temperature dependence of the resistivity is dominated by the same mode in all
directions) in the low temperature range, where the resistivity is described by a
variable-range hopping model in the insulating state, and by a small-polaron and
spin-wave scattering model above 54 K. Present results provide compelling evidence
for the existence of small polaron and spinwave scattering metallic conduction in
heavily Na doped a-phase sodium cobaltate. | propose that small polaron and spin-wave
scattering are needed to explain the basic physics of other phases of NaxCoO,, because

most of them are as substantially anisotropic as a-NaCoO-.
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Chapter 8 Conclusions

Growing a series of two-layer NaxCoO: single crystals with varying Na content for
investigation was performed by the optical floating zone technique. A high quality
compound was formed at x = 0.75, i.e. a-phase, while other phases with lower sodium
content of x < 0.70 (B-phase with x = 0.55 and 0.60, and y-phase with x = 0.65 and 0.70,
respectively) are observed always to contain NaxO, C030s, and Na-poor phases, with
the pure phase only formed in the taill part of the ingot. The availability of these
Na,Co0, crystals has provided the opportunity for a more accurate characterization
with respect to various aspects: structure, thermoelectric and electric behavior, and

superconductivity.

Using TG-DTA | found that Na.CoO: is an incongruently melting compound. Both
non-hydrated and fully hydrated crystals are exceptionally sensitive under ambient
conditions. XRD and TG studies indicated that the semi-hydrated phase
Na,C00,:0.6H,0 is more stable than the other compositions under ambient conditions.
The hydrated compound is strongly unstable in terms of its chemical, structural, and
electrical properties. The data show that the water intercalation/ de-intercalation
processes in Ngy 3C0o0, - yH20 single crystals are essentially different. The intercalation
process from immersing the crystals in water takes place in such a way that two water
molecules are inserted initially in the Na-plane followed by two more to make up a
group of four, which forms a hydrated cluster of Na(H2O)s in a formula unit. In the
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water de-intercalation process monitored by TG measurements, the water molecules are
removed from the hydrated cluster of Na(H20)4 one by one at elevated temperatures,
starting from 50 °C. The intercalation/de-intercalation dynamics in different hydrates
may lead to complex non-equilibrium states in the bulk, especially on the surfaces of
single crystals. There are indications of multiphase formation and the coexistence of
multiple phases in Na3CoO, - yH,O. Their effect on the electronic and
superconducting properties remains unclear. However, depending on the reaction
conditions, transition-like phenomena mark phase boundaries between
quasi-equilibrium stateswithy =0(n=0),0.3(n=1),06 (n=2),09(n=3),1.3 (h=
4), and 1.8 (n = 6). This signals that, presuming a careful control of hydration
conditions, it is possible to study the cobaltates under quasi-equilibrium conditions. |
therefore proposed to carefully reinvestigate the recently claimed evidence for

unconventional superconductivity in single crystals.

The superconducting transition temperature of NaxCoO- - 1.3H.O (x =~ 0.22-0.47) is
weakly influenced by the Na content. Tc = 2.84.9 K with x = 0.28-0.42 is observed,
and the highest Tc = 4.9 K isfound for x = 0.42. A revised superconducting (NaCoO; -

1.3H20) and non-superconducting (NaxCoO.) phase diagram was obtained.

The spin susceptibility in Na,CoO, - 1.3H,0O measured by the Knight shift decreases

below Tcand, a T =1.7 K, follows a VH variation. Also, it has been reported that the
spin-lattice relaxation rate 1/T1 follows a T dependence below T¢, down to T = T¢/6.
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These results indicate that line nodes exist in the superconducting gap function and the
Cooper pairs are in the spin-singlet form. The data strongly suggest that the Cooper
pairing symmetry in NaxCoO> - 1.3H20 is of the d-wave type as in the case of
copper-oxide high-T, superconductors. The antiferromagnetic fluctuations also
resemble what is seen in the cuprates [178, 196], and they may be responsible for the

d-wave pairing.

We have presented the Fermi surface of Nap.35C002 -1.3D20, where the occupancy map
shows the presence of small e elliptical hole pockets. The observation of the pockets
lends strong support to theories based on their specia nesting properties in this family

of compounds.

For the high quality single crystals of two-layer Na.CoO2 (x = 0.42, 0.82, and 0.87), the
magnetic susceptibility measurements revealed considerable anisotropy for H//ab and
H//c in the as-grown single crystals. The x = 0.82 sample had the largest derived
anisotropic g-factor ratio of ga/ge ~ 1.30, whereas the sample with x = 0.42 was nearly
isotropic (ga/ge = 0.96). The magnetic susceptibility of the as-grown crystals was fitted

by amodified Curie-Weiss law, and the results were discussed.

Large, non-stoichiometric three-layera-NaxCoO, single crystals can be grown using the
travelling solvent floating zone (TSFZ) method under oxygen atmosphere. As-grown
single crystals are more sensitive under ambient conditions compared with two-layer
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crystals. The structure derived from the single crystals agrees with the reported powder
samples. The lattice parameter ¢ decreases with increasing Na content, while a remains
constant. The compound was found to be antiferromagnetic at Ty ~ 20 K for x = 0.91
and 0.92, and paramagnetic for x = 0.93. In-plane and out-of-plane anisotropy were
observed for the x = 0.91 crystals. The anisotropic g-factor ratios (ga/g.) for H//ab and

H//c decrease significantly as the sodium composition is slightly increased.

| also investigated the temperature dependence of the resistivity for both in-plane and
out-of-plane directions in high quality three-layer Nay 9;C00, single crystals. The data
clearly indicate that the resistivity, both perpendicular and parallel to the c-axis, shows
metallic behaviour down to 20 K, and its temperature dependences become insulating in
the magnetically ordered state below this temperature. Although the resistivity is
strongly anisotropic, neverthelessit is 3D (in the sense that the temperature dependence
of the resistivity is dominated by the same mode in al directions) in the low
temperature range, where the resistivity is described by a variable-range hopping model
in the insulating state, and by a small-polaron and spin-wave scattering model above 54
K. Present results provide compelling evidence for the existence of small polaron and
spin-wave scattering metallic conduction in heavily Na doped a-phase sodium cobaltate.
| propose that small polaron and spin-wave scattering are needed to explain the basic
physics of other phases of Na,CoO,, because most of them are as substantially

anisotropic as a-Na,CoO,.
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