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The structure and physical properties of layered oxides and carbon materials

were studied. Two layered carbon materials were studied: carbon nanotubes (CNTs)

synthesized by electron irradiation from amorphous carbon in situ in a transmission

electron microscope (TEM) and a carbon and silver nanocomposite consisting of

graphitic carbon nanospheres encapsulating Ag nanoparticles. In the CNT exper-

iments, the effect of electron irradiation in the TEM is shown to alter drastically

their structure and properties, even being able to transform amorphous carbon into

a CNT. This suggests a possible alternative synthesis technique for the production of
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CNTs, in addition to providing a method for tailoring their properties. The structure

and magnetic properties of the carbon and silver nanocomposite was characterized

with x-ray diffraction, scanning and transmission electron microscopy techniques,

and magnetic susceptibility measurements with a superconducting quantum inter-

ference device (SQUID) magnetometer. While the sp2 bonding gives a graphene

sheet its mechanical properties, the pπ electrons are responsible for its electronic

and magnetic properties. In a flat graphene sheet the pπ electrons are itinerant,

but in a narrow pπ band. The introduction of curvature to the graphene sheets that

encapsulate the Ag nanoparticles is demonstrated to narrow the pπ band sufficiently

to result in “ferromagnetic” behavior. A model that is able to explain spin local-

ization and ferrimagnetic spin-spin interactions in graphitic materials with positive

curvature is presented.

Layered oxides from the family of the P2 NaxCoO2 structure were synthe-

sized and their properties studied. NaxCoO2 has a rich phase diagram ranging form

a promising Na-rich thermoelectric composition to the hydrated Na-poor compo-

sition Na0.33CoO2· 1.3H2O that is superconductive. Intermediate to these two Na

compositions exists an insulating phase with x ≈ 0.5 that presents a variety of inter-

esting structural, magnetic, thermoelectric, and electronic behavior. Investigations

of NaxCoO2 that probe the role of H2O in the superconductive Na0.33CoO2· 1.3H2O

are presented and conclude that H2O plays a more active role than a passive lattice

spacer. The relationship between Na ordering and an interesting magnetic behavior

observed with χ(T) measurements of annealed NaxCoO2 and Srx/2CoO2 samples is

determined and found to correspond to a (2a x 2a) superstructure. The properties of

NaxCoO2 (x≈0.5) are reviewed and thermoelectric S(T) measurements are made in

order to develop a model that is able to explain the salient features of the NaxCoO2

(x≈0.5) phase.
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Chapter 1

Introduction

1.1 Comparison of Layered Oxides and Layered Carbon

Materials

Layered materials constitute an interesting class of solids whose 2D nature com-

monly gives rise to interesting mechanical, magnetic, thermoelectric, and electronic

properties that can be investigated for a deeper understanding of the fundamental

physics and chemistry of solids. A better understanding of the structure-property re-

lationships can then lead to the intelligent design of materials that can be developed

into useful technological applications. The Li-ion rechargeable battery, ubiquitous in

today’s cell phones, computer laptops, and many other portable electronic devices,

utilizes a LixCoO2 cathode and can also use a graphite-based anode; it provides an

excellent example of layered materials that have been developed into an important

technological application. This dissertation is based on precisely these two families

of layered materials, graphite-based carbon materials and layered oxides. Therefore,

it will start by describing these two classes of materials.

Carbon layered materials are all based on the graphite structure (see Fig. 1.1).

Therefore, a good starting point for discussing layered carbon materials is a sin-
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Figure 1.1: Schematic examples of Layered Carbon Materials and Layered Oxides

gle layer of graphite known as a graphene sheet. In graphene, sp2 σ-bonding and

pπ-bonding give strong bonding in the plane, while the electronic properties are

dominated by the pπ electrons. Theorists have predicted some unusual properties in

single graphene sheets due to an electronic structure where conduction and valence

bands touch at discrete points so as to give a linear energy-momentum dispersion

relation near those points. Consequently, electrons near the Fermi energy should

behave like massless particles and be best described by the relativistic Dirac equa-

tion [32]. Quite recently, there has been a lot of excitement in graphene research

due to the success of experimentalists in isolating single graphene sheets [80]. This

has lead to measurements of an anomalous quantum hall effect in graphene that

support their description as massless Dirac Fermions [79, 113, 81].

When one begins to consider multiple layers of graphene sheets, as in graphite,

the electronic structure changes and you are no longer dealing with massless Dirac

fermions. Instead graphite is a semimetal with enough band overlap to give you

2



good electronic conductivity from a conduction band of pπ antibonding parentage.

As in graphene, sp2 σ-bonding and pπ-bonding of the graphene sheets gives strong

bonding in the plane, but now you also have weak bonding between planes. The

pπ electrons in the graphene sheets of graphite are delocalized and give good elec-

tronic conductivity. However, there has also been a lot of excitement recently in

graphite research due to reports of ferromagnetism in proton-irradiated graphite

[95, 57, 36, 27, 35] and carbon nanofoam [86, 83, 87], a nanoporous carbon contain-

ing regions of negative curvature. Thus in graphite, it appears that it is possible

to push the pπ electrons from itinerant to localized behavior, e.g. by the intro-

duction of curvature, and thereby obtain interesting magnetic properties, such as

ferromagnetism.

In addition, various carbon nanostructures can be constructed from graphene

sheets. The single-walled carbon nanotube (SWCNT) shown in Fig. 1.1 can be

thought of as a graphene sheet rolled up into a tube. A multi-walled carbon nan-

otube (MWCNT) consisting of several graphene sheets is also possible. Similarly

a Fullerene consists of a single graphene sheet with the insertion of pentagons in

its hexagonal network so as to give it positive curvature and form a closed carbon

cage. Nested Fullerenes, sometimes called onions, and carbon-encapsulated metal-

lic nanoparticles are similar structures, but they are made up of several graphene

sheets (see Fig. 1.1). Probably the most important differences between all of these

structures are the following:

1. Whether they consist of one or more graphene sheets,

2. The manner in which the graphene sheets are rolled up, i.e. the details of the

introduction of curvature to the graphene sheet, e.g. the chirality of a CNT

or the type and degreee of curvature of the carbon nanostructure, and

3. Whether there is any doping of the graphene sheets, as in the graphite inter-
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calation compounds (GICs) YbC6 and CaC6.

Transition-metal layered oxides, on the other hand, contain d electrons hav-

ing interatomic interactions that can be tuned by adjusting the structure and/or

doping to give a variety of magnetic and electronic properties. For example, the

RMnO3 perovskite structure with the smallest rare earth ions adjusts by forming

an RMnO3 hexagonal layered structure shown here that has Mn cations in MnO5

bipyramids and is of interest for its multiferroic properties. On the other hand, the

NaxCoO2 structure consists of edge-sharing Co octahedra in CoO2 sheets that are

separated by layers of Na+ ions in either trignoal prismatic, as shown in Fig. 1.1,

or octahedral coordination as in the standard cathode material, LixCoO2, of Li-ion

rechargeable batteries. The amount of Na largely determines the Co(IV)/Co ratio

of the CoO2 sheets and can give a large variety of properties including two metallic

phases separated by a charge-ordered semiconducting phase, interesting thermoelec-

tric properties, as well as a bilayer hydrated superconducting phase.

