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Abstract

Abstract

Polycrysttdline samples of NaiCoOa were prepared using the "Rapid heat-up" method. One

set of samples was annealed in flowing O2, while the other set in flowing Argon. X-Ray

diffraction measurements indicated a stable phase of Nao.7Co02 mixed with C03O4 for all

the samples even though they differed in concentration of Na. Argon annealed samples were

insulators, whereas the ones annealed in O2 were metallic. Most of the measurements were

performed on the sample Nao.7Co02, because it is the host compound for the superconduc-

tor sample Nao.35Co02-H20. Magnetization measurement showed that the magnetic moment

decreased with increasing sodium concentration. This is due to the existence of C03O4 in

samples with Na^ 0.7. As sodium concentration decreases, the magnetic moment increases

due to the increasing concentration of C03O4 and its large magnetic moment. Magnetization

measurements showed that the magnetic moment of Nao.7Co02 is field-dependent in low

fields eind field-independent in fields higher than 100 G. Resistivity changes with temper-

ature (dp/dT) increased with increasing Na concentration. Also resistivity measurements

were performed under different hydrostatic pressures on Nao.7Co02. Two transitions were

observed; one at a temperature Ti ~20 K and the other at T2 ^280 K, the transition at

Ti has a magnetic origin and the one at T2 is a structiural transition. It was noticed that

pressure aJfects resistivity of the sample. At higher pressures resistivity changes faster with

temperature. Magnetoresistance measurement showed a small change in the resistivity, espe-

cially at lower temperatures. A novel layered superconductor Nao.35Co02H20 was prepared

using de-intercalation of Na from the host compound Nao.7Co02. FVom the temperature
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dependence of the magnetization, the superconducting transition temperature and lower

critictil field have been estimated as Tc=4.12 K and Hci=66 G, respectively.
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Chapter 1. Introduction

Chapter 1

Introduction

The discovery of high Tc superconductors encouraged scientists to look for new materials

that are interesting and technologically useful. In 1997, Terasaki et al. [1] reported large

thermoelectric power and low resistivity in sodium cobalt oxide simultaneously, which enables

this compound to become a promising candidate for thermoelectric applications.^ The large

magnitude of thermoelectric power, i.e. S > 50/iV/K at 300 K and low resistivity (around

200/ifi-cm) of this compound is difficult to explain with conventional one electron pictiures [1].

Cava and coworkers found that the magnetic susceptibility of Na.68Co02 is surprisingly

high. At 2 K it is 100 times larger than the susceptibility of the ordinary metals [2, 3].

Moreover, the temperature dependence of the susceptibility can be described by the Curie-

Weiss relationship, which is characteristic of materials in which the spins are localized, unlike

the spin in conventional metals, which are tied to delocalized electrons.

In March 2003, Takada [4], reported that NaxCo02-yH20 (x~0.35, y~1.3) is a supercon-

ductor with a Tc of about 5 K. This report made Naa;Co02yH20 even more interesting.

Naa:Co02 belongs to a bronze-type compound expressed as Aa:B02, which was first iden-

tified by Jansen and Hoppe [1, 5]. In C0O2, without Na, each cobalt atom is in the Co''"'"

valence state; five electrons occupy the 3 d orbitals, whose energy levels are sketched in

Fig. 1.1. Only the outermost 3 d electron is unpaired, and Co"*""* has a spin of 1/2. When

Na atoms are added to this compound, each contributes one electron, thereby changing

Co"*""* to a spinless Co"*"^ state. The thermoelectric material, with xwO.7, has on average 30

'A thermoelectric device can convert heat into electric energy through the thermoelectric power of solids.
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Figxire 1.1: Properties of sodium cobalt oxide as a function of temperature.

Resistivity (the black curve) behaves like that of most metals; whereas the ther-

emopower (blue) is much higher. Inset: energy level occupied by the outer

3 d-electrons (red arrows) in Co"*"^ and Co"^^ ions in NaiCo02. Electrons do-

nated by Na atoms change Co"'"'* atoms to Co"*"^. A hole (open circle) can hop

from one to the other, as sketched [3].
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Figure 1.2: Cobalt oxide layer. The figure is reproduced from [1].

percent Co"*"^ and the rest is Co"''^. To make the superconducting form, Takada et al. [4]

managed to coax more Na atoms to leave the material and thereby decrease the doping to

xRiO.3. The lighter doping reverses the previous picture so that 70 percent of the sites are

occupied by spins. As holes hop around, the spinless Co"*"^ ions appear to move in a sea

of Co"*"* sites, effectively becoming charge carriers with no spin. It has been reported [4]

that the crystal structure of the superconducting NaxCo02-(3/4)H20 compound only differs

from the parent compound Nao.7Co02 by the intercalation of water molecules around the

sodium ions to enlarge the C0O2 layers and to reduce the sodium charges. The structure of

Naa;Co02-(3/4)H20 consists of 2-dimensional triangular C0O2 (see Fig. 1.2) sepeirated by a

thick insulating layer of Na"*" ions and H2O molecules Fig.(1.3).

Eixperimentalists are already trying to answer the question, "If adding Na is equivalent

to electron doping, what role is played by the water, which so far is essential in achieving

superconductivity?" Some theorists postulate that the water screens cobalt atoms from

the strong coloiunb force of the Na atoms [3]. NaxCo02-yH20 materials have structural

similarity with high Tc copper oxides. An important similarity to high Tc superconductors

is that Naa;Co02 is a layered transition-metal oxide as is schematically shown in Fig. 1.3,

where Na and C0O2 are alternately stacked along the c axis, so the physical properties are
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Figure 1.3: Sodium Cobalt Oxide structure. The figure is reproduced from [4].

expected to be highly two dimensional (2-D). However the C0O2 layer is diflFerent in structure

from the Cu02 layer of HTC's. The former is a 2-D triangle lattice and the latter is a 2-D

square lattice [1]. The structure of the Cobalt oxide layer is shown in Fig. 1.2.

Takada et al. [4] obtained a NaiCo02-yH20 sample through chemical oxidation of the

parent compound Nao.7Co02 [6]. Nao.7Co02 has a hexagonal layered structvue (space group

PGs/mmc) consisting of the 2-D layers of C0O2 and charge balancing Na"*" ions (see Fig. 1.3).

Fig. 1.4 shows an XRD (X-Ray Diffraction) pattern of the product obtained from oxidation.

All the reflections were index matched on the basis of space group PGa/mmc. A marked

increase in "c-axis" was observed supporting the idea that the intercalation of certain "guest"

molecules occurred in the oxidation process in addition to the de-intercalation of Na"*" ions.

H2O is the most probable candidate for the guest molecule. Rietveld analysis of the XRD

data was carried out by adopting the structiural model shown in Fig. 1.3. The Rietveld

refinement patterns are shown in Fig. 1.4. The H2O content resulting from this analysis

came out to be 1.47 per formula imit [7]. The magnetic susceptibility of NaiCo02-yH20 is
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Figure 1.4: Rietveld refinement pattern for NaiCo02-yH20. The observed diffraction inten-

sities are represented by red plus signs, and the calculated patterns by a green

solid line. Short light green vertical bars below the observed and calculated pat-

terns indicate the positions of allowed Bragg diffractions. The oxidation process

slightly decreased the "a-axis" from 2.8292(3)°>1 for the parent compound to

2.8230(2)°^, where the parentheses indicate standard deviations, probably be-

cause Co^'^ ions where partially oxidized to smaller Co*'^ ions. On the other

hand, c increased dramatically from 10.9628(8)M to 19.6207(14)°>1 [7].
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Figure 1.5: Magnetic susceptibility (x) of NaiCo02yH20. Filled circles indicate zero-

field cooling; open circles indicate field cooling. The susceptibility is measured in

the magnetic field of 20Oe. The inset shows x measiu-ed under various magnetic

fields by zero-field cooling process [7].

plotted in Fig. 1.5 as a function of temperature. A steep decrease of susceptibility is observed

in the measurements under magnetic field H = 20 Oe at about 5 K both in zero-field cool

(ZFC) and field cool (FC) processes [7].

FVom the susceptibiUty data, it can be concluded that the present phase undergoes a

superconducting transition at about 5 K, because only superconductivity can accoimt for

such a large diamagnetism. Downturn of the susceptibility was still observed near 5 K even

at 70 kOe, but the transition became quite broad and the susceptibility was not negative

even at 2 K [7]. The electric resistivity (p) of the Naj:Co02-yH20 is shown in Fig. 1.6. Zero

resistivity was not obtained down to 2 K in the sample made by TaJiada et al. [4] because it

was impossible to prepare a tightly sintered ceramic specimen [7] . The effect of hydrostatic

pressure on the superconducting transition temperature of NaxCo02-yH20 was investigated

by B. Lorenz et al. [8]. They performed ac susceptibility measurements for pressures up
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Figure 1.6: Resistivity (p) of NaxCo02-yH20 under zero magnetic field. The inset figiu-e

shows the resistivity measured under various magnetic fields [7].

to 1.6 GPa and showed that the pressure coefficient of the Tg is negative and its pressure

dependence is nonlinear as it is shown in Fig. 1.7. The magnitude of the average dlnTc/dp ~

-.07 GPa~^ is comparable to the pressure coefficient of electron-doped high Tc copper oxide

superconductors with similar values of Tc . This might provide support to the assumption

of two-dimensional superconductivity in Nao.35Co02-yH20, which is similar to the cuprate

systems, and suggests that intercalation of larger molecules may lead to an enhancement of

Tc.

The properties of NaxCo02 have attracted considerable attention from various research

groups. It is hoped that study of Naa;Co02, especially Nao.7Co02 (the host component of

superconducting material) systems may shed new light in the nature of superconductivity

in high Tc. Several different methods have been used to fabricate and characterize this

compound.

T. Motohashi [6] et al. facilitated a new synthesis method called "The rapid heat-up"

technique. This enabled them to control the concentration of Na precisely by avoiding Na
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4.1 Li
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Figure 1.7: Pressure dependence of Tc of Nao.35Co02-yH20. The open circles are data taken

at increasing pressure, the filled square indicates Tc after the pressure was com-

pletely released [8].

evaporation during sample firing. They showed that the maximum weight loss of Na will

occur in the range of 500 — 750°C and it is w 7.5% Fig. 1.8. This value is too large so it can

not be explained only with decarbonation of the raw materials (« 5.7%). This suggests that

there exists simultaneous Na evaporation in this temperature region. Further investigation

on the sample preparation procedure has revealed that at temperatures as low as 500°C a

chemical reaction between Na2C03 and C03O4 is not active but Na evaporates.

The phase diagrajn of non-hydrated NaiCo02 has been reported By M.L.Foo [9] et ai.

Concentration was changed by using a series of chemical reactions. Fig. 1.10 shows that as

X increases from 0.3, the ground state goes from a paramagnetic to a charge order insulator

(at X = 0.5) to a Curie-Weiss metal (around 0.7), and finally to a weak-moment magnetically

ordered state (x > 0.75). Also it was shown [9] that resistivity will increase by increasing

the concentration of sodium Fig. 1.11
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Figure 1.8: Thermogravimetric curve for the phase-information process of Nao_55Co02+s in

flowing O2 gas [6].
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measurement indicates a transition from a paramagnetic to an incommensurate spin density

wave state at 19 K{=Tsdw)- They showed Nao.6Co02 is paramagnetic down to 1.8 K
,

so the magnitude of Tsdw strongly depends on x. It was explained by a Hubbard model

within a mean field approximation on a two dimensional triangular lattice in the C0O2 plane.

By considering the magnitude of the electronic specific heat parameter of Nao.6Co02 they

understood that NaxCoOj is imlikely to be a typical strongly correlated electron system.

Mukhamedshin et al. [13] have compared ^^Na NMR and magnetic susceptibility of pow-

ders of samples of NaiCo02 where 0.5 < x < 0.7. The NMR spectra were found to be

identical for all samples , which indicates that the dominant phase has a single composition

X ra 0.7. Their local susceptibility of the magnetic cobalt sites displays a large enhance-

ment below lOOK with respect to the usual high T Curie-Wiess law. A very distinct and

much weaker Pauli like magnetism is detected for x ^ 0.35, which is the parent of the

superconducting hydrated compound.

Transmission-electron-microscopy [14] reveals the presence of a superstructure in Naa;Co02

for x ranging from 0.75 to 1. The appearance of this superstructiure can be fundamentally

understood by Narion ordering occurring at low temperatures. Measurement of the electric

transport properties reveal evident anomalies in the resistivity curve in association with the

Na ordering. Antiferromagnetism appears for the samples 0.75 < x < 1. In particular

Naa;Co02 shows a sharp antiferromagnetic transition at the temperature of Tf,/=4 K.

The Hall coefficient R^ of Naa;Co02 (x=0.65) behaves anomalously at high tempera-

ture [2]. FVom 200 K to 500 K, Rjj increases hnearly with T up to 8 times the expected

Drude value, with no sign of saturation. Behavior of R// together with the thermopower

Q provides strong correlation evidence. The dielectric function of single crystal NaxCo02

(x — 0.82) was measured, using spectral ellipsometry [15]. The results show bulk antiferro-

magnetism at T//=19.8 K and two other prominent transitions as a function of temperature.

The first transition at T = 280 K involves marked changes of the electronic and the lattice
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response, that are indicative of charge ordering in the C0O2 layers. The second transition

coincides with T;v=19.8 K and reveals a sizeable spin charge coupling. The results are

discussed in terms of charge ordering and formation of magneto-polarons due to a charge-

induced spin-state transition of adjacent Cc^^ ions. Takeuchi et al. [16] have investigated

the magnetic properties of Naa;Co02 (x = 0.75) from 2 K to 300 K. The temperature depen-

dence of the magnetic susceptibility shows Curie-Wiess behavior down to 15 K. Spin glass

like characteristics, the cusp anomtily seen at 3 K, irreversibility between zero-field and field

cooled magnetic susceptibility below 13 K are observed. Results showed that samples were

not conventional itinerant paramagnets.

In this thesis, electrical and magnetic properties of Naj;Co02 and Naa;Co02-yH20 were

studied. Samples of Naj;Co02 with x=0.25, 0.4, 0.5, 0.6, 0.7, 0.75 were synthesized using

the solid state reaction method in two batches. Samples of the first batch were annealed

in O2, while the second batch were annealed in Argon. Resistivity measurements on the

Argon annealed samples show that they were all insulators whereas samples annealed in O2

exhibited metallic behavior. X-ray powder diffraction data, for all concentrations of x have

shown a mixed phase, containing C03O4 and NarCo02 with x~ 0.71. The amount of C03O4

present was calculated by using FuUprof software.

Magnetization and resistivity measurements of polycrystalline Naa;Co02 annealed in O2

were performed. It has revealed a nimiber of features present over a range of Na doping.

Magnetization showed a clear peak at 35 K which is due to the C03O4 impurity. Magne-

toresistajice measurements on Nao.7iCo02 showed two transitions, Tl.i= 20 K (magnetic

transition) and T2=280 K (structiural transition) and neither of them were dependent on the

strength of the magnetic field. Hydrostatic pressiure dependent-resistivity measurements on

NaiCo02 were performed for pressure ranges from atmosphere to 11 kbar. Resistivity de-

creased with increasing pressure. Temperature dependence of magnetization was studied for

Naa:Co02yH20, which showed superconducting behavior. Also, magnetic field dependence
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of meignetization was measured at different temperatures. The org£inization of this thesis

is as follow. In chapter 2, the preparation method for Naj;Co02, NaxCo02-yH20 and XRD

results for NaiCo02 will be discussed. Chapter 3 will be talk about Magnetization measure-

ment of Naa;Co02 and NetrCo02-yH20. Chapter 4 will give the information of experimental

setup for electrical measurements, resistivity chajiges under pressure and magnetoresistance

measurement of NaxCo02 and finally conclusion in chapter 6.
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Chapter 2

Method of preparation

2.1 Preparation of the ceramic samples of Naa;Co02

Ceramic samples of Naa:Co02 (x = 0.25,0.4,0.5,0.6,0.7,0.75) were prepared by using a

standard Solid state reaction method. ^ Samples were synthesized by mixing stochiometric

amounts of high purity Na2C03 (99.98% Alfa asear) and C03O4 (99.98% Alfa asear) powders

by using mortar and pestle. This mixture was then sintered at 750 — 850°C for 12 hours

in flowing O2. The furnace was calibrated using a standard thermocouple. The sintered

powders were then pressed into pellets by applying a force of approximately 10 tones using

a stainless steel dye of 13 mm. diameter. Pellets of approximately 1-4 mm. diamater, were

sintered again in 750 — 850°C for another 12 hours. Prabhakaran et al. [10] showed that

products formed more rapidly if mixed powders were used for sintering rather than pressed

pellets in the first sintering period. The heating method used was so called "The Rapid heat"

method [6]. In this technique, a powder mixtiu^e of Na2C03 and C03O4 of an appropriate

ratio is directly placed in the fiurnace which is preheated at 750 — 850°C, in order to trigger

instantaneous chemical reaction between the raw materials (see chapter 1).

*The solid state reaction method is normally used to synthesize inorganic compounds such as oxide. In

this method, ingredients are weighed, mixed in a mortsir with a pestle, and then heated in an electric furnace.

Substances usually become liquid when they are heated; the driving force of the solid reaction is diffusion

of atoms (ions) between solid substances. Therefore, the reaction happens at a temperature less than the

melting points of each substance. [17]
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A similar procedure was used for synthesizing another set of samples with the above

mentioned concentrations. The only difference in the reaction method was that these samples

were sintered in flowing Argon instead of O2. Those samples that were sintered under flowing

Argon, and they all show an insulting behavior in resistivity measurements. Some of those

were annealed once again in flowing O2.

2.2 Preparation of Naa:Co02 yHsO

NaiCo02-yH20 was prepared by chemically de-intercalating Nao.7Co02 with bromine as an

oxidizing agent as it was reported in the Uteratiure [18, 4, 9, 19]. One half gram of Nao.7Co02

was stirred in 20mL of a 6 molar Br2 solution in acetonitrile at room temperature for 5

days. Schaak et al. [18] used different stochiometric amounts (0.5X, IX, lOX, 20X, lOOX,

..) of Br2 ("IX" indicates that the amount of Br2 used is exactly the amount that would

theoretically be needed to remove all of the sodium from Nao.7Co02). They found that

the fully hydrated single phase Naa;Co02-yH20 occiurs for higher Br2 concentrations. The

product was washed in acetonitrile and then with distilled water a few more times. The fully

hydrated Naa;Co02-yH20 was prepared by placing 0.5g of Na<).3Co02 in an open 20mL vial,

which was then sealed inside the larger screw-cap jar that was loaded with 10 mL of H2O.

Evaporation of the water inside the sealed container creates a humidified chamber in which

the samples axe hydrated over a period of 1-2 days. Scientists are attempting to generate

a new method for fabricating Nao.3Co02-(4/3)H20 to avoid the associated environmental

hazards which are due to manipulating large amounts of high concentrations of Br2. Chou

et al. [20] used an electrochemical route for the de-intercalation step which allows a better

control of the Na content. Park et al. [21], synthesized NaiCo02-yH20 by stirring Nao.7Co02

in Na2S208.
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2.3 X-ray diffraction

To characterize the samples and ascertedn their quality, X-ray powder diffraction was per-

formed on all the samples at the Mfix-Planck Institute in Stuttgart, Germany. The wave-

length of the (Cu Kq line) incident beam used was 1.54 A°. The range of 29 was 5.01° to

89.99°. Results show the residual C03O4 impurities above the detectable limit remained for

samples with x < 0.65, and conditions to eliminate this have yet to be identified. X-ray

results for all samples with different concentrations reveal similar peaks which indicate that

they are in stable phase. A search in the database suggested that the best structiural match is

Nao.7Co02. A stable phase was observed even for those samples whose Na over Co ratio was

less than 0.70. Previous results in the literature reported excess C03O4 in the final product

for these reagent ratios. XRD patterns show a weak presence of C03O4, but this presence

was also detected in magnetization measurements as a clear peak at T ~35 K which is due

to the antiferromagnetic ordering transition of C03O4 [10]. A thin layer of glassy material

was formed on the sample Nao.7Co02 due to the rapid heat-up method. After removing

clear glassy materials from sample's surface, X-ray measurement showed a perfect ceramic

of Nao.7Co02. To check the results on the structural properties of the samples, all x-ray data

were compared with structure of Nao.7Co02 and C03O4. Previous measiurements [22, 23, 24]

have revealed the structiu-e of Nao.7Co02 consists of layers of edge sharing CoOe octahedra,

where the cobalt atoms form a triangular lattice. For the hexagonal imit cell, the lattice

constant a//=2.84 A° eind Ci/=11.01 A° and space group is PGs/mmc [25], and is shown

in Fig. 2.1. Figures 2.2, 2.3, 2.4, 2.5, show X-ray data of NaxCo02. They were analyzed

by using Fullprof. The FuUprof ^program has been mainly developed for Rietveld analysis

(structure profile refinement) of neutron (constant wavelength, time of flight, nuclear and

magnetic scattering) or X-ray powder diffraction data collected at constant or variable step

'[26]
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Oco

Figure 2.1: Crystal structure of Nao.7Co02, space group P63/mmc. Co atoms are octahe-

drally coordinated to six oxygen atoms. The CoOe octahedra share edges to form

layers. Na ions are in two partially occupied sites, Nal and Na2. The figure is

reproduced from Jorgensen's paper [24]
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in scattering angle 26. The program can be also used as a Profile Matching (or pattern

decomposition) tool, without the knowledge of the structure. Single crystal refinement can

€dso be performed alone or in combination with powder data. Time of flight (TOF) neutron

data analysis is also available. Energy dispersive X-ray data can also be treated but only

for profile matching. Fullprof_2k has been developed from the standard Fortran?? [2?]. In

order to determine the origin of impiurity peaks in the x-ray data, the C03O4 structure was

used in refinement and the results showed that most of the impiurities belong to it. C03O4

has a cubic structure with lattice parameter ac=8.0821 A° and space group Fd3m. Calcu-

lation show samples of Naa;Co02 where x^ 0.? aie consist of about 15 percent C03O4 [25].

Information about the samples and their probable impurities were summerized at Table 2.1.

Table 2.1: Different concentration of sodium

Sample name
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Chapter 3

Magnetization

3.1 Magnetism

When a material is placed in a magnetic field, the magnetic forces of the material's electrons

will be affected. However, materials can react differently in the presence of an external

magnetic field. This reaction is dependent on a number of factors such as the atomic and

molecular structure of the material, and the net magnetic field associated with the atoms.

This magnetic field may have three origins which are the electron orbital motion, the change

in orbital motion caused by an external magnetic field and the spin of the electrons. The

response of the material to the magnetic field is called magnetization (M) and for most

material it is proportional to H by Exj. 3.1 :

M^XH (3.1)

The proportionality constant, X) is the magnetic susceptibility. Fig 3.1 shows the range at

which the magnetic moment changes for different kinds of magnetic materials [28]. The four

common tjqjes of magnetism are:

1. Diamagnetism

2. Paramagnetism

3. Ferromagnetism

4. Antiferromagnetism
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according to Curie-Weiss's Law:

Xp = C/(T-Tc) (3.2)

In the equation 3.2, C is a material-specific curie constant and T is temperature in Kelvin,

Tc is a Weiss constant (Curie temperature) and it is indicative of intermoleculax interactions

among the moment.

If T>Tc, parsimagnetic interaction exist

If T<Tc ferromagnetic interaction where Tc > and antiferromagnetic behavior where

Tc < [28, 30].

3.1.3 Ferromagnetism

Ferromagnetic materials have a large and positive susceptibility to an external magnetic

field. They exhibit a strong attraction to magnetic fields and are able to keep their magnetic

properties after the external field has been removed. Ferromagnetic materials have some

unpaired electrons so their atoms have a net magnetic moment. They get their strong

magnetic properties due to the presence of magnetic domains. In these domains, large

ntunbers of atom moments (10^^ to 10^^) are aligned parallel so that the magnetic force

within the domains is strong. When a ferromagnetic material is in unmagnetized state, the

domains are nearly randomly organized and the net magnetic field for the part as a whole is

zero. When a magnetizing force is applied, the domains become aligned to produce a strong

magnetic field within the parts. Ferromagnetic material has a phase transition that occurs

at the critical temperature, Tc which is Curie temperature emd above Tc paramagnetism

exists [28, 30, 31].
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Figure 3.2: Spins in a triangular lattice

3.1.4 Antiferromagnetism

In Antiferromagnetism, the spins of magnetic electrons align in a regular pattern with neigh-

boring spins in opposite directions. Generally, antiferromagnetism occurs at a low temperar

ture and become disordered above a certain temperature. This temperature is called Neel

temperature and above this temperatiure, the material is typically paramagnetic. The

magnetic susceptibility of an antiferromagnetic material appears to go through a maximum

as the temperature is lowered [28, 30, 31].

3.2 Magnetization of Naa;Co02

Na ions are sandwiched between triangular lattice of C0O2 layers in NaxCo02 (see Fig. 1.3).

On triangular lattices "Geometrical frustration" is an important factor that shape the be-

havior of electrons. In an insulating lattice, the coulomb repulsion force is relieved if eax^h

electron can point its spin antiparallel to their nearest neighbors. This arrangement of spins

leads to a Neel state in which spins alternate up and down along each bond direction.

However, geometric frustration prevent such ideal regularity on the triangular lattice. As is

shown in Fig.3.2 two of the three electrons must share the same spin orientation [32]. At

absolute zero, the spins remain in a disordered quantum state with no certain pattern which





Chapter 3. Magnetization 29

is often called "spin liquid". Understanding the spin liquid state is the major goal of the

science of the strongly correlated materials. Initial results [1] obtained on Naa:Co02 with x

close to (2/3), showed that the material is an excellent electrical conductor. In a metal, the

percentage of electron spins which can be field-aligned is very small, and shrink to zero by

decreasing temperature. By contrast, in NaxCo02, the amount of susceptible spin equals the

charge carrier population (holes), smd stays unchanged with decrease in temperature [33, 2].

For metallic system such as NaxCo02, the total susceptibility x(T) is given by E^q.3.3

x{T) = Xs + Xdia + Xvv + Xd{T) (3.3)

Where Xa represents the Pauli paramagnetic component from s electrons. As some of the s

electrons can be thought to be localized on the oxygen atoms and hence would not contribute

to the electrical and magnetic properties. However, there is no knowledge about the nature

of s electrons from sodimn ion [33]. In comparison to the total susceptibility x(T) at 300 K

(~ 800 * 10~^emu/mole), the diamagnetic term Xdta, to which the ion cores contribute, is

a small correction. The term xvv has the origin in the temperatiure-independent orbital

paramagnetic susceptibility in insulators. In a compound containing Co ions, this generally

has a large contribution. These three terms can be grouped together as Xo- The temperature

dependent spin paramagnetism Xd{T) arises from the localized character of the d electrons.

Therefore Exj. 3.3 can be expressed as Eq. 3.4:

XiT) = xo + C/{T-d) (3.4)

Magnetization data can be parameterized by Ekj. 3.4. Table 3.1 shows fitting parameters

which are reported by other groups.

The triangular lattice becomes superconducting when water molecules intercalate to form

a layer between the Na ions and C0O2 layer. The superconducting phase exist just in the

narrow interval 1/4 < x < 1/3 [9] see Fig. 1.10. An important factor seems to be the ability
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Table 3.1: Result of fitting magnetization data with Curie-Weiss equation

Author
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of water molecules to screen the strongly fluctuating electrostatic potential of the Na ions

from the charge carriers in the C0O2 layers.

3.3 Experimental procedure

3.3.1 SQUID

SQUID (Superconducting QUantum Interference Device) were invented in 1962 when B. D.

Josephson [41] developed the Josephson junction. In the original form, SQUID consists of

two Josephson tunneled junctions connected in parallel on a superconducting loop. Small

applied current / flows through the jimctions as a supercurrent, without developing a voltage,

by means of cooper pairs tunneling through the barriers. However, when the applied current

exceeds a certain critical value Ic, a voltage V is generated. The Ic, is an oscillator function

of the magnetic flux
(f>,

threading the loop with a period of one flux quantum ^0 which is :

^ = 2 * TT * h/{2 * e) ~ 2.0678 * 10-^^Tesla.m^ (3.5)

The oscillation arise from interference of the two waves describing the cooper pairs at the

two junctions, in a way that is closely analogous to the interference between two coherent

electromagnetic waves. Thus the SQUID is often called an interferometer. There are two

main kinds of SQUIDs; DC and RF SQUIDS. The DC SQUIDs usually have two or more

Josephson jimctions. This makes them more sensitive but difiicult and expensive to produce.

The RF SQUIDs consist of a single junction interrupting a superconducting loop. It can be

operated as a magnetometer by coupling it to the inductor of an LC-tank circuit excited at

its resonant frequency by a RF ciurent. The RF voltage across the tank circuit oscillates as

a function of the magnetic flux in the loop, again with a period (j> [42] Fig. 3.3 shows the

structure of an RF-SQUID.
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Figure 3.3: The RF SQUID inductively coupled to a resonant tank circuit [43]
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Most SQUIDs are fabricated from lead or pure niobium. The lead is usually in the

form of an alloy with 10 percent gold or indium, because pure lead is unstable when its

temperatiure is repeatedly changed. The base electrode of the SQUID is made of a very thin

niobium layer, formed by deposition, and the tunnel barrier is oxidized onto this niobiiun

surface. The top electrode is a layer of lead alloy deposited on top of the other two, forming

a sandwich arrangement. Measurements usually can be done in two forms of DC and AC

magnetometery.

DC Magnetometery

DC magnetic measurements determine the equilibrium value of the magnetization in a sam-

ple. The sample is magnetized by a constant magnetic field and the magnetic moment of

the sample is measured, producing a DC magnetization curve M(H). The moment is mea-

siued by force, torque or induction techniques, the last being the most common in modern

instruments. Inductive measurements are performed by moving the sample relative to a

set of pickup coils, either by vibration or one shot extraction. In conventional inductive

magnetometers, one measures the voltage induced by the moving magnetic moment of the

sample in a set of copper pickup coils. A much more sensitive technique uses a set of super-

conducting pickup coils and a SQUID to measure the current induced in superconducting

pickup coils, yielding high sensitivity that is independent of sample speed during extraction.

Inductive magnetometers can also be used to perform AC magnetic measurements [44].

AC Magnetometery

In AC magnetic measurements, a small AC drive magnetic field is superimposed on the

DC field, causing a time-dependent moment in the sample. The field of the time-dependent

moment induces a current in the pickup coils, allowing measiuement without sample motion.

The detection circuitry is configured to detect only in a narrow frequency band, normally at
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the fundamental frequency(that of the AC drive field) [44].

3.4 Magnetization of ceramic sample Naa;Co02

Magnetic properties of NaxCoOj (x=0.4, 0.6, 0.7, 0.8, 0.9) were studied using DC magne-

tization.^ All the magnetic measurements on powder samples were performed immediately

after the final sintering process. The same samples were remeasiu-ed after a few months and

changes were observed especially in magnetization, which changed few times compared to

the first measurement. Fig. 3.4 shows magnetization of Nao.7Co02 which was measiued in

April and November 2004 where 1000 G field was applied. There was not any detectable

change in the appeeurance of the peirticles or C03O4 impurities in the re-measured sample.

Prabhakaran [10] and Iliev [11] et al. also noticed similar changes. The fact that the sample

is losing its magnetic moment in time period, might be due to the decomposition of C03O4

or absorption of water firom air. Since the superconductor sample is Nao.35Co02 • (4/3)H20,

low Na concentration and water absorption reveal diamagnetic behavior in this sample.

Fig. 3.5 shows the temperature dependence of the magnetic moment for different concen-

tration of Na in Naa;Co02. The peaks at T=35 K for sample with concentration of Na=0.4

and 0.6 is due to the antiferromagnetic ordering transition of C03O4 [4, 9, 10]. A systematic

decrease in magnetization with increasing x can be observed, which can be understood in

terms of an decreasing ratio of Co"*"^ (s = 1/2) to Co"*"^ (5 = 0). Since a stable phase was

observed for x=0.7, those samples whose Na over Co ratio was less than 0.7, C03O4 could

not react with Na.2C03 completely and stays in the samples as an impurity, thus the anti-

ferromagnetic peak of C03O4 is sharper. Between (250 K-320 K), no anomaly was observed

in magnetization measurements, while a peak was detected in resistivity measurements (see

^SQUID was calibrated using a 6 cm scan for Pt sample. The calibration error due to applying high

fields, is estimated to be less than 0.1 %, however, there is up to 30 % error for very low fields [45].
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chapter 4). It is reported in single crystal samples that a notable peak was observed at

around room temperature while they could not observed any peak in polycrystalline sam-

ples [10, 16]. Field Cool (FC) and Zero Field Cool (ZFC) measurements were performed

on sample Nao.7Co02. Since our interest was to see the magnetic transition T^ which was

reported by different groups in the temperature ranges of 18 K-23 K [10, 34, 46], temper-

ature dependent magnetization measurements were performed for different fields: H=25 G,

100 G, 1000 G, 10000 G between 5 K and 50 K. Fig. 3.6 and 3.7 show that there is a

slight change between FC and ZFC when 25 G field was applied. This change is due to a

weak magnetic interaction between domains and even a small field like 100 G can saturate

domains as there is no difference between ZFC and FC for 100 G and higher fields. There

are different opinions about the nature of this transition at T^. Motohashi et al. [34] re-

ported the existence of a magnetic transition at 22 K (=T^) in polycrystalline Nao.75Co02.

From the observation of small changes in bulk susceptibility, while no transitions were found

in Nao.65Co02 down to 2 K. Positive muon spin rotation and relaxation (/i
"* SR) on the

polycrystalline Nao.75Co02 sample [46] indicated that the transition at 22 K is not induced

by impurities but is an intrinsic change in the magnetism of the sample, although the sample

was magnetically inhomogeneous. Also the // ''"SR result suggested that the ordered phase

below Tm could be either a ferrimagnetic or a commensurate spin density wave state (SDW)

while optical measurement showed that the origin of the transition is SDW [46, 47]. It

was reported that there is a large difference in magnetic properties between single crystal

and polycrystalline samples which is evident from Tm- Trying to fit magnetization data of

sample Nao.7Co02 with Eq. 3.4 in the temperature range of 50 K to 300 K, resulted in a

Curie constant C = 0.188 ± 0.5 * 10~^ emu K/mol and urie temperature 6 = —133 ± 3.8 K,

Xo = 0.73* lO-^iO. 1*10-* emu/mole and effective moment ^ is fieff=1.22±0.25*10-^ Hb/Co

site if all the cobalt atoms are assumed equivalent. Fig. 3.8 illustrates the variation of the

'[48]
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ratio M(T)/H at temperatures between 5 K to 100 K for different fields of 100 G, 1000 G

and 10000 G for sample Nao.rCoOa.^

3.5 Magnetization of Superconductor sample

Nao.35Co02 • (4/3)H20

The discovery of superconductivity in Nao.35Co02 • (4/3)H2O generates interest to investi-

gate the mechanism of superconductivity in this compound. Although the superconducting

transition temperature, Tc is much lower than cuprate's, both systems have many common

features. They both represent strongly correlated systems and it might be the reason that

maximum critical temperature occurs just for a certain amount of H2O and Na, and all the

overdoped and underdoped materials have lower Tc- Nao.35Co02 • (4/3)H20 has two dimen-

sional Co-0 plane which is separated by Na and H2O layers just as Cu-0 layers alternate

with rare earth dopant. Furthermore, both Co and Cu have spin 1/2. However, in contrast

to square lattice form of cuprates, C0O2 have a triangular form. To understand the pairing

symmetry, experimental and theory studies have been performed on this sample and there

are contradictions between results [49, 50, 51, 52]. It is still unclear whether superconductiv-

ity is originated fi:om singlet or triplet pairing. Maska et al. [53] measured the upper critical

field {Hc2) for the superconductor sample and showed that the unusual temperature depen-

dence might be due to the field induced transition from singlet to triplet superconductivity.

The nature of superconductivity in cobaJtate remains an open issue. Magnetic properties

seem to be a primary importance in these studies. Here, magnetization measmrements were

performed in low fields in order to find the values of lower critical fields. The superconduct-

'The difference between 10000 G and two other curves is probably due to the remnant fields from the

shields surrounding the SQUID sensor which make the actual field at the sample differ by a few Gauss from

the nominal filed.
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Figure 3.8: Magnetic susceptibility (x) vs. Temperatiure for seunple Nao.7Co02 at different

fields H=100 G, 1000 G and 10000 G.
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ing properties of fully hydrated sample Nao.36Co02 • (4/3)H20 were characterized by DC

susceptibility using SQUID magnetometer. Fig. 3.11 shows the magnetic susceptibiUty (x)

of Nao.35Co02 • (4/3)H20 as a function of temperature. In the measurements under the ex-

ternal field of 10 G, Tc was about 4.2 ±0.1 K for both ZFC and FC processes. In Fig. 3.12,

magnetic susceptibility (x) was measured under low fields between 10 G to 200 G by the

step of 10 G, by the zero field cooling process. For the fields greater than 150 G, magnetic

susceptibility was not negative down to 2.5 K. However, superconducting transition was ob-

served by the downturn of x although it was quite broad. The lower critical field Hci can

be determined from M-H curves for fields lower than 200 G as shown in 3.9. Magnetization

is field dependent and by applying field below Hci tries to deviate from the straight line

at Hci. The Hci(O) value can be obtained by fitting the Hci(T)-T (3.10) ciurve with the

equation 3.6 *.

HciiT) = Hci(0)(l - (r/Tc)2) (3.6)

Using equation 3.6 has resulted the value of Hci(0)=66 G and Tc=4.12 K. There are

some «irgiunents about fitting parameters Hci(T) and Tc- Sakurai et al. [55] found Hci=28.1

Oe and Tc=4.59, Takada et al. [4] reported Hci=100 Oe and Badica et al. [56] reported the

Hci=17 Oe and Tc=3.8 K.

.Fig. 3.13 shows susceptibility measurements for fully hydrated sample Nao.35Co02 •

(4/3)H20 and non superconductor sample Nao.35Co02. The fully hydrated sample has a

larger total susceptibility and it may result from a change in xvv and Xpauu from Eq. 3.3,

although it is not possible to separate these two terms independently. Aroimd 45 K, an

anomaly appears for both samples which it is due to residual oxygen on the siuface or in the

intercalated water on the sample.

^[54]
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Chapter 4

Resistivity

4.1 Four probe resist£ince measurements

The four point probe method is typically used to determine bulk resistivity. When a sim-

ple measurement of the electrical resistance is performed by attaching two wires to it, the

resistance of the contact point of the wires to the sample is also measured. Typically the

resistance of the point contact (called contact resistance) for a sample with large resistance is

very small thus it can be ignored. However, when one is measuring a very small sample resis-

tance, especially under variable temperature conditions, the contact resistance can dominate

and completely obscure changes in the resistance of the seimple itself. The effect of contact

resistance can be eliminated with the use of a four point probe method. A schematic of a four

point probe is shown in Fig. 4.1. In this diagram four wires (or probes) have been attached

to the test sample. A constant current is made to flow the length of the sample through

probes labeled a and d in figure 4.1. This can be done using a current source or a power

supply as shown. If the ssimple has any resistance to the flow of electrical current, then there

will be a potential (or voltage) drop as the current flows along the sample. To eliminate the

thermal voltage, each data point was calculated from the difference between voltage as direct

and reversed polarity of the current source and the results are averaged;(V=(V+-V_)/2)and

R=V/I. Therefore, R between b and c is determined using an average of the two voltages

and the applied current [57].
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Figure 4.1: Schematic diagram of the four-probe technique. Resistance of the sample for

esich temperature was calculated from the diflFerence between voltage as direct

and reversed polarity of the current source and the results are averaged;(V=(V+-

K_)/2)and R=V/I. Therefore R between b and c is determined using an average

of the two voltages and the applied current
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4.2 Preparation for Resistivity measurement

The resistivity measurements were performed on the samples with rectangular shape with

dimensions of approximately 5 mm * 2 m,m, * 2mm. Since NaiCo02 is sensitive to moisture

in the ambient atmosphere, silver paste was not good for making connection between sample

and gold wires. Gold evaporation was used to make four strips of a thin layer of gold on the

sample's surface. Fig. 4.1 is a schematic of the sample which is ready for measurement. Turbo

molecular pump was used for maJdng vacuum up to 10~^ Torr and cryostat cooled samples

from room temperature down to 14 K. As it was mentioned in Chapter 2, resistivity mea-

surements for all the samples annealed in flowing Argon show insulating behavior. Fig. 4.2

shows temperature dependence of resistivity for the sample Nao.75Co02 which was annealed

in flowing Argon. Fig. 4.3 shows resistivity of NaxCo02 where x — 0.4, 0.5, 0.7, 0.8. From

room temperature down to 14 k. All the samples show metallic behavior {i. e. dp/dT > 0)

in the whole temperature range studied. Since X-ray measurements showed that these sam-

ples are all Nao.7Co02 with different kinds of impurities, strange resistivity behavior is not

unexpected. Also there is a kink observable for sample Nao.7Co02 at around 280 K, which

will be discussed later on in this chapter.

4.3 Magnetoresistance

Magnetoresistivity (MR) is the change in electrical conductivity when a magnetic field (H)

is applied. The change of the resistance is usually proportional to H^ for small fields, how-

ever, at high fields it can rise faster than H^ [58]. Measurements at lower temperature were

performed by inserting the probe into the automatic Quantum Design Magnetic Properties

Measurement System (MPMS). The MPMS system consists of the Helium dewar with a

superconducting magnet, SQUID detection system and probe assembly connected to control
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Figure 4.2: Resistivity measurement of Nao.75Co02 annealed with Argon
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systems. Automatic control and data acquisition are performed using a PC computer and

subsystem controllers [59]. The magnetoresistance was measured as a function of temper-

ature by using a current of 1 mA. Data were collected by switching current in every 0.5

temperature interval while constant field had been applied. Four probe contact was used

for measurement. Measurement has been done for sample Nao.7Co02 where temperature

chtmged from 5 K to 320 K and fields were H=10 G, 30 kG and 55 kG\ and as it is shown

in Fig. 4.4. Since there was not any appreciable change between H=10 G and H=30 kG;

H=55 kG was applied to see if a higher field can make any difference. A small change was

observed between H=30 kG and H=55 kG but mostly at low temperatiures. Fig. 4.5 shows

the temperature dependence oiSpn/po between 5 K and 50 K. Prom Fig. 4.5, MR has greater

magnitude in higher field. Above 20 K, the MR values are close to zero.

Two previous groups have reported the increase in resistivity at 2 K, by applying magnetic

field of 80 kG and 70 kG [60, 61, 62). Motohashi et. al. [34, 63] showed that the difference

in the MR effect is more significant at lower temperatiures. The Nao.75Co02 sample showed

a large positive MR at 5 K. They also showed that MR value at 7 T abruptly increased. The

onset temperature of the MR effect was at Tm=22 K, which they corresponded this T^ to

SDW transition.

4.4 Hydrostatic pressure

Pressure is a controllable and reversible experimental parameter that can be changed over a

wide range to probe the properties of condensed matter systems. Applying pressure makes it

possible to bring a system near the structural, electronic and other kinds of phase transitions.

Such changes often talce place at very low temperature and frequently involve the use of

magnetic fields. But there is some limitation in the strength of even the strongest materials.

^There is around 30% error in low field due to the remenant magnetic field.
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For instance the highest pressure which can be appUed is about 50 kbar and it requires the

anvil pressure cells, such as diamond anvil and sapphire anvil cells. However, the limited

amount of space in such devices is often a great inconvenience, and for lower pressures it is

very useful to be able to employ piston cylinder cells [64].

4.4.1 Measurements under hydrostatic pressure.

Pressure effects were measm-ed using a self-claimping type pressiue cell, which shown in Fig.

4.6.

Force is applied to the pressure cell at room temperature by a conventional lab press.

The force is transmitted to the sample region, which is located under the nylon cap, (Fig 4.6

and 4.7), through a tungsten-carbide piston.

The applied pressiure is transmitted to the sample through the transmitting medium

which is silicon oil in this case. The pressure in the cell was determined at all temperatm^es

using the known pressiure dependence of the resistance of a lead sample which is located

under the same nylon cap, close to the sample, figiure 4.7. In other words, the lead strip is an

internal pressure manometer. It is important to have lead, because the pressure is reduced

as the temperature is lowered, which results in the thermal contraction of the pressiure trans-

mitting medium. To account for this problem, resistance dependence of the pressure for the

calibrated lead strip was fitted with polynomial equation and constants were obtained [66].

Each time the cell was pressurized, resistance of the sample and lead were measured for

different temperatures. Using the polynomial equation with known constants enables to de-

terminnation of the actual pressure from a lead resistance and use it for plotting pressure

dependence of resistivity for the sample.

The resistance of the sample Nao.7Co02 was measured using four probe contact method.

In this technique, a thin gold wire is soldered to each of the four gold thin films on the
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Figure 4.6: Schematic diagram of Hydrostatic pressure cell for resistivity measurements: A

body of cell (CuBe); B,C-tightening nuts (CuBe); D,E -springs (CuBe); F-plug

(CuBe/WC); J-thermometer area; K-protecting washer (CuBe/Teflon); L-nylon

container; M-washer (CuBe). The arrow indicates where the force is applied [65]
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IX CEFGh

Figiire 4.7: Schematic diagram of Hydrostatic pressure cell with sample for resistivity mear

sm-ements. A, B, C, D connected to the samples and E, F, H and connected to

lead [65].
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sample; using Indium. As shown in Fig. 4.1, first Indium is melted onto the gold thin film,

and then a gold wire is laid down on the Indium spot and soldered with Indium. The gold

wires axe then soldered to Cu wires. The four contacts were labeled as A, B, C and D. A

constant current of 1 mA is applied between points A and D, and voltage between B and C

is measured using a nanovoltmeter. The pressure cell is placed inside a 3-layered cryostat,

Fig. 4.8. Chambers A and C of the dewar are connected to a turbomoleculaj pump to hold a

high vacuum. Chamber B is used for liquid Nitrogen. Their function is to insulate the inner

chamber D from the outer environment. The pressure cell, connected to a supporting rod,

is inserted in the chamber D, which can be hermetically closed on the top. The temperatiure

is monitored by a thermometer inside the cell. The middle and inner dewar (chamber B and

D in Fig. 4.8) are filled with liquid Nitrogen [67]. At temperature 77 K, liquid Nitrogen in

the inner dewar (chamber D) is replaced by liquid Helium. The pressure cell is allowed to

cool down to aroimd 4.2 K, then measurements were taken as the system slowly warms up.

Measurements were carried out at ambient pressure from 4.2 K to 293 K. The value of

resitivity at room temperature was the order of 1-10 milcm. This value is in reasonable

agreement with several other reports of resistivity measurements made on either polycrys-

talline sample or single crystal samples of Nao.7Co02 in the ab plane [2, 9, 34, 61, 62, 68].

Temperatiu-e dependence of resistivity for the sample Nafl.7Co02 in a zero pressure followed

the same path as magnetoresistance measurement. The anomaly which was seen in earlier

measurements (resistivity and magnetoresistivity; Fig. 4.4 and 4.5) between 260 K-290 K,

can also be seen in Fig. 4.9. This anomaly is a first order transition and appeared in all mea-

surements and it has been reported by different groups [15, 37, 61, 69, 39]. Sales et al. [37]

measured three samples of Nafl.75Co02 one of which was polycrystalline and the other two

were single crystals. Using scanning calorimetery data (DSC), a peak was detected at 343 K

for the floating zone grown crystal and at 430 K for the flux grown crystal and between

250 K-310 K for the polycrystalline sample. From X-ray and neutron diffraction studies, it





Chapter 4. Resistivity 60

Vacuum chambers (A, C)

Liquid nitrogen chamber (B)-

Inner chamber (D)

^

^

IZ-4

tel

'/.

1

Needle valve

P^

H

tj

d

^

^fe^^

\
i

^7///////////^.

—» Connected to

turbomolecular pump

Pressure cell

Figure 4.8: Cryostat [65]





Chapter 4. Resistivity 61

is reported that this anomaly is most probably due to the rearrangement of the Na between

C0O2 layers [2, 24, 37, 39, 70]. At high temperatm-e Na ions are able to move through the

planes between the two oxygen sheets. Thus, ionic conduction is expected via the direct

movement of the sodium ions. The sodium atom can occupy two positions in the lattice and

freezing of the sodium in one of the positions can cause a small increase in resistivity [23, 61].

For the sake of comparison all sets of data are normalized with their resistivity value at

room temperatiure R(293), with results shown in Fig. 4.10. Applying pressm-es of 3 kbar

and 5 kbar, have not affected transition temperature between 275 K and 280 K. However,

applying higher pressure (8 kbar) made the transition sharper.

Fig. 4.11 shows pressure dependence of the resistivity at room temperature, when it

is observed that as pressure is increased, room temperature resistivity decreases at a rate

dp/dp = -0.033 ± 0.76 * lO-*{mncm/kbar).

In order to see the effect of the pressiu^e on the magnetic transition at low temperatures,

resistivity measurements were performed at three different pressures of 0, 5 and 11 kbar.

Fig. 4.12 shows resistivity behavior in the temperature range of 4 K to 230 K. The resistance

ratios (i2293 k/IU k) for applied pressures of 0, 5 and 11 kbar were 13.28, 15.07 and 16.56,

respectively. Bayrakci et al. [71] reported this ratio as 20 for the single crystal sample with

Na concentration of 0.82. It was found that the resistivity between 230 K and 40 K varies

almost linearly with temperature by dp/dT — 14.9 ± 4.7 * 10"^ and 14.2 ± 6 * 10~^ and

14 ±8.7* 10~^ p£LcmK~^ respectively. Below 40 k, this rate of change (dp/dT) increased by

decreasing temperature ajid it had the maximum value at 8 K as shown in Fig 4.12. This

marks the SDW transition as reported by other group [61, 72, 73]. It is noted that applying

pressure decreased the transition temperature. The reduction in p below 40 K, suggests that

opening up the gap associated with SDW, results in a decrease in the total scattering. This

downward feature is reported in the Uterature [9, 34, 61].

It is noteworthy that the dp/dT is decreased by applying pressure. The temperature
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Figure 4.9: Pressure dependent resistivity for sample Nao.7Co02 in temperature range of
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Pressure (kbar)

Figure 4.11: Pressure dependence of the resistivity for sample Nao.7Co02 at room tempera-

ture T=293 ± 0.5 K. The slope is dp/dp = -0.033 ± 0.76 * 10'^{mncm/kbar).

Errors on pressures are around 0.01 kbar.
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dependence of resistance (R(T)) at low temperature can be parametrized by a power law

R{T) = i?o + AT" over an extended temperature range up to 40 K [74]. In zero pressure

R(T) is increasing with T, where power of T is n~ 0.55. Applying pressure changes the rate

of increasing to n~0.6 for P=5.8 kbar and 0.68 for 11 kbar. Shi et al. [14] reported the n

value as 0.42 for the temperatures below 40 K. Bruhwiler et al. [74] reported the value of

n:^ 0.65-0.7 for zero field. This T-dependence indicates a low residual resistance, reflects a

highly unusual and strong scattering of the charge excitations with a decreasing scattering

towards zero temperature. Magnetic trajisition temperature Tci decreased with pressure as

shown in fig. 4.13. Change of Tci with pressure is almost linear and the rate of the change

is -0.15 K/kbar.
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Chapter 5

Conclusions

Two batches of samples of NaiCo02 with x = 0.25, 0.4, 0.5, 0.6, 0.7, 0.75 were prepared using

"Rapid heat-up" in flowing O2 and Argon. Glassy layer was observed on the sample siurface

because of using this method. For the sample with Na concentration of 0.7, removing

glassy layer enable one to get single phase polycrystalline. Resistivity measurements show

an insulating behavior in Argon annealed samples, whereas O2 annealed samples exhibit

metalhc behavior. X-ray powder diffraction data, for all concentrations of x have resulted in

mixed phase samples containing C03O4 and NaxCo02 with x ~ 0.7.

Magnetization and resistivity measurement of polycrystalline NaxCo02 have revealed a

number of features present over a range of Na doping. Magnetization showed a clear peak

at 35 K which is due to the C03O4 impurity. Magnetoresistivity measurements showed

two transitions at Ti=22 K (magnetic transition) and T2=280 K (structural transition).

Transition at Ti=22 K showed up only in the low field of 25 G. Applying pressure decreased

the resistivity of the sample and decreased the transitions at Ti and made a significant

change on the transition temperature at T2. Applying pressure also decreased the resistivity

of the sample at room temperature, which is due to the decrease of the lattice parameters.
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