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Abstract
The discovery of unconventional superconductivity in hydrated Nao.3 CoO2.1.3H 2 0 has lead
to active research work on the material over the last year due to its similarities and pos-
sible insight into the high-To copper oxide superconductors as well as the possibility of
other rich physical phenomenon. In this thesis, experimental evidence is presented illus-
trating the existence and properties of a previously unknown non-superconducting phase
of Na0o 3 CoO2 1.3H2 0. This evidence includes magnetic susceptibility and x-ray scattering
studies which suggest that the appearence of this phase is not due to underhydration and
that a superconducting state can be restored via annealing at temperatures above roughly
340 K. Furthermore, synchrotron x-ray scattering of the non-superconductor reveals a 3-c
modulation which is clearly absent in the superconducting phase of the material as well as
unexpected temperature dependence behavior in the associated Bragg peaks.

Thesis Supervisor: Young S. Lee
Title: Assistant Professor of Physics
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Chapter 1

Introduction

The history of condensed matter physics has revealed an amazingly diverse range of mate-

rials, properties and phenomena. Among them, the phenomenon of superconductivity has

had a long legacy of study which, with the discovery of high-temperature superconductors,

remains an active area of research by both experimental and theoretical physicists. Despite

considerable effort in measuring the properties of high-T, compounds, an understanding

of the primary mechanism for high-T, superconductivity remains elusive. However, a new

clue is taking form in the newly discovered high-T, material hydrated sodium cobalt oxide

(Nao 3 CoO2 -yH20). Whereas effectively all high-T, superconductors previously studied pos-

sess square-planar copper oxide layers, the triangular cobalt oxide layers of NaxCoO2 offer a

fresh and unique opportunity to study the properties and origin of high-T, superconductivity

in a fundamentally different geometry.

1



1.1. A History of Superconductivity

1.1 A History of Superconductivity

The phenomenon of superconductivity was first observed in 1911 by H. Kamerlingh Onnes[2] [3].

Having been the first to successfully liquefy helium three years earlier (work which garnered

him the 1913 Nobel Prize), Onnes was able to measure electrical properties of pure metals

such as mercury, tin, and lead at temperatures around K. He discovered that the resistiv-

ity of these metals dropped abruptly to an undetectable value below a critical temperature.

By 1933, the work of Meissner and Ochsenfeld demonstrated that if a superconductor is

cooled below its critical temperature while in an external magnetic field, the superconduc-

tor exhibits perfect diamagnetism, expelling any internal field, which demonstrated that

superconducting phenomenon was intrinsically different from a mere perfect conductor[4].

Furthermore, the presence of the non-zero field depressed the actual transition temperature

in such a way that, given a sufficiently large field, a superconducting transition can be made

impossible.

To explain this effect, a phenomenological model was proposed by F. and H. London in

1935 where they were able to correctly describe the Meissner effect by claiming it was a

consequence of the minimization of electromagnetic free energy in the supercurrent[5]. In

1950, the theory of Ginzberg and Landau also added to explaining the macroscopic properties

of superconductors. Most notably, it was used to accurate predict the existence of type I

and type II superconductors. Type I superconductors maintain a perfect diamagnetic state

(known as the Meissner effect) until a critical field, He, is reached. At this point, the normal,

non-superconducting state is recovered. This type of superconductivity is common in pure

samples. For type II superconductors, a perfect diamagnetic state is maintained until a lower

critical field is achieved, HC1. Once achieved, the superconducting sample enters a "vortex

state" where magnetic field flux is no longer zero, yet the sample maintains a nearly zero

2



1.1. A History of Superconductivity

resistance. Once the field reaches an upper critical field, He2 the sample returns to its purely

non-superconducting state. Type II materials are common in alloys or transition metals with

high normal state resistivity.

Despite these successes, a truly complete, quantum mechanical picture of superconduc-

tivity did not occur until 1957 when the work of Bardeen, Cooper, and Schrieffer at the

University of Illinois was published[6]. In this work, the superconducting current was ex-

plained as a superfluid of so-called "Cooper pairs" which occur when electrons pair together

due to phonon interactions with the surrounding lattice. The new Cooper pairs form effec-

tive bosons that can condense to a lower energy ground state below a critical temperature,

forming an energy gap from the first excited state. This allows the supercurrent to flow

unhindered within the lattice. This theory was able to explain nearly all the electromagnetic

properties and earned the authors the 1972 Nobel Prize.

Superconductivity continued to be a major area research, often driven by its possible

technological applications despite being limited by transition temperatures of around 20 K.

But to the surprise of many, the work of Karl Muiiller and Johannes Bednorz in 1986 unveiled

La2 _xBaxCuO4 which possessed an unexpectedly high transition temperature to zero resis-

tivity of 30 K[7]. This new material was the first 'high temperature superconductor' and

earned Muiiller and Bednorz the 1987 Nobel Prize. Since then, numerous other high Tc com-

pounds have been discovered with far higher transition temperatures. However, it was soon

discovered that this class of superconductors was, on a fundamental level, different from those

described by the BCS model since the Cooper pairs which form are apparently not caused by

phonon interactions. Yet, in the 18 years since their discovery, there remains no conclusive

or convincing theory to explain this high temperature superconductivity phenomenon.

3



1.2. Properties of Na Co02

1.2 Properties of NaCoO 2

From even a brief examination of its structure, Na.CoO 2 appears similar to other high tem-

perature superconductors, which have separated oxide layers, but with the critical exception

that NaCoO 2 contains cobalt oxide rather then copper oxide sheets (Figure 1-la). Similar

to the cupric oxide high T,'s, the separated cobalt oxide layers lend themselves to an analysis

as a 2D electronic system. In the stoichiometric state x = 1, the cobalt exists in its Co3 +

state with S = 0 in a low spin t6g configuration. When the x < sub-stoichiometric state

is created, the cobalt in the oxide plane becomes a mixed valence system NaxCo1+Co4+XO2

where the Co4 + ions are in a low spin S = 1/2 configuration and where 1-x holes are doped

into a t state. Thus, manipulations of the doping concentration x directly correlates to a

control on both charge carrier concentration as well as the concentration of magnetic Co+ 4

ions in the planes.

Structurally, NaxCoO2 has a hexagonal lattice (space group P63/mmc) with two cobalt

oxide layers per unit cell, each forming an edge-sharing network of CoO6 octahedra. In the

gamma phase, x = 0.75, the structure has lattice constants of a = 2.83A and c - 10.85A

at 300 K. Within the cobalt oxide sheets, the Co-O-Co bonds have been found to be on the

order of 95 degrees in this doping state. This presents a major structural difference between

the oxide sheets of NaxCoO2 and the copper oxide sheets of traditional cuprate high T,

superconductors where Cu-O-Cu bonds are nearly 180 degrees.

For many years, NaxCoO2 has been of interest for reasons besides its recently discovered

superconducting hydrated state. In 1997, Terasaki et al.[8] published that for sodium content

of nearly 0.75, the material exhibited simultaneously large thermoelectric power with low

resistivity, which is rare for an oxide. This made the compound an excellent candidate for

thermoelectric applications due to its high chemical stability and non-toxicity when compared

4



1.2. Properties of Nax Co02
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Figure 1-1: Structure of Na0 .3CoO 2 and possible structures for Nao.3 CoO2 -1.4H20[1]

5

4-
.1 � j" _-, -

I '��v

IA I1�1 �� . .1�'-:4
- I I
. I

i

1,

,-, ;W �

iI

.. 't.,
i '�

I

C,""I
I
Iz

. I -"�f
II,-

0�U

pc)"..' V.,
8�', I "

11
�f) 0
I

� I

1'e�..' -- 4 .." IV'.4

i �, 'k.
jl"�' -

I

!%All i I I -r'� f I

.X" ( � ),") ti.), )/



1.3. Properties of Superconducting Nax Co02.yH2 0

to other materials with similar properties such as Bi2Te2 and PbTe[9]. Furthermore, it

suggested that the system might possess interesting electronic correlations. Indeed, the

origins of this incredible cooling capacity was effectively explained by Ong[10] as the result

of spin-entropy due to strong electron-electron interaction effects which was evident from

the observed suppression of the thermopower in an applied longitudinal magnetic field.

1.3 Properties of Superconducting NaCoO 2-yH20

For its notable similarities, the discovery of superconductivity in hydrated Na0.35CoO2 by

Takada et al. in 2003[11] came as a surprise. In this initial work, superconductivity was

observed in Na0 .35 CoO2-1.3H 20 with a Tc of approximately 5 K. The susceptibility measure-

ments shown in Figure 1-2 illustrate the large diamagnetic transition that occurs at roughly

that temperature. Such an extreme diamagnetic transition can only be explained by the

onset of superconductivity. Further support for this original assertion came from the abrupt

drop in resistivity measured at roughly 4 K as well as its apparent suppression in the pres-

ence of an external field on the order of a 1 Tesla. Further studies by multiple groups have

confirmed these observations and also suggest the material's very strong similarity to the

unconventional superconductivity evident in the high Tc cuprates due to the dependence of

Tc on electronic doping and the behavior of the resistivity for temperatures above T.

Sufficient hydration, appears to be an essential part of the superconducting phase of the

compound. Attempts to measure superconductivity in Na0.3Co0 2.0.6H 2O have yielded no

evidence of the phenomenon[12]. Indeed, the presence of the intercalated H20 has a dramatic

effect on the spacing between the cobalt oxide layers and no apparent effect on the a-axis

direction. Figures lb and c illustrate two models (based on different scattering measure-

ments) of how the water may intercalate into the crystal. Whereas anhydrous Na0 .6 CoO2

6



1.3. Properties of Superconducting Na CoO2 .yH20 7
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Figure 1-2: Suceptibility vs. temperature for Nao.35CoO2 -1.3H 20 from Takada et al.

has lattice constants a = 2.837(1)A and 10.878(2)A, the hydrated sample Na0o.3CoO2.0.9H 2O

has a = 2.825(2)A and 13.831(7)A[13]. In the superconducting phase, Nao.3CoO2-1.4H 2O, a

= 2.823(1)A and c = 19.635(2)A, nearly twice the original inter-planar separation. Similar

lattice constants and superconducting transitions are also measured for intercalated D20

which appears to change the transition temperature by less than 0.2 K

Initially, it was suggested that Tc was very strongly peaked at x = 0.3[14] as indicated

in Figure 1-3. However more recent measurements suggest that Tc is more constant over

a much larger range in x. Work by C.J. Milne et al.[15] reports T, varying from 4.3 to

4.8 K over a range of concentrations 0.28 < x < 0.37 (Figure 1-4). However, probable

non-uniformity in the sodium doping of the samples may explain these conflicting results,

making the region of allowed x for superconductivity much smaller. If the range of x is

as large as Milne et al. propose, this suggests that the mechanism of superconductivity is,

-1



1.3. Properties of Superconducting Na CoO2 yH20 8
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in fact, conventional and not of a nature similar to high-T, compounds like LSCO, BSCO,

etc. Yet, the triangular nature of the CoO2 lattice clearly suggests magnetic frustration and

unconventional superconductivity is expected to result. Thus, since this phenomenon is still

in a relatively early stage, there remain many critical, unresolved questions.

Understanding the mechanism of superconductivity in NaCoO 2.yH20 is of primary

importance. Until now, most transition metal oxide superconductors contained layered

copper oxides with the exception of Sr2RuO4 whose T, = 1.5 K[16]. The appearance of



1.4. Motivation for Thesis

NaCoO 2 .yH2O provides us with an opportunity to investigate a system with similar prop-

erties to the high Tc cuprates but with fascinating chemical and structural differences. To

that end, NaxCoO2.yH 2 O appears to be a perfect candidate to study a doped resonant

valence bond (RVB) state because of the material's S = 1/2 triangular lattice.

Proposed by Philip Anderson, the RVB state is meant to describe a lattice of antifer-

romagnetically coupled spins where long-range magnetic order is suppressed due to strong

quantum fluctuations, such as geometric spin frustrations[17]. In this system, a resonance

occurs between different states such that different pairs of spins form S - 0 singlet states.

This RVB state is one possible theoretical approach to explaining high-Tc superconductivity

and NaxCoO2 -yH2O offers an unprecedented opportunity to study a real RVB system since

Anderson's original RVB model for superconductivity was calculated for a triangular lattice.

Early theoretical work[18] suggests that near x = 1/3 the material can have further RVB

superconducting instabilities. However, the strongest RVB superconductivity would be ex-

pected at much lower doping which may be at odds with current data that generally shows

the superconducting state disappear below x = 0.26.

1.4 Motivation for Thesis

Due to the large number of unresolved questions even about basic properties of NaxCoO2 -yH20,

one would find themselves with numerous possible avenues of study even for doping values

outside of the range understood to allow for a superconducting state. Nevertheless, my inter-

est remains with the study of the known superconductor Na0 .3 CoO2.1.3H 20 in an attempt to

better understand the origins of the phenomenon. To this end, I report on two distinct and

new avenues for unraveling the mystery. The first revolves around the recent and unexpected

discovery of Na0 .3 CoO2 -1.3H20 samples which are not superconducting. Determining how

9



1.5. Outline 10

these samples compare to the superconducting Nao.3CoO2 -1.3H2 0 could be an excellent clue

toward revealing the mechanism for superconductivity in the material. The second is the use

of elastic x-ray scattering to explore the reciprocal space of both the x 0.3 superconductor

and non-superconductor. For this approach, samples have been examined at the National

Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. This technique can

also hopefully shed some light on the structure of both sample types such possible long-

range order and the orientation of the intercalated H20 within the crystal, which remains

an unresolved issue.

1.5 Outline

Chapter 2 discusses the creation and doping of NaxCoO2 -yH20 including a new and more

accurate method for doping pioneered at MIT. The chapter proceeds to discuss the use of

atomic absorption spectroscopy (AAS) as a method for independently verifying the Na:Co

ratio in the doped sample. Chapter 3 discusses the discovery and measurements made on

non-superconducting Na0o.3 CoO2 -.1.3H2 0 including SQUID susceptibility measurements, x-

ray diffraction measurements of lattice constants, and measurements of the effect annealing

has on susceptibility. Chapter 4 presents some of the results from synchrotron x-ray scat-

tering measurements. Finally, Chapter 5 discusses conclusions of these studies including

potential areas of future study.



Chapter 2

Methods and Analysis of Sodium

Doping

The samples of Na0 .3 CoO2 -1.3H20 were grown using the method described by F.C. Chou

et al.[19] Sodium is de-intercalated by means of an electrochemical technique as opposed to

a chemical oxidation process. This method presents itself as a more precise and easier to

control technique as well as presenting information on possible stable phases.

2.1 Initial Synthesis

Most researchers making both powder and single crystal samples, have implemented a chem-

ical technique similar to that originally outlined by Takada et al.[11] In this method, one

initially synthesizes a parent compound, such as Na0o.7CoO2, using Na2CO3 and C30 4 in

the proper stoichiometric amounts. A fine powder is created by vigorous grinding, upon

which the powder is calcined in a furnace at 750 C. This method, referred to as the rapid

heat-up technique[20], has been found to minimize the loss of sodium to the environment

11



2.1. Initial Synthesis

due to volatilization. Differing groups have used differing temperatures and exposure times

for this stage of the synthesis. For our samples we followed the method described F.C. Chou

et al.[19], which involves the synthesis of Na0o.75CoO2 by the stoichiometry earlier described.

The samples were calcined at 750 C for 12 hours, then 850 C for 24 hours with periods of

re-grinding frequently included.

In order to create single crystal samples, which this thesis focuses on, a floating zone

(FZ) method was employed. The stoichiometric Na0 .75 CoO2 was packed into a feed rod and

a 4-Xe lamp FZ furnace (CSI Japan) melted the sample and re-crystallized it under oxygen

atmosphere. The use of a faster pulling rate appears to minimize the sodium vapor loss,

and later electron probe microscopy analysis (EPMA) indicated that the sodium content fell

between 0.71 and 0.74. Through this method, single crystals have been grown with a length

of 8cm and a 5mm diameter.

At this point, the traditional technique for de-intercalating sodium involved using bromine

in high molar concentrations. Samples would be placed in 6.6 M bromine-acetonitrile so-

lution for 2 - 5 days then washed with acetonitrile and later H20. But, bromine in such

concentrations presents a serious environmental hazard and a different method would be

preferable. We have attempted to create Na0o.sCoO2 and Nao.5s5CoO2 powder starting with

simply the proper stoichiometry and similar furnace time. The resulting sample was then

analyzed with powder XRD that revealed significantly large concentrations of Co 304 as an

impurity [check this with Rich], preventing this technique from being useful. However, we

have been able to grow our samples using a safer and more precise electrochemical method.

12



2.2. Electrochemical Doping

2.2 Electrochemical Doping

The cell used for the electrochemistry involved three electrodes immersed in a M NaOH

electrolyte: the Na/CoO 2 sample served as the working electrode, a piece of platinum foil

served as a counter electrode, and an Ag/AgCl plated wire was a reference electrode. To

de-intercalate sodium from the crystal to make Nao.3CoO2.yH20, the sample is anodically

polarized by applying a constant voltage of 0.6 to 1.2 V while measuring the current from

sample to counter as it decays. The voltage is applied until the current reaches a steady

state condition. Samples have also been made by applying a constant current of 0.1 - 10 mA

and measuring the open circuit potential between sample and reference. Once this potential

reaches nearly 0.5 V, the doping is considered complete. The redox reaction that this process

facilitates is as follows:

At the sample electrode, one sees the oxidation reaction:

NaxCoO2 + 5OH- - Na_6 CoO 2 + NaOH + e-

While the NaOH dissolves into the electrolyte, the excess charge undergoes a reduction

reaction at the counter:

26H2 0 + 2e- -+ 260H- + H2

This yields a net reaction

2NaxCoO2 + 2H 20 -- 2Na_CoO2 + 2NaOH + H2

After completing the electrochemical reaction, the samples are, initially, a mixture of

partially and fully hydrated structures, producing only trace levels of superconductivity

upon measurement. Full hydration is achieved by sealing the sample in a water vapor

saturated environment at room temperature. As expected, the rate of H20 intercalation

13



2.3. Evidence of Stable Phases 14

depends greatly on crystal size. For crystals as large as those earlier mentioned (mm-sized),

complete hydration requires several months. However, the electrochemical process typically

causes the initially large FZ grown crystals to break apart into smaller crystal pieces.

2.3 Evidence of Stable Phases

One of the major advantages of using this electrochemical technique is the precise control

one can have on the doping level of the sample by accurately measuring electrical properties

of the cell. In the constant current setup, time duration indicates how much of sodium

has been de-intercalated from the sample. Yet, it is possible that certain levels of doping

correspond to more stable orderings of the sodium in the lattice. To examine this, the sample

received a 0.01A/g current for 100 seconds, then the current was switched off for 100 seconds.

During these "off" periods, the open circuit potential was measured between the sample and

the reference. This data is presented in Figure 2-1 and one quickly can identify 3 distinct

plateaus in the graph. Using the assumption that sodium de-intercalation is proportional

to the current charging, and that the starting material had a sodium content of 0.75, the

concentration of the plateaus is postulated as corresponding to x 1/3,1/2, and 2/3. The

existence of an x = 1/2 stable phase was the justification for the unsuccessful attempt to

directly synthesize Na0 .5CoO2 described earlier. It seems that these fractions may represent

partial sodium ordering in the hexagonal lattice, in particlar since these stable fractions

represent sequential integer multiples of 1/6 (2/6, 3/6, and 4/6). Yet a deeper explanation

for these phases in the compound remains unresolved.



2.4. Atomic Absorption Spectroscopy
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Figure 2-1: Stable phases in electrochemical doping with possible Na concentrations. [19]

2.4 Atomrnic Absorption Spectroscopy

In analyzing NaCoO 2-yH20, one would like an independent method of verifying the Na:Co

ratio in any given sample. One method whose use on this compound has not been published

is atomic absorption spectroscopy (AAS). AAS takes advantage of the logarithmic relation

between the ratio of ingoing to outgoing light in a sample and the concentration of the

absorbing substance. The sample is dissolved and atomized, such as in an air-acetylene flame,

while it is illuminated by a light emission source composed of the particular element studied

(permitting the spectrograph to have a lower resolution which is more economically and

experimentally practical.) By using beam-splitting optics, the ingoing and outgoing beams

can be directly compared and the ratio measured. However, due to practical difficulties, the

measurement must be made relative to standards whose concentrations are already known.

Thus, the unknown sample's measurement would fall along a concentration curve determined

15
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2.4. Atomic Absorption Spectroscopy

by doing AAS on pre-made chemical standards.

This method has the advantage of requiring very little dissolved sample to perform, only

milliliters of solution with a sample concentration of around 10-3g/L. This is particularly

useful for Na/CoO 2 .yH2O considering its long preparation process forces one to be very

conservative with destructive measurements. Furthermore, the precision allowed by the

technique with reasonable effort is nearly 1% (but can be made as good as 0.2% with very

special attention), and is very inexpensive to operate compared to other methods. However,

it has shortcomings that must be overcome to achieve these results. The preparation of

multiple standards for both sodium and cobalt has presented difficulties, particularly for

cobalt that, unlike sodium, has a non-linear curve when measuring concentration standards

and thus requires more standards to make an accurate measurement.

Nevertheless, a method has been finally developed to overcome these difficulties given

sufficient sample glassware. Furthermore, the sensitivity of the device requires the glassware

and pipettes be thoroughly cleaned of any air-deposited residue. Finally, fully dissolving the

sample in solution has presented an unexpected and considerable difficulty. This was finally

overcome by the use of a strong nitric acid with an acidity of 69.7% by volume. Using about

4ml of a 1:1 mixture of this nitric acid to water successfully dissolved a roughly lmg sample

in - 2 days, however this was at room temperature with minimal mixing (no ultrasound).

It is likely that additional mixing or ultrasound would accelerate the process. Thus, the

feasibility of this method for the determination of x in NaxCoO2 .yH2O is quite high and

should be pursued at the earliest opportunity.
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Chapter 3

Magnetic Properties of

Nao.3CoO2 1.3H 2 0

The measurements reported in this chapter represent our initial attempts to understand the

susceptibility of the superconducting Nao.3 CoO2 1.3H20, but also reflect our discovery of an

unexpected non-superconducting phase of the hydrated x = 0.3 material and our attempts

to understand its origins. This was explored through SQUID susceptibility measurements,

X-ray diffraction lattice constant measurements, and by measuring the effect of annealing

on the sample susceptibility. The fact that these non-superconducting Na0 .3 CoO2 -1.3H2 0

samples originated from the same electrochemically prepared sample batch as well as the

results from our annealing experiment suggest that the lack in superconductivity in certain

crystals is not due to incomplete hydration.

17



3.1. Susceptibility Measurements

3.1 Susceptibility Measurements

For the measurements made, samples were grown in the floating zone and electrochemical

method outlined above by F.C. Chou at the MIT Center for Material Science and Engineer-

ing. All susceptibility measurements were performed using a Quantum Design MPMS-XL

SQUID (Superconducting QUantum Interference Device) magnetometer. The superconduct-

ing crystal sample was examined with applied field of 1 Tesla oriented first parallel to the

ab plane, then parallel to the c-axis. The susceptibility was then measured for temperatures

ranging from 300 K to above T,. (However T, had been greatly suppressed by the Tesla

applied field, thus preventing any observable superconducting transition.) Since the inter-

calated water is of critical importance to the superconducting state, this susceptibility was

compared to that of un-hydrated Na0 .3 CoO2 over the same temperature range and applied

field. The results of this measurement are illustrated in Figure 3-1. These susceptibility

curves can be thought of as being composed of three major contributions. The first two

are temperature-independent: Van Vleck paramagnetism (X,) and the core diamagnetism

(Xcore). The third contribution is a temperature-dependent term, Xe(T) which includes lo-

calized spin contributions and non-localized Pauli paramagnetism spin contributions.

X(T) = Xcore + Xvv + Xe(T) (3.1)

From this data, multiple things stand out. First, there is a very obvious anisotropy in the

susceptibility measurements between the orientations in both the hydrated and non-hydrated

phases with the larger response occurring in the ab plane. The susceptibility also fits well

to a Curie-Weiss law curve
C

18

X(T) = X0 +T - Ocw (3.2)
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Figure 3-1: Suceptibility vs. temperature for hydrated and unhydrated Nao.0 3CoO2 [19]

indicating that the dominant susceptibility contribution comes from the localized spins.
The presence of a greater anisotropy in the fully hydrated sample as compared to the non-

hydrated one is also quite striking and appears to indicate some form of structural change

in the cobalt oxide layers due to the intercalation of water.

The final feature of note is the existence of a cusp near 42 K that appears only in

the hydrated and not in the non-hydrated sample. Other measurements made of partially
hydrated samples reveal the presence of a similar cusp, leading one to the conclusion that

it reflects the hydration process. However, when one examines powder susceptibility studies

(both chemically and electrochemically prepared), this peak does not occur in hydrated

samples, initially suggesting the introduction of an impurity into the crystal such as Co 3 0 4.

A careful examination was done at a higher field of 2 Tesla (well above the expected Hc2)

and measured susceptibility for an increasing temperature run (to 300 K), followed by a

decreasing temperature run (to roughly 2 K). A closer examination of these results from 20 -
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3.1. Susceptibility Measurements

70 K are presented in Figure 3-2 and illustrates the presence of not only the 42 K peak (more

evident on the warming run) but also a possible hysteresis behavior forming in this region.

Further examination of the warming/cooling tails for temperatures below 30 K reveal that

the two curves are actually diverging slightly towards lower temperature.

Although C30 4 has an antiferromagnetic transition temperature around 33 K, it is

not expected to produce hysteretic behavior, making the Co 3 0O4 impurity phase unlikely.

Similar observations of a 42 K cusp were made by Sasaki et al.[21] in hydrated single crystal

samples (doped via the chemical treatment) that led them to suggest the existence of residual

oxygen on the surface of the crystal. If this were true, then one would expect a more

defined cusp in powder samples, which would also harbor residual oxygen. Yet, this is not

what is currently observed. Thus, both this feature and the observed hysteresis remain

without a satisfactory explanation For lower temperatures, our susceptibility measurements

of Na0o.3CoO2 -1.3H 20 sharply turn from an apparent paramagnetic trend to a diamagnetic

transition around 4 K. The negative susceptibility is characteristic for a diamagnetic material

and the severity of the transition indicates the sample has entered into a superconducting

phase. However, we have discovered that multiple crystals taken from the identical doping

and hydration batch demonstrate non-superconducting, paramagnetic behavior. Currently,

no published work has reported the observation of a non-superconducting phase in fully

hydrated Na0o.3 CoO2 1.3H2 0. Therefore, it is imperative that this phenomenon be understood

as either a measurement fluke or a currently unexplained degree of freedom in the physics

of the crystal system.
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Figure 3-2: Possible hysteresis behavior in suceptibility vs. temperaure

3.2 Effects of Annealing

One can imagine that if the samples truly are identical in doping and intercalated water, one

explanation for the loss of the superconducting state could be the arrangement of the sodium

ions in the lattice. If this is the case, annealing the sample may cause a rearrangement

of the ions and perhaps a change in the observed susceptibility. To test this theory, the

susceptibility of a 1 mg non-conducting sample of Na0.3CoO2 -1.3H2 0 was measured in a

field of 50 gauss from 2 - 10 K. The field was then removed and the temperature was raised

to 310 K for 30 minutes. After this, the temperature was dropped to 2 K, the 50 gauss field

restored, and susceptibility again measured from 2 - 10 K. This process was repeated, each

time annealing the temperature 10 degrees higher then before. The results from this series

of measurements are shown in Figure 3-3.
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3.2. Effects of Annealing

Until reaching a temperature of roughly 340 K, the susceptibility curves appear effectively

unchanged by the annealing from their pre-annealed value. However, a distinct transition

appears to happen after the 340 K annealing where the concavity of the curve becomes

negative around 4 K. Once the 350 K annealing run occurs, the sample becomes dramati-

cally diamagnetic and the sample has effectively regained its superconducting state with a

transition around 4.5 K. This result strongly suggests that the non-superconducting state

observed in the initial sample of Na0 .3CoO2-1.3H 2 0 was not due to either poor doping or

inadequate hydration since annealing at these temperatures can neither affect the crystal's

sodium content nor add H2 0 to it. This also suggests that the non-superconducting state of

Na0 .3CoO2.1.3H 2 0 may correspond to an ordered state of either the sodium or cobalt ions

which is destroyed by the annealing process. However, since this state has apparently never

been observed i Na0.3CoO2 -1.3H2 0 measurements done elsewhere, it appears that its origin

may also be inherently tied to the electrochemical technique process used to dope the sample

since no other group has published using this method of synthesis.

To verify that this induced superconducting state was not a temporary metaphase, a

sample that had been annealed from non-superconducting to superconducting was measured

roughly 40 days after the annealing process. The susceptibility results continued to show the

characteristic strong diamagnetism of a superconductor, and not a return to the previous

state. This seems to initially suggest that the induced superconducting state caused by the

annealing process appears to be a stable configuration for the crystal. However, exactly what

is rearranging within the crystal to form this configuration remains unexplained.
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3.3. X-ray Diffraction Measurements

3.3 X-ray Diffraction Measurements

One fact that is well established by the multiple groups investigating this material is the

fundamental importance of the spacing between the cobalt oxide layers within the crystal.

Without sufficient hydration to expand the c-axis lattice constant to the values mentioned

in Chapter 1, a superconducting state does not form. Thus, measuring the structural pa-

rameters of the lattice, specifically the c/a ratio, between the superconducting and non-

superconducting sample prepared from the same batch should be insightful into determining

whether the non-superconducting state is caused by a structural change in the hexagonal

unit cell. Initially, attempts to grind the non-superconducting crystals down fine enough

for powder x-ray diffraction studies was hindered by several factors. First, the intercalated

water makes the material flake and hinders traditional grinding techniques. Second, the

amount of total non-superconducting sample is very small and much of the sample is lost

in the process by being adhered to the grinding apparatus. Finally, on a structural level, it

is unclear whether rigorous grinding can, accidentally, drive H2 0 out of the sample. Indeed

an annealing of only 340 - 350 K appears to be able to cause some, albeit unexplained,

change in the non-superconducting state of the sample. It is possible that intense grinding

of the powder may accidentally cause such a transition. For these reasons, other methods

of structural analysis were considered The most promising technique was to use the MIT

CMSE apex x-ray diffractometer since the size of the sample required for the technique could

be quite small (less than .5 mm2) and lattice parameters could be quickly determined by

the associated SMART software package. However, in practice, this method was unsuccess-

ful for measuring both superconducting and non-superconducting samples apparently due

to the mosaic (roughly degree) of the crystals, and initial attempts for the software to

analyze the data failed. Upon realizing this, other methods were quickly considered. Never-
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3.3. X-ray Diffraction Measurements

theless, there may remain the possibility that with sufficient initial conditions entered into

the SMART computing package, the poorer mosaic data could yield usable values for c/a.

At this point, we considered a method developed by F.C. Chou that involved using a powder

X-ray diffractometer but to create a powder-like sample by taking advantage of the flaky

nature of the sample. A larger crystal sample would be repeatedly tapped onto the surface

of scotch tape to form a square centimeter area of very fine flakes that could be inserted

into the diffractometer. The obvious consequence of this technique is that the orientation of

the flakes remains fairly uniform (generally with the c-axis normal to the scattering plane.)

Thus, one would expect strong (0 0 L) peaks to be measured, providing information about

the c-axis lattice constant. However, peaks yielding information regarding the a-axis lattice

constant would not appear in this orientation, preventing the accurate determination of a

c/a ratio. Nevertheless, the measurement was attempted, but due to the limited amount

of non-superconducting sample, the "tapping method" was not practical possible. Instead,

a single crystal of the superconducting and non-superconducting sample were each cleaved

along the ab plane and the pieces (roughly mm2 ) were individually placed in the powder

diffractometer for study.

Figures 3-4 and 3-5 illustrate the results of these measurements. As indicated on the

figures, distinct peaks were observed correspsonding to (0 0 L) planes as expected from

the crystal's orientaion.The overall difference in landscape and peak intensity(such as the

appearence of the (0 0 12) peak in the superconductor) is likely related to subtle differences

in the structure factors of the two phases. From these peaks and considering their width,

we determine the c-axis lattice constant to be 19.59 .11A for the non-superconductor

and 19.60 ± .088A for the superconductor. These results are consistant with work done by

previous groups on the superconducting Na0 .3CoO2 .H2O. Thus within the level of precision

25



3.3. X-ray Diffraction Measurements

IZ245I tRAMW 268A+NOSC-4-2744

(o o 4

70

60

i., i
i3i.

50:

i 40-

A~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,,
6), 

10 20

to O

i..

i 

KI 
j,l0'i ' . , . ,

1X i., {i . I

2-Theta(')

Figure 3-4: Powder x-ray diffraction on non-superconducting Nao.3 CoO2 -1.3H2 0

26

�11 P11 1. 11"

I, I '�.' �"r f,Y� ' "; �'11 � � '!�;
i



27

(o 06)
i

75

o

50-

5G

25 (o ) 2 

v~ks¢,' 'Z'KlA4AI A O

20 30~2-Teta
°

2-Theta(')

.I {0 0 12)

¢'~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t~,,Ar

.. 40. . ... - .0
40 50 60

Figure 3-5: Powder x-ray diffraction on superconducting Nao.3CoO2 .1.3H 2 0

3.3. X-ray Diffraction Measurements

(z29453 RWj25538A -2704

(004)

i25i

, 0W)

10

FIJI!



3.3. X-ray Diffraction Measurements 28

offered by this technique, the samples appear to have the same c-axis lattice constant in

spite on one being non-superconducting. This gives further credence to the hypothesis that

the appearence of this new state of Na0 .3 CoO2 -H20 is not due to the larger spacing of the

cobalt oxide planes of the cell, but rather an ordering of the ions within the lattice.



Chapter 4

Synchrotron X-ray Scattering

Measurements

The measurements reported in this section represent high flux x-ray scattering work done

on both the superconducting and non-superconducting phases of Na0 .3 CoO2 1.3H20 at the

X22C beamline of the National Synchrotron Light Source (NSLS). X-ray scattering at these

energies can offer a wealth of information regarding the structure of the crystal and the

positions of the intercalated H20 molecules, characteristics that continue to be a subject

of debate. Furthermore, the organization of ions within the 2D cobalt oxide sheets, possi-

ble long-range symmetries, and even more exotic structures such as charge density waves

(CDW) can be resolved using x-ray scattering techniques. Being among the first to use

this method to study the superconducting state of this material and the first to examine

the non-superconducting phase, we have uncovered new issues and questions related to these

materials. X-ray scattering also presents certain advantages when compared to neutron scat-

tering techniques. Due to their weak interaction with matter, neutrons require larger single

crystal samples in general then X-rays. Although among the superconductors, sample size
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4.1. C-axis Modulation

can be relatively large, the scarcity of the non-superconducting phase within a crystal batch

has not yielded substantially large samples. Furthermore, x-ray scattering facilities have

significantly higher levels of flux then do neutron facilities, allowing for shorter collection

times and thus more aspects of the samples can be explored in the time granted.

4.1 C-axis Modulation

For these scattering experiments, samples of Na0 3CoO2 -1.3H20 came from two different

electrochemical batches. The non-superconductor tested came from the same batch as the

crystals measured in Chapter 3 whereas the superconductor came from a batch doped chrono-

logically earlier. Once again, both batches were grown and electrochemically doped by F.C.

Chou of the MIT CMSE. Being able to understand the nature of the crystal in the c-axis

direction has been of critical importance throughout this thesis. In order to determine if a

superlattice exists along this direction, multiple L-scans were undertaken to determine the

presence of fractional peaks in the reciprocal space. In the non-superconducting sample,

these scans were able to reveal a distinctive 3-c modulation in the lattice. This is most

evident from the (1 0 L) scan recorded in Figure 4-1. We would expect L = even peaks to

be allowed while L = odd are forbidden. Yet, in this plot, (1 0 even) peaks are noticeably

absent while (1 0 odd) positions are flanked on both sides by obvious peaks shifted 1/3 to

the left and right. These 1/3 peaks strongly suggest that the lattice contains some periodic

structure in the c-axis direction with a periodicity of 3.

Initially, temperature changes had no effect on the location of these peaks, remaining

constant in both position and relative magnitude over a range of at least 8 - 280 K. How-

ever an annealing run was attempted by warming the sample from 300 K to 390 K in one

hour. Once the temperature was brought back down to 280 K the (1 0 L) scan indicated a
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4.1. C-axis Modulation
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dramatically different result as illustrated by the black squares on Figure 10. The annealing

significantly depressed the 1/3 fractional peaks and served to strengthen certain (1 0 odd)

peaks such as L = 15 and 19. However, (1 0 even) peaks do not appear to recover with

the exception of L = 18. Although a full understanding of this structural transition, at this

point, seems difficult at best, it is clear that the annealing process has destroyed much of

the 3-c modulation which originally occurred in the non-superconductor.

The same (1 0 L) scan was also run on the superconducting sample at comparable tem-
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4.2. Temperature Dependence

perature and the results of this scan are shown in Figure 4-2. From this scan, it is evident

that no 3-c modulation peaks exist and now peaks occur for all whole number values of L, in

particular the stronger (1 0 even) peaks. However, the very intense peaks indicated on the

figure are suspected to be the result of a large unhydrated impurity phase within the crystal

sample. This unhydrated phase volume fraction was determined to be approximately 80%

of the bulk sample.

4.2 Temperature Dependence

Examination of the (0 0 L) Bragg peaks has also led to the observation of an unexpected

temperature dependence of the intensity. Traditionally, this dependence is determined by

the exponential Debye-Waller factor. Essentially, atoms in a lattice are not stationary but

rather have displacements due to the thermal energy of the crystal. These displacements

cause an attenuation of the coherent scattering measured. Mathematically, this attenuation

enters into the structure factor to affect the scattered intensity as

1 2 2I(hkl) = Ioexp(-- <u > G2) (4.1)
3

where 1o is the scattered intensity from an ideal rigid lattice, hkl are the Miller indices of the

reciprocal lattice vector G, and < u2 > is the mean square displacement of an atom. If we

consider the system as a classical harmonic oscillator (as Debye originally did), the potential

energy of a 3D harmonic oscillator is the well-known 3kBT result. The resulting attenuation

factor is then given by

I(hkl) = Ioexp(-kBTG 2/(Mw 2))

33
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with M as the mass of the scattering atom and w as the natural frequency of the oscillation[3].

Thus, we expect an attenuation in Bragg peak intensity to occur as the temperature of

the sample rises. However, examining L-peaks in the non-superconducting sample (before

the annealing run) revealed a very different result. One such measurement is recorded in

Figure 4-3 and involves charting the amplitude of the (0 0 8) Bragg peak as a function of

temperature. The steepest increase in amplitude appears for temperatures beyond 100 K

with an approximately linear trend until roughly 200 K.

Further study revealed that this temperature dependence also occurred in the 1/3 frac-

tional peaks. Because of its strength, data was taken on the (1 0 14.67) peak at several

temperatures with both H and L scans (Figure 4-4). The peak clearly increases in intensity

by more then 50% of it original amplitude. There is a distinctive shift in the peak in the (1
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4.3. Discussion

0 L) scan as temperature increases, which is most likely due to a shift in the c-axis lattice

constant. Perhaps more intriguing, the FWHM of the peak in both scans does not change

with increasing intensity which is not expected. (The FWHM calculated is 0.04 r.l.u for the

H scan and 0.18 r.l.u for the L scan.) Thus, it appears that the integrated intensity of the

peaks is also growing with temperature.

4.3 Discussion

Results from the NSLS have led to possible interpretations for the long-range order of the

cobalt oxide planes. One possibilty is that each sequential plane in the c-axis direction is

translated by a vector a - ~b. Since there are two planes per unit cell,this shift will have a

periodicity of three in the positve c-axis direction. Preliminary calculations of the structure

factor for Na0.3CoO2.yH2 with this modulation show the expected existence of (0 0 even)

peaks while the removal of both (1 0 even) and (1 0 odd) peaks while indicating the presence

of the observed 1/3 peaks, roughly matching the data. Although optimistic, it is far from

conclusive.

The effect of annealing on the non-superconducting Na0.3CoO2 -yH2 0 to eliminate the 1/3

peaks may have some correlation to the ability to recover superconductivity documented in

Chapter 3. However, at temperatures of 390 K, it is entirely possible that water was driven

out of the system, causing the dramatic structural change observed. Yet, if this is not the

primary effect, there may be a connection to the SQUID annealing run transformation. There

is little work currently to give explanation for the nature of the phase transition except that

it appears to be due to a reshuffling of the sodium or cobalt ions within the lattice to form

a superconducting state. B.C. Sales et al.[22] report, during their studies of non-hydrated

Na0 75 CoO2, that single crystals prepared using a floating zone (and not flux grown) technique
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4.3. Discussion

appear to have two transitions: a magnetic transition at 22 K and a previously unreported

transition at nearly 340 K which they consider to be a sodium or charge ordering transition.

Yet, obvious differences between the two materials, both electrically and structurally make

this association difficult at best.

From the data measured at the NSLS, c-axis lattice parameters were also determined be-

tween the superconducting and non-superconducting samples. The hydrated superconductor

had c = 19.69A while the hydrated non-superconductor was determined to be slightly smaller,

c - 19.59A. However, it should be noted that they represent two different sample batches

while the measurements made in Chapter 3 with the powder x-ray diffractometer were on

samples from an identical doping and hydration batch. Nevertheless, the similarity between

these values explains the inability to resolve a difference using powder x-ray techniques and

suggests that the SQUID annealing results were not the product of major changes in c-axis

spacing. Still, frther measurements confirming the c-lattice constant for the now annealed

superconducting sample remain to be done.

37



Chapter 5

Conclusions

Although, in some ways, this thesis unveiled more questions then definitive answers, there are

several distinctive accomplishments to be noted. First, and foremost, a previously unknown

phase of Nao.3CoO2 - 1.3H20 has been discovered which is distinctly non-superconducting

and whose existence appears to be inherently tied to the electrochemical doping technique.

Understanding the properties of this state will be of critical importance towards determining

the mechanism for superconductivity. The initial steps of this understanding have been taken

by demonstrating the successful transition of the non-superconducting phase into, what ap-

pears to be, a stable (or metastable) superconducting phase. This transition validates that

the discovered non-superconductivity is not the result of poor doping or insufficient hydra-

tion during the electrochemical technique, but may be the result of structural changes in the

ordering of ions in the lattice. Strong evidence has been uncovered via x-ray scattering to

support a 3-c modulation in the non-superconducting phase, thus shedding more light onto

the structure and interactions of the cobalt oxide layers. The obvious absence of these peaks

in the superconducting sample, as well as their elimination upon annealing, provides more in-

sight into nature of both phases of the material. Finally, evidence has been found indicating
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the unusual discovery of temperature dependent Bragg peaks which clearly defy the expec-

tations given by the traditional Debye-Waller analysis. The presence of this phenomenon in

the non-superconducting phase remains intriguing and requires further clarification.

Clearly, the field of study for both superconducting and non-superconducting Na0 .3CoO2-

1.3H20 remains wide open, with many avenues of research. In light of the results presented

here, transport measurements to verify the SQUID susceptibility results are desperately

needed. Further annealing runs with different temperature steps and heating durations are

also essential to better determining the critical temperature to which this change of sample

phase occurs. Thermal Gravimetric Analysis (TGA) would also be a valuable method of

determining information about intercalated water content between the superconducting and

non-superconducting samples. Finally, if sufficient sample size is achieved, elastic neutron

scattering measurements would be insightful towards determining ordering of the S = 1/2

triangular lattice and the possibility of an RVB state in the superconducting sample.
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