These may seem like two disparate classes of materials; however, they are

both layered materials and they have numerous similarities. For example, Table 1.1

highlights some of their similarities (as well as their differences). Regarding su-

perconductivity, intercalation of Na-poor NaxCoO2 with H2O molecules results in

a bilayer hydrated structure with a greatly increased c-axis, Na0.33CoO2· 1.3H2O,

that is superconducting with a Tc ≈ 4 K. Similarly, in the graphite intercalation

compounds (GICs), e.g. CaC6, intercalation with Ca expands the c-axis and results

in superconductivity with a Tc ≈ 12 K.

The ability of the layered structures to allow for the intercalation of smaller

cations is especially useful in the electrodes of rechargeable batteries. Most recharge-

able Li-ion batteries today use a graphite-based anode and a LixCoO2 cathode. The

large galleries between graphene or CoO2 sheets are ideal for intercalation and dein-

tercalation of Li+ ions and the energy difference between the Fermi energies of the
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Table 1.1: Comparison of Layered Carbon Materials to Layered Oxides.

Layered Carbon Materials Layered Oxides
(s- and p-electron materials) (d-electron materials)

Superconductivity GICs (CaC6 and YbC6) Na0.33CoO2· 1.3H2O
K3C60 High-Tc Copper Oxides

Electrodes Graphitic Anodes LixCoO2 Cathodes

Large galleries allow Co4+/3+ redox couple
(de)intercalation allows for large voltage

Electronic Curvature takes pπ electrons Na order in NaxCoO2 (x≈0.5)
Properties from itinerant to localized metal → semiconductor

Magnetism Carbon usually diamagnetic NaxCoO2 can be
curvature/doping can give Curie-Weiss-like → Pauli-like

weak ferromagnetism Na order → AF coupling

pπ band in graphite and the Co4+/3+ redox couple that can be oxidized and reduced

during charging and discharging makes possible the large voltage, and thus high

energy density, characteristic of Li-ion batteries.

Both classes of materials are capable of exhibiting both localized and itiner-

ant electron behavior. Carbon materials only have s and p electrons that usually

give strong covalent bonding in broad bands, while layered oxides have d electrons

that generally give much narrower bands that can accomodate both itinerant and

localized electrons. However, this dissertation will show that graphitic carbon ma-

terials can also exhibit localized-electron behavior. In the layered carbon materials,

the electronic behavior and magnetic properties are most dependent on the curva-

ture of the graphene sheet, while for the NaxCoO2 the amount of Na and whether

it orders is of primary importance. For the NaxCoO2 system, there is a transition

from a Curie-Weiss-like behavior in the Na-rich samples, e.g. x ≈ 0.7,* to a Pauli

*Note: However, for x ≈ 1, NaxCoO2 is a nonmagnetic insulator [24].
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paramagnetic behavior in the Na-poor samples, e.g. x ≈ 0.3. In between, a Na-

ordered (x ≈ 0.5) phase that is semiconducting contrasts with the metallic Na-rich

and Na-poor phases; it exhibits a transition from semiconductor to insulator at 53 K

as well as antiferromagnetic coupling of Co4+

ions at 88 K. Clearly, these are two

very different families of materials, yet with some very interesting parallels.

1.2 Purpose of Dissertation

The main objective of this dissertation is to investigate the effect of structure and

electronic doping on the physical properties of layered carbon materials and lay-

ered oxides in order to gain a deeper understanding of the fundamental physics and

chemistry of solids. For example, the superconductivity in the sodium cobaltate

Na0.33CoO2· 1.3H2O is not well understood and may provide clues to understand-

ing superconductivity in the technologically relevant Cu-oxide high-temperature su-

perconductors (HTSCs) and/or the graphite intercalation compounds (GICs). In

addition, the study of layered graphite and cobaltate systems may also provide op-

portunities to engineer new technologically significant materials such as electrode

materials for secondary batteries that are becoming more important considering the

increasing demand for energy and the decreasing supply of oil in today’s world. A

more complete understanding of these and other layered materials can lead to new

synthesis techniques for attractive nanomaterials such as the CNT and improved

engineering of novel ferromagnetic organic materials and thermoelectric materials.

In layered carbon materials, such as the CNT that exhibits exceptional me-

chanical properties, the sp2-bonded graphene sheets that make up individual tubes

are responsible for its robust mechanical properties. The TEM is an indispensable

tool in the characterization of important nanomaterials such as the CNT. However,

it also imparts significant irradiation effects on nanostructures during viewing. This

dissertation shows that the effect of irradiation in a 200 kV TEM can drastically al-
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ter the structure and thus properties of carbon nanostructures in the TEM. Indeed,

it is shown that the effect of electron irradiation in the TEM on carbon materials

can be controlled so as to transform amorphous carbon into a CNT. This suggests

the possibility of using electron irradiation of amorphous carbon as a possible alter-

native synthesis technique for the production of CNTs, in addition to providing a

method for tailoring their properties.

While the sp2 bonding gives a graphene sheet its mechanical properties, the

pπ electrons are responsible for its electronic and magnetic properties. In a flat

graphene sheet the pπ electrons are itinerant, but in a narrow pπ band. This disser-

tation will show that the introduction of curvature to a graphene sheet narrows the

pπ band and leads to strong correlations that may result in surprising ferromagnetic

behavior in graphitic materials. In fact, the characterization of the structure and

magnetic properties of a carbon and silver nanocomposite consisting of graphitic

carbon nanospheres encapsulating Ag nanoparticles has resulted in a model that is

able to explain spin localization and ferrimagnetic spin-spin interactions in graphitic

materials with positive curvature.

Similarly, structure has a strong influence on properties in the RMnO3 (R=Y,

Ho, Er, Tm, Yb, Lu) compounds. Whereas the thermodynamically stable phase for

the smaller rare earth ions is a layered hexagonal structure, a metastable orthorhom-

bic perovskite phase can be stabilized by the application of pressure. A subsequent

comparison of both structures and characterization with measurements of magnetic

susceptibility χ(T ) and thermal conductivity κ(T ) shows important differences be-

tween the two phases and helps explain the suppression of κ(T ) below TN in the

hexagonal phase with increasing rare-earth ionic radius. In contrast to the Type-A

spin-ordered perovskites with large rare-earth ions where TN is extremely sensitive

to rare-earth ionic radius, TN in the type-E spin-ordered RMnO3 perovskite phase

is shown to be essentially independent of rare-earth ionic radius. The transition
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from type-A to type-E magnetic order with decreasing rare-earth ionic radius in

the perovskite phase is indicative of a competition between ferromagnetic e1-O-e0

interactions and antiferromagnetic t3-O-t3 interactions in the same Mn-O-Mn bonds

of the (001) plane where a decreasing Mn-O-Mn bond angle from 155◦ in LaMnO3

to 142◦ in LuMnO3 increasingly favors the antiferromagnetic interactions [114].

In addition to the importance of structure in determining properties, the

cobalt oxidation state in the layered cobalt oxide NaxCoO2 is of paramount impor-

tance in determining the properties of the material. Carbon materials only consist

of s and p electrons while the layered oxides NaxCoO2 and RMnO3 contain transi-

tion metal ions that contribute important 3d electrons to the system. In RMnO3

the Mn3+—Mn3+ interactions are through an O2− anion and result in a bandwidth

W < U (where W is the Mn d electron bandwidths and U is the on-site electrostatic

energy) so that the material is insulating with the Fermi level lying between the

Mn4+/3+ redox couple and the Mn3+/2+ redox couple.

On the other hand, the P2 phase of NaxCoO2, which can be stabilized for

0.25 < x < 0.8**, is mixed-valent; the Fermi level lies within the Co4+/3+ redox

couple and itinerant-electron behavior results from direct Co—Co interactions in

the ab-plane. Thus in NaxCoO2 the Na stoichiometry determines the Co oxidation

state and largely determines the electronic and magnetic properties of the system.

In addition, the structure is also affected by the Na content and experiences a large

c-axis expansion upon deintercalation of Na.

The resulting phase diagram is a rich one (see Fig 1.2). Na-rich composi-

tions, especially x ≈ 0.7, appear to be promising thermoelectric materials. Na-poor

compositions pull in H2O into their structure to form a hydrated bilayer structure

Na0.33CoO2· 1.3H2O that is superconducting at low temperatures and may help

better understand the high-temperature Cu-oxide superconductors. The x ≈ 0.5

**For 0.8 < x < 1.0 several works show that NaxCoO2 phase separates into a magnetic x ≈ 0.8

and nonmagnetic, insulating x = 1.0 phase [41, 24].
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Figure 1.2: NaxCoO2 phase diagram (from [29])

composition exhibits Na ordering that changes the symmetry of the crystal from

hexagonal to orthorhombic and increases the resistivity by an order of magnitude.

In contrast to the metallic (dρ/dT > 0) behavior observed for the other composi-

tions, the resistivity is flat to semiconductor-like (dρ/dT < 0) for NaxCoO2 (x≈0.5)

with a transition to a more insulating state occurring at TMIT=53 K. The origin of

the “MIT” transition in the Na ≈ 0.5 samples is not clear although there is growing

evidence that charge ordering or a CDW in the Co array may play an important

role. In addition, there exist magnetic transitions at TN=88 K and 53 K. Because

of the richness of the NaxCoO2 phase diagram, the focus of the section on oxides

in this dissertation is on the anhydrous Na samples, i.e. the non-superconducting

samples.

The primary objectives in the investigation of NaxCoO2 were (1) determining

the role of H2O in the superconductivity of Na0.33CoO2· 1.3H2O, (2) determining the

origin of the magnetic behavior in annealed NaxCoO2 samples, and (3) developing a

model to explain the “MIT” in the Na ≈ 0.5 samples by using structural, magnetic,

thermoelectric, and transport measurements reported in the literature and made
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on polycrystalline samples synthesized by a combination of solid state and soft

chemistry (oxidative deintercalation) techniques.

1.3 Dissertation Overview

This dissertation is organized into two main parts. Part I presents new research on

layered carbon materials while Part II investigates layered oxide materials. More

specifically, Part II investigates the layered cobaltates AxCoO2 (A=Na, K, Sr). The

research on the layered oxides is principally focused on NaxCoO2 although some re-

sults for the substitution of Na with K, an isovalent atom of different size, and with

Sr, an aliovalent ion of different charge, are also presented. For the carbon layered

materials in Part I, the dissertation includes a study of two nanostructured graphitic

carbon materials, namely carbon nanotubes (CNTs) and carbon nanospheres encap-

sulating Ag nanoparticles.

Layered carbon materials are based on the graphite structure, where graphene

sheets consisting of hexagonally-packed sp2-hybridized carbon atoms make up strongly

bonded carbon layers with weak interlayer bonds. The strong s and p in-plane bond-

ing can result in exceptional mechanical properties such as occurs in the CNT, a

structure consisting of graphene sheets rolled up so as to make tubes of sp2-bonded

carbon. On the other hand, the pπ electrons determine the electronic properties

of the layered carbon materials and are strongly influenced by the curvature of the

graphene sheets.

Chapter 2 presents a study of the irradiation effects on carbon in the trans-

mission electron microscope (TEM) that shows how a carbon nanotube (CNT) can

be synthesized from amorphous carbon in-situ in the TEM by electron irradiation

[15]. Whereas most CNT synthesis is by standard techniques, such as arc discharge,

laser ablation, or chemical vapor deposition (CVD) [94], this synthesis method cre-

ates a large number of carbon ad-atoms that, after some critical amount of radi-
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ation, act to restore the system by reconstructing the carbon film. The behavior

of ad-atoms can be controlled by adjusting the current density in the microscope,

suggesting that carbon nanomaterials can be tailored by electron irradiation.

Chapter 3 explores the structure and magnetic properties of a silver-carbon

nanocomposite consisting of silver nanoparticles encapsulated by graphitic carbon

nanospheres [14]. In contrast to the layered cobalt oxides that contain d electrons,

layered carbon materials consist only of s and p electrons that normally give broad

bands and diamagnetic or Pauli paramagnetic behavior. However, recent research

[87, 27] has shown that ferromagnetism intrinsic to graphitic carbon materials is a

real possibility. In order to better understand the origin of ferromagnetism in carbon

materials, and more generally s and p electron systems, magnetic measurements

were taken of the Ag and C nanocomposite, in its powder form; they showed weak

ferromagnetic behavior up to at least room temperature, from which we estimated

magnetic ordering up to 425 K. Chemical analysis with EDS and ICP-MS indicated

that there are no magnetic contaminants in the sample; therefore, we attributed the

ferromagnetism to the carbon nanospheres and proposed a model for the observed

magnetism.

Part II on the layered oxides consists of Chapters 4 through 6, which in-

troduce and explore various aspects of the layered cobaltates. In Chapter 4, an

overview of the NaxCoO2 system is given, with particular attention given to the P2

structure that, for Na-rich compositions, gives a potentially technologically useful

thermoelectric material and, for a small range of Na-poor compositions, gives an

intriguing hydrated superconductor Na0.33CoO2· 1.3H2O. The possible structures

of the NaxCoO2 system are reviewed and compared with the O3 structure of the

LixCoO2 system before focussing on the P2 structure. Synthesis of thermodynami-

cally stable structures by hard chemistry routes as well as fine tuning of Na content

by soft chemistry oxidative deintercalation techniques that are able to extend the
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P2 structure for a wide range of Na contents in a metastable structural state are

discussed. The effect of Na content on structural parameters as well as electronic

doping and thermoelectric power properties are discussed. Results obtaining a com-

plete analysis of the formal Co4+/3+ oxidation state in NaxCoO2, in the interval

0.31 ≤ x ≤ 0.69, are given. Iodometric titration and thermoelectric power indicate

that a direct relationship between the Na content and the amount of Co3+ can-

not be established for the powder NaxCoO2 samples measured in our experiments.

Creation of a significant amount of oxygen vacancies appears to accompany Na-

ion deintercalation, keeping the formal valence at 3.45+ for x ≤ 0.45. In addition,

thermoelectric power data reveal important differences between the hydrated (su-

perconducting) and nonhydrated (nonsuperconducting) samples that suggest that

water plays an important “chemical” role beyond that of a spacer between the CoO2

layers [9].

Chapter 5 focuses on the magnetic properties of NaxCoO2, in the interval

0.31 ≤ x ≤ 0.78, with measurements of χ(T) taken with a SQUID magnetometer.

Samples of Srx/2CoO2 were made by topotactic substitution of Na with Sr from

a NaxCoO2 parent phase. An interesting magnetic transition appears in the χ(T)

curves of the Srx/2CoO2 samples and also of annealed Na-poor NaxCoO2 samples. In

order to investigate the origin of the magnetic transition in the annealed NaxCoO2

samples, TGA measurements of NaxCoO2 samples were performed; they show a

phase segregation of Na-poor samples into a Na-rich phase and Co3O4. The Na-

rich phase is compared with samples deintercalated independently using I2, and the

approximate composition of the Na-rich phase that shows the magnetic transition is

thus determined. Results indicate that for Na-poor samples, NaxCoO2 is unstable

and undergoes phase segregation at low temperatures. The counter-cation ordering

of both the Srx/2CoO2 samples and the annealed Na-poor NaxCoO2 samples was

probed with electron diffraction in a TEM, and the magnetic behavior is shown to
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originate from the formation of a (2a x 2a) superstructure rather than from the

phase segregation or ion substitution itself.

Chapter 6 focuses on the x ≈ 0.5 NaxCoO2 samples. It is well-known that

the x ≈ 0.5 samples exhibit Na ordering at room temperature that changes the

symmetry of the system from hexagonal to orthorhombic. At lower temperatures,

the NaxCoO2 (x≈0.5) samples exhibit an antiferromagnetic transition at 88 K, and

at 53 K a sharp increase in the resistivity that has been referred to as a “MIT”

although it is more accurately a semiconductor-insulator transition. On the other

hand, there are few reports in the literature on the thermoelectric power, which

experiences a crossover from positive to negative values between TN and TMIT ; no

explanation has been offered to account for the change in sign in the thermopower

of these samples. Therefore, NaxCoO2 (x≈0.5) and proximal composition samples

were synthesized, their Na content was determined with ICP-MS, and their thermo-

electric power was measured from 300 K down to 12 K in order to complement the

experimental results published in the literature and develop a model that accounts

for the crossover in sign in the thermoelectric power as well as the behavior of the

other observed properties.

Finally, Chapter 7 makes some observations and recommendations for fu-

ture experiments on these two families of layered materials. In the final section, a

connection is made between the research presented on NaxCoO2 and a technologi-

cally relevant application by discussing the expected performance of NaxCoO2 as a

cathode material in a rechargeable battery that uses a Li-ion electrolyte.
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Part I

Carbon Layered Materials
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Chapter 2

CNT in-situ TEM synthesis

2.1 Introduction

*Carbon nanostructures such as the fullerene [54] and carbon nanotubes (CNTs)

[44] have been primarily studied by transmission electron microscopy (TEM); for

this reason, considerable research into the effects of electron irradiation has been

conducted [7]. A CNT synthesis method reported by Troiani et al. [106] provides

an ideal opportunity to study a single-walled carbon nanotube (SWCNT) under ir-

radiation conditions. In this method two through-holes are created in an amorphous

carbon film by electron-beam irradiation in a TEM. A thin graphitic fiber forms in

between the two holes and is narrowed until forming a SWCNT [106, 63]. The

hole creation and narrowing of the graphitic fiber involves the formation of a large

quantity of ad-atoms with high mobility. After some critical amount of irradiation

damage is accumulated in the graphitic periphery of the holes, the ad-atoms return

to the holes, resulting in a reconstruction of the amorphous carbon film.

Previous irradiation studies of carbon nanostructures indicate that knock-on

atom displacements are of primary importance as they can result in displacement

*This chapter was published in [15]
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cascades, sputtering, and stable interstitial-vacancy pair formation [7]. For example,

the collision of an energetic particle, such as an electron in the TEM, with a carbon

atom in a SWCNT can result in the displacement of the carbon atom. If the incident

energy of the electron is high enough, a vacancy is created and the displaced atom

can either leave the tube entirely and be lost to the vacuum or displace other atoms

by knock-on collisions. If the energy of the displaced atom is low, these atoms can

adsorb onto the tube walls as ad-atoms, where they assume the role of interstitials

in the SWCNT [50, 51, 52, 53]. While vacancies in a SWCNT and in other graphitic

structures are considered to be immobile [78], it has been observed that ad-atoms

can migrate along the tube surface and recombine with vacancies in a self-healing

process at elevated temperatures (> 300◦C), while at lower temperatures the ad-

atoms remain mobile but are less likely to recombine with the vacancies [8]. This

chapter describes a reconstructive transformation phenomenon in irradiated carbon

whereby ad-atoms persist for long periods of time and act to restore the system upon

reaching a critical amount of accumulated irradiation damage in a process that is

referred to as healing.

2.2 Experimental

SWCNTs were constructed from an amorphous carbon film by using electron-beam

irradiation in a JEOL 2010F field emission gun TEM. Figure 2.1a shows the graphitic

fiber formation schematically, and figure 2.1b-g shows the overall experiment and

healing phenomenon as we observe it in the TEM. Under the action of high current

densities in the TEM (highly condensed beam), holes are opened in a carbon film

so as to form a thin graphitic bridge separating them (Fig. 2.1a,b). The beam is

spread to soft irradiation conditions, i.e. normal current density observation values,

and the thin graphitic bridge is narrowed until forming a SWCNT (Fig. 2.1c). Due

to knock-on displacements, ad-atoms are created and are observed to combine and
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form small strips (ad-strips) around the periphery of the holes. These ad-strips

are observed to be mobile, and after a certain threshold of irradiation damage is

reached, the carbon undergoes a reconstructive transformation consisting of the

returning of the ad-strips and ad-atoms to the holes (Fig. 2.1d). This results in an

accumulation of amorphous carbon around the graphitic bridge and periphery of the

holes (Fig. 2.1e). The holes close very quickly (1-2 minutes) at the beginning of the

healing process (Fig. 2.1f). In some cases, enough ad-atoms return to completely

close the holes (Fig. 2.1g). After closing of the holes, subsequent condensations of

the electron beam on the zones where a hole has closed are not able to re-open

holes as easily, suggesting that the reconstructed amorphous carbon has somehow

changed the nature of its bonds.

The irradiation conditions are drastically different during the hole formation

and the bridge-thinning portions of the experiment. In order to understand the

healing, it is important to understand first the irradiation conditions and effects

occurring during (i) hole formation and (ii) thinning of the graphitic bridge.

(i) Hole formation: Following the synthesis method reported by [106], holes

are formed by 200 keV electron irradiation in a 20-30 nm amorphous carbon film

containing Au nanoparticles of 2 nm. By highly condensing the electron beam

beyond imaging values, current densities greater than 1000 A/cm2 are reached at

the sample, and the radiation dose is sufficiently high to create through-holes in the

carbon film. The amorphous carbon around the periphery of the holes as well as in

the bridge separating the two holes is observed to graphitize.

(ii) Bridge thinning: The bridge thinning portion of the experiment com-

mences once the holes are formed and a thin graphitic fiber separates them. The

beam is then spread to imaging conditions of current densities between 0.1-100

A/cm2. During this phase, there is a size enlargement of the holes and a subsequent

narrowing and lengthening of the bridge structure.
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Figure 2.1: Carbon nanotube formation and healing phenomenon. (a) Schematic il-
lustration of hole formation by highly condensed electron beam, and bridge-thinning
during soft irradiation (spread beam) condition (irradiated region is shown). (b-g)
Sequence of TEM images depicting healing phenomenon. (b) Low magnification
image showing two holes in the carbon film separated by a graphitic bridge. (c)
High magnification image of graphitic bridge that has been narrowed to the point of
forming a SWCNT at its neck (signalled by arrow). (d) High magnification image
of the beginning of the healing process, showing graphitic bridge with ad-strips and
ad-atoms visible along its edges. (e) High magnification image showing a rapid ac-
cumulation of amorphous carbon around the graphitic bridge and periphery of the
holes. (f) Low magnification image showing the rapid closing of the holes. (g) Image
of the fully reconstructed film after healing process is completed and the holes have
completely closed.
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2.3 Results and discussion

During the hard irradiation conditions occurring in the first portion of the experi-

ment, holes are created in the carbon film via radiation damage such as sputtering

and knock-on atom displacements. However, it should be emphasized that during

the hole formation process, some of the displaced atoms are not lost to the vac-

uum but rather are adsorbed onto the carbon film surface, presumably around the

periphery of the holes.

The amorphous carbon around the periphery of the holes as well as in the

bridge separating the two holes graphitizes due to radiation-induced self-organization.

The phase transformation from amorphous carbon to graphitic carbon is possible

due to self-organization processes occurring during irradiation. The irradiation of

the amorphous carbon film creates vacancy-interstitial pairs, but unlike in a SWCNT

or in graphitic structures, vacancies are mobile in amorphous carbon and are there-

fore able to migrate and eliminate energetically high regions, or disordered regions,

thus leading to graphitization [78].

During the bridge-thinning portion of the experiment, we postulate two

mechanisms working simultaneously to achieve the narrowing of the bridge struc-

ture under the soft irradiation conditions present in the TEM: (1) deformation in

response to an axial stress being applied to the bridge due to a contraction of the

film and (2) atom displacements due to irradiation occurring in the bridge, result-

ing in the creation of vacancies and mobile ad-atoms, followed by a diffusion of the

ad-atoms to the center region of the bridges where they reconstruct the amorphous

carbon into graphitic carbon.

The carbon undergoes a contraction due to graphitization caused by the

afore-mentioned self-organization irradiation process. The higher density of graphite

over amorphous carbon causes a contraction in the film, which applies an axial ten-

sion to the bridge structure. The graphitic fiber responds by undergoing a series of

19



deformations in a narrowing process that ultimately results in a neck being created

somewhere along the bridge and a SWCNT being formed at the neck. The con-

traction is facilitated by the catalytic effect of the metallic nanoparticles present in

the film. The mechanism by which Au nanoparticles catalyze the carbon transfor-

mation is not well-understood, but their catalytic effect was verified experimentally

by conducting the synthesis method without the presence of Au nanoparticles and

observing a much less pronounced contraction in the film as well as an observable

difference in the amount of graphitized carbon.

The thinning of the graphitic fiber necessarily involves a diffusion of carbon

atoms away from the neck region. The experiment was conducted close to room

temperature, which under the given irradiation conditions creates vacancies and

mobile ad-atoms. The ad-atoms diffuse away from the neck region to allow the

graphene sheets to reconstruct into a SWCNT. This process can occur by elimina-

tion of dangling bonds and Stone-Wales transformations, leading to reconstruction

and dimensional changes [1]. Vacancy clustering likely leads to brittle fracture,

whereas atomic rearrangements lead to plastic fracture.** As speculated by earlier

irradiation studies [1], the limiting case of surface reconstruction should involve the

formation of a single chain of carbon atoms. Troiani et al. [106] and Marques et

al. [63] have verified carbon chain formation for short lengths of time (seconds)

both experimentally and through simulations. In contrast, this work reports the

formation of a single chain of carbon atoms that was observed to be stable for five

minutes prior to increasing the current density and inducing fracture (Fig. 2.2b).

Our proposed mechanism suggests that higher current densities at the sample

should cause greater graphitization in the surrounding carbon film, thus imparting

a larger axial stress to the bridge as well as enhancing the bridges ability to respond

by deformation processes that are facilitated by the presence of irradiation-induced

**Here plastic fracture refers to the formation of a neck and not necessarily to dislocation motion.
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Figure 2.2: Sequence of TEM images depicting plastic fracture. (a) A SWCNT is
formed in the neck region of the graphitic bridge separating two holes. (b) The
SWCNT deforms in response to axial tension and irradiation damage, forming a
single chain of carbon atoms of nearly 1 nm in length that remained stable for 5
minutes (signalled by arrow). (c) The bridge fractures at the chain of carbon atoms
upon increasing the current density.

vacancies. This prediction is in fact what we observe experimentally. Current den-

sities greater than 20 A/cm2 result in further thinning of the graphitic fiber until

forming a SWCNT, while low current densities (0.1-10 A/cm2) tend to stabilize

the graphitic bridge structure. For current densities greater than 75 A/cm2, the

SWCNT is seen to undergo brittle fracture. For moderate current densities (10-40

A/cm2), low strain rates lead to plastic fracture of the SWCNT by nanotube elon-

gation and, eventually, linear carbon chain formation prior to fracture (Fig. 2.2).

For the lowest current density conditions (10-20 A/cm2) leading to plastic fracture,

carbon chain lifetimes of up to 5 minutes prior to fracture were observed (Fig. 2.2b).

It is quite remarkable that it is possible to have amorphous carbon, a graphitic fiber,

a SWCNT, and a linear chain of carbon atoms all integrally connected and that such

a configuration can remain stable for a considerable amount of time.

While it may not be obvious from the planar view TEM images that the

neck indeed consists of a SWCNT rather than, for example, a carbon strip, we were

able to obtain cross-sectional TEM images of a bridge immediately after fracture
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Figure 2.3: TEM images of one side of a bridge that has fractured and bent into
the beam, so as to be parallel to the beam direction and thereby provide a cross-
sectional view of the bridge structure. The cross-sectional view clearly indicates
that the bridge neck consists of a CNT that itself necks into some smaller structure,
possibly a CNT of smaller diameter.

that clearly showed the presence of a CNT neck. Figure 2.3 shows one side of

a bridge structure that has fractured and bent into the direction of the electron

beam, thereby providing a cross-sectional view of a portion of the bridge neck. The

structure is clearly not a 2-dimensional carbon strip, but rather a 3-dimensional

CNT. In addition, the CNT appears to neck even further at its tip into some smaller

structure, possibly a CNT of smaller diameter.

The above discussion is concerned with effects occurring prior to the heal-

ing phenomenon; however, they are essential to understanding the healing. Our

observations, as well as the proposed mechanism, indicate that some of the atoms

displaced during the hole-forming and bridge-thinning process are not lost to the

vacuum but rather remain as ad-atoms that diffuse to the amorphous regions. Once

some critical accumulated irradiation damage is reached, the ad-atoms try to restore
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Figure 2.4: TEM images of ad-strips. (a) Ad-strip (signalled by arrow) on the surface
of graphitic bridge diffusing rapidly during the healing process. (b) Numerous ad-
strips (signalled by arrows) returning to CNT neck during healing process.

the previous state and rapidly diffuse back to the graphitized bridge and periphery

of the holes (Fig. 2.4). The observed, sudden pronounced diffusion confirms that

at least some of the carbon atoms removed during hole formation and thinning of

the graphitic fiber, instead of going to the vacuum become ad-atoms that are able

to persist for extended lengths of time, possibly as interstitials in the surrounding

amorphous carbon. They likely return to the holes because the heavily graphitized

periphery of the holes and bridge region accumulate radiation damage faster than

the amorphous regions due to vacancies being relatively immobile in graphite. These

graphitic regions are the first to become highly damaged and unstable, and therefore

they provide an ideal site for the return of ad-atoms or interstitials.

Our observations agree well with the proposed mechanism and lead one to

suggest that the tempo of the experiment can be controlled. Indeed, by adjusting

the current density, we were able to form the CNT neck, return to a thicker graphitic

bridge structure after irradiation-induced healing occurred, and then again formed
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a CNT neck. It is remarkable that the process is somewhat reversible and that

its directionality as well as tempo can be controlled. The results indicate that

the carbon ad-atoms generated by electron irradiation are very active and can be

used to tailor the structure and properties of carbon nanomaterials as well as to

induce self-repair. This observation opens up the possibility of developing electron-

beam lithography methods for the synthesis and design of carbon nanomaterials and

nanodevices.
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Chapter 3

Carbon-encapsulated Ag NPs

exhibiting ferromagnetic

properties

3.1 Introduction

*Recent reports of ferromagnetism in a variety of carbon materials have sparked re-

newed interest and intense research into the magnetic properties of carbon materials.

Organic ferromagnets exhibiting spontaneous magnetization at room temperature

were previously reported as early as 1987 [105, 82, 75, 76, 102], but these reports

were received with skepticism due to the potential presence of magnetic impurities.

As Miller [66] points out, for many magnetic polymers this skepticism proved to be

a justified concern. More recently, for example, doubt was cast [60] on the intrinsic

origin of the ferromagnetism with a 500 K Curie temperature previously reported

in polymerized rhombohedral C60 [61] after detailed chemical analysis revealed con-

siderable iron content [39, 96, 37] in the carbon samples. For C60 compounds, fer-

*This chapter was published in [14]
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romagnetism had also been reported in tetrakis(dimethylamino)ethylene-C60 [2, 77]

and 3-aminophenyl-methano-C60-cobaltocene [72] below 17 K and 19 K, respec-

tively. On the other hand, ferromagnetic behavior up to 800 K had been reported

for polymerized C60 that had undergone photo-assisted oxidation [74].

More recently there have been reports of ferromagnetism in proton-irradiated

graphite [95, 57, 36, 27, 35], nanographite [38, 26, 56, 55, 64], graphite contain-

ing topographic defects [68], negative curvature Schwarzite-like carbon nanofoams

[86, 83, 87, 88, 104], fullerene-related carbons [59, 4, 110, 3, 37, 13], microporous

carbon [49], as well as reports of a unique magnetic behavior of carbon nanohorns

[5]. However, despite the growing number of carbon-based materials exhibiting fer-

romagnetic behavior, a clear explanation as to the origin of the magnetic behavior

in these materials still needs to be developed. Some research suggests that hydro-

gen may play an important role in determining the magnetic properties of graphite

[27]. On the other hand, the unique magnetic behavior in carbon nanohorns may

be explained by the presence of adsorbed oxygen [6]. Still other research points to

the importance of edge-states [84] or topographic defects [68] or negative curvature

[83] in the graphene sheets for determining magnetic properties. Kopelevich et al.

[49] speculate that the ferromagnetism in microporous carbon may be attributable

to graphitic fragments with positive or negative curvature.

In addition to the search for a more complete understanding of the mechanism

of magnetic state formation in carbon and other s- and p-electron materials, the

study of carbon nanomaterials with ferromagnetic properties is also driven by an

enormous technological potential in nanotechnology, telecommunications, medicine,

and biology. Exciting applications in medicine such as imaging blood flow with

magnetic resonance imaging (MRI) machines, treatment of cancerous tumors, and

enhanced brain scans have already been discussed [33].

This chapter presents a new class of “ferromagnetic” carbon consisting of
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carbon nanospheres encapsulating silver nanoparticles. The Ag-C material in its

powder form exhibited ferromagnetic behavior up to at least room temperature,

but pressing the powder suppressed the ferromagnetism and instead recovered the

expected diamagnetic behavior for a bulk carbon sample. In addition, a peak in

the mass magnetization was measured at low temperatures (50–90 K) and was sup-

pressed when measured in the cooling direction. We propose a model that attributes

the ferromagnetism to (sp)1 localized spins in the carbon nanospheres and the peak

to a first-order spin reorientation with a thermal hysteresis that suppresses the peak

when measuring in the cooling direction.

3.2 Experimental Details

3.2.1 Synthesis

The Ag-C nanocomposite was provided by NovaCentrix, Inc.** Silver nanoparticles

are synthesized by a pulsed arc-discharge process and stabilized by carbon intro-

duced into the system in the form of a hydrocarbon. Two cylindrical high-purity

Ag electrodes are arc-discharged in an inert gas flow such as argon. The arc dis-

charge produces dramatic increases in temperature and pressure, vaporizing some

of the Ag electrode and creating a plasma between the electrodes that is carried

downstream by the gas flow. Rapid cooling causes Ag nanoparticles to nucleate and

grow downstream. A hydrocarbon, e.g. acetylene or methane, is introduced into

the process and results in a carbon coating on the Ag particles that stabilizes their

size between 10 and 40 nm. The carbon-coated Ag nanoparticles are then collected

downstream in the form of an easy to manipulate black powder. Large quantities of

the material can be produced at high rates (many kgs per hour).

**NovaCentrix, Inc., 1908 Kramer Lane, Building B, Austin, Texas, 78758, USA.
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3.2.2 Structural Characterization

The Ag-C sample was structurally and chemically characterized by scanning elec-

tron microscopy (SEM), energy dispersive spectroscopy (EDS), x-ray diffraction,

and transmission electron microscopy (TEM), including both HRTEM (High Reso-

lution TEM) and high angle annular dark field (HAADF) scanning TEM (STEM).

Due to the dramatic differences in the magnetic properties between the unpressed

powder samples and the pressed samples, we present a morphological characteriza-

tion of both sample types. In addition, we demonstrate the ability to remove the Ag

nanoparticles from the C nanospheres of the powder samples physically by electron

irradiation in the TEM.

Unpressed Powder Samples

The powder sample was first characterized with a spherical aberration (Cs)-corrected

JEOL JSM-7700F SEM. Figure 3.1 shows the SEM images of the Ag-C sample at

three different magnifications. Here we can see that the sample consists of spheri-

cal particles with diameters of approximately 10–40 nm connected in necklace-like

structures.

EDS chemical analysis detected both C and Ag in a weight% ratio of 70:30.

Figure 3.2 (inset) shows an x-ray diffractogram of the sample confirming the presence

of crystalline Ag. Peak broadening from X-ray diffraction gives an average Ag

crystallite size of ∼10 nm, agreeing well with SEM and TEM images. The absence

of any X-ray diffraction peaks corresponding to a crystalline carbon phase, e.g.

graphite, diamond, or fullerenes, might lead one to suggest that all of the carbon

present in the sample is amorphous. However, Fig. 3.2 shows a typical TEM image

of the sample clearly revealing crystalline order in the carbon surrounding a Ag

nanoparticle. The carbon surrounding the Ag nanoparticles is not amorphous, but

is instead graphitic although with an increased interplanar spacing of ∼ 3.7 Å as
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Figure 3.1: SEM images of Ag-C sample at 3 different magnifications, clearly show-
ing that the Ag-C powder consists of spherical particles connected in necklace-like
structures.
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Figure 3.2: HRTEM image showing a Ag nanoparticle (darker contrast) surrounded
by graphitic carbon (C nanosphere) showing areas with an expanded interplanar
spacing of 3.7 Å. Inset: X-ray diffractogram for Ag-C sample, indexed for the crys-
talline Ag cubic phase (Fm3̄m). Peak broadening gives an average Ag crystallite
size of ∼10 nm.

compared to the 3.35 Å interplanar spacing expected for bulk graphite.

The very thin dimension of the graphitic carbon coating the Ag nanopar-

ticles compared to the bulkier Ag nanoparticle substrate that it surrounds results

in the X-ray diffraction signal from the Ag dominating; any diffraction from the

graphitic carbon in the sample is lost in the diffracted X-ray signal. We also ob-

serve a large percentage of amorphous carbon in the sample, thus accounting for

the larger weight% of C measured by EDS. However, the carbon surrounding the

Ag nanoparticles is always observed to be graphitic in the TEM. We refer to these

graphitic shells encapsulating the Ag nanoparticles as carbon nanospheres.
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Removal of Ag from the Carbon Nanospheres

The Ag can be removed from the C nanospheres either physically by a 200 keV

electron beam in the TEM or chemically by acid treatment, e.g. with HCl or HNO3.

The physical removal of the Ag provides a better opportunity to study the structure

of the C nanospheres and demonstrates their stability.

Figure 3.3 shows TEM images of the sample before and after physical removal

of Ag by electron irradiation in the TEM. The Ag was removed by condensing the

electron beam on the sample so as to achieve very high current densities at the

sample, i.e. greater than 250 A/cm2. Upon reaching a critical irradiation level, the

Ag was observed to leave dramatically its carbon encasing and deposit immediately

on the lacey carbon support of the TEM grid. The removal of Ag from the Ag-C

nanocomposite left behind the C nanospheres intact, demonstrating their relative

stability to the electron beam and revealing their spherical structure.

For chemical removal, the sample was treated with concentrated nitric acid

and sonicated for 5 minutes. The product was then filtered with de-ionized water,

dried with moderate heating, and then examined in the TEM. Figure 3.4 shows

HAADF images comparing the differences in the samples after Ag removal by elec-

tron irradiation vs. chemical extraction. In contrast to the images after physical

removal of Ag by irradiation, the structure after chemical extraction appears more

sponge-like. Unlike the Ag removal by irradiation, the chemical treatment changes

the structure of the carbon nanospheres; further measurements were not made on

the chemically-treated samples as their structure had been fundamentally altered.

Pressed Samples

Powder samples were pressed in a die into cylindrical tablets of ∼5 mm diameter

and ∼2 mm height by applying up to 10 tons of pressure. All pressed samples (both

1-ton and 10-ton) exhibited a metallic sheen in contrast to the matte-black of un-
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Figure 3.3: TEM images showing the physical removal of Ag from carbon
nanospheres by electron irradiation in the TEM. Top panel: Ag-C sample before Ag
removal. Lower panel: Same area after removal of Ag from the carbon nanospheres.
Notice the smaller size and even distribution of the Ag nanoparticles deposited on
the lacey carbon support after removal by intense irradiation (arrow 3) as well as
the empty carbon nanospheres that remain after the Ag removal (arrow 2 is same
C nanosphere as arrow 1).
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Figure 3.4: HAADF STEM images showing the underlying carbon structure after
silver removal by irradiation and by chemical extraction. Left panel: Ag removal
by the e-beam in the TEM retains necklace-like structure of C nanospheres. Right
panel: Ag removal by chemical treatment with nitric acid fundamentally changes
the underlying carbon nanosphere structure to a sponge-like carbon.

Figure 3.5: SEM image of a 10-ton-pressed Ag-C sample showing the coalescence of
some Ag nanoparticles into larger particles that show marked faceting.
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pressed powder samples. SEM characterization revealed that pressing with 10 tons

changes the underlying structure of the nanocomposite by causing the coalescence

of Ag nanoparticles into larger particles that show marked faceting (see Fig. 3.5) in

contrast to the spherical geometries seen in the powder samples. On the other hand,

samples pressed with ∼1 ton of pressure showed no changes to their underlying mor-

phology. Figure 3.6 shows an SEM image of a portion of a 1-ton-pressed sample

at 4 different magnifications. The images clearly show that the carbon nanospheres

are densely packed by the pressing process so as to form slabs. After pressing, they

are less necklace-like, but they retain the morphology of carbon-encapsulated Ag

nanoparticles, as is evident in the TEM image of Fig. 3.7 taken from the edge of a

1-ton-pressed sample.

3.2.3 Magnetic Behavior

The magnetic properties of the Ag-C powder samples and 1-ton-pressed samples

were analyzed with a Quantum Design superconducting quantum interference device

(SQUID) magnetometer. Mass magnetization (Mmass) vs. temperature (T ) curves

were measured for samples that were zero-field-cooled (ZFC) and field-cooled (FC).

We define

Mmass = M/(total mass),

where M is the magnetization in emu and Mmass is the mass magnetization. In

addition, FC measurements were taken in both directions, i.e. upon cooling and

warming. The FC measurements taken in the cooling direction are referred to

as FCC while those taken in the warming direction are referred to as FCW. For

reference, ZFC measurements can only be taken in the warming direction. Mmass

vs. magnetic field (H), i.e. hysteresis curves, were also measured from 2 K up to

300 K, from which the coercive field (Hc) at different temperatures was obtained

and then plotted vs. T .
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Figure 3.6: SEM images of a 1-ton-pressed Ag-C sample at 4 different magnifications
showing that the C-nanospheres densely pack to form slabs and still retain the
underlying C-nanosphere morphology.
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Figure 3.7: TEM image of a 1-ton-pressed Ag-C sample showing that the morphol-
ogy of the carbon-encapsulated Ag nanoparticles is maintained.

Figure 3.8: (Color on-line) Mmass(T ) curves for powder Ag-C samples (upper) and
pressed Ag-C samples (lower) measured in a field of 1.0 T. Arrows indicate whether
the measurement was made upon cooling or warming.
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Ferromagnetic Behavior of Powder Samples

Figure 3.8 shows the Mmass(T ) behavior for both the powder and pressed samples.

The three upper Mmass(T ) curves correspond to a powder sample measured in the

ZFC, FCC, and FCW modes already described. The only difference in Mmass(T ) for

the three measuring modes is in the peak that appears between 50 and 90 K. Also

the Mmass(T ) curves for the powder sample are positive and of greater magnitude

than the Mmass(T ) curve of the pressed sample, which is negative and corresponds

to diamagnetic behavior.

In order to determine whether the positive Mmass(T ) of the powder sam-

ple corresponds to ferromagnetic (or ferrimagnetic) behavior, Mmass vs. H curves

were measured at various temperatures. Figure 3.9 shows a selection of measured

Mmass(H) curves for a sample measured at 2, 10, 50, 100, and 200 K. The upper

left inset of Fig. 3.9 is a close-up of the Mmass(H) curve at 10 K clearly showing

a ferromagnetic hysteresis. The lower right inset is the corresponding Mmass(T )

ZFC curve for the measured sample. Some differences in the Mmass values between

the main panel Mmass(H) data and the inset Mmass(T ) data for a given (H,T ) are

discussed in the context of a spin reorientation.

The Hc determined from Mmass(H) curves is also plotted vs. T in Fig. 3.10;

the Mmass(H) curves indicate a weak ferromagnetic behavior all the way up to 300 K

with an Hc=389 Oe at 2 K and an Hc=103 Oe at 300 K. Furthermore, the Hc(T )

data (excluding the data giving the sharp increase in Hc at low T ) can be fit to the

mean-field approximation

Hc(T ) = Hc(0) ·
√

1− T

Tc
,

where the best fit is achieved for an extrapolated Hc(0) = 190 Oe and a Tc =

425 K, from which we estimate the presence of ferromagnetic behavior up to ∼425 K

37



Figure 3.9: (Color on-line) Selected Mmass(H) curves for a ZFC powder sample.
Upper left inset: Close up of Mmass(H) curve at 10 K clearly showing ferromagnetic
hysteresis. Lower right inset: corresponding Mmass(T ) ZFC curve.

(Fig. 3.10). The upturn in Hc at lower temperatures is discussed in the context of

a spin reorientation.

Also of interest is the saturation behavior of the Mmass(H) curves (Fig. 3.9).

The curves taken at low temperatures, i.e. left of the Mmass(T ) peak, continue

to increase to a higher Mmass while the higher-temperature curves, i.e. right of the

peak, appear to saturate at a lower H and show a downturn in Mmass with increasing

H beyond saturation. The downturn in the Mmass(H) curves suggests that there is

a diamagnetic component present in the sample that begins to dominate at higher

H once the ferromagnetic component has saturated.

Diamagnetic Behavior of Pressed Samples

The lower curve in Fig. 3.8 shows the Mmass(T ) behavior for a sample pressed with

∼1 ton of pressure. The pressed sample is no longer ferromagnetic, but instead

shows diamagnetic behavior above 5 K with a sharp tail at low T that gives a posi-

tive Mmass below 5 K. In addition, because diamagnetism and ferromagnetism can
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Figure 3.10: (Color on-line) Hc calculated from Mmass(H) curves plotted vs. T
showing ferromagnetic behavior up to 300 K. Mean field approximation giving a
Tc ≈ 425 K.

coexist [28], Fig. 3.11 shows Mmass(H) curves that clearly demonstrate the absence

of ferromagnetic hysteresis in the pressed samples and thus the complete transition

to diamagnetic behavior with isolated paramagnetic spins in the pressed samples.

Furthermore, the diamagnetic behavior strongly suggests that the ferromagnetic

behavior of the powder samples is intrinsic to the Ag-C sample and cannot be ex-

plained by magnetic impurities since the pressed sample and the powder sample

consist of the same materials.

The diamagnetic Mmass(T > 100K) in Fig. 3.8 corresponds to a mass suscep-

tibility of ∼ −2.6× 10−6 emu/g, which is within the range of the diamagnetic sus-

ceptibility of nearly all known carbon allotropes, which exhibit diamagnetic suscep-

tibility in the range of χ = −(10−5− 10−7) emu/g [87]. Linear fits to the Mmass(H)

curves of Fig. 3.11 also give a mass susceptibility approaching ∼ −2.6×10−6 emu/g.

Therefore, pressing the sample recovers the diamagnetic behavior expected for bulk

carbon as well as reducing the peak in the Mmass(T ). We attribute the low-T tail

(below 5 K) to retention of isolated paramagnetic spins in the carbon mass.
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Figure 3.11: (Color on-line) Selected Mmass(H) curves for a pressed sample at 10 K,
35 K and 300 K, clearly showing the absence of ferromagnetic hysteresis and com-
plete transition to diamagnetic behavior in the pressed samples. Inset: Magnified
view of Mmass(H) curve at 35 K showing the diamagnetic behavior at low fields.

Corrected Mass Magnetization for Powder Samples

As previously discussed, from Fig. 3.9 we deduce the presence of both a diamagnetic

and weak ferromagnetic component in the powder samples. If we assume that the

diamagnetic component in the powder samples responsible for the downturn in the

Mmass(H) curves has the same magnitude as the diamagnetic component in the

pressed samples, we can use the diamagnetic susceptibility of the pressed samples,

χdia = −2.6× 10−6 emu/g,

to correct the Mmass(H) curves of the powder samples of Fig. 3.9. Accordingly, we

define a corrected magnetization,

Mcorr(H) = Mmass(H)− χdia ·H,
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Figure 3.12: (Color on-line) Corrected mass magnetization, Mcorr(T ), for powder
Ag-C samples showing a near saturation of the magnetization for T ≥ 100 K.

for the ferromagnetic component of the powder samples. Figure 3.12 shows Mcorr(H).

The correction eliminates the downturn in the magnetization observed in Fig. 3.9,

thus supporting that the diamagnetic component in the pressed sample is about the

same as that in the powder sample. Furthermore, we now see that for T ≥ 100 K the

Mcorr nearly saturates in an applied H = 2 T with an Ms → 0.14 emu/g. For lower

T , the Mcorr does not saturate in an applied H = 2 T, especially for temperatures

corresponding to the Mmass(T ) peak where it reaches 0.35 emu/g at 2 T.

Peak in the Mass Magnetization and Spin Reorientation

Our data are consistent with a first-order spin reorientation with a critical temper-

ature (Tm) that varies only a little between nanospheres, but exhibits a thermal

hysteresis. The critical temperature upon warming is 50 K < Tm↑ < 90 K; upon

cooling, the critical temperature occurs at a lower temperature. In order to test

this deduction, we measured the ZFC curves for samples cooled to different tem-

peratures to see at what lower temperature the peak in Mmass(T ) appears. The
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Figure 3.13: (Color on-line) Mass susceptibility χmass(T ) for powder Ag-C samples
ZFC to different temperatures, showing a thermal hysteresis that results in the peak
being suppressed for samples that are not sufficiently cooled.

result, shown in Fig. 3.13, clearly identifies the interval 30 K < Tm↓ < 40 K for

the critical temperature on cooling in zero field. In addition, there appears to be a

time dependence of the spin reorientation that makes the transition sluggish upon

cooling in an applied magnetic field. If an applied magnetic field inhibits the spin

reorientation, it would slow it down to broaden the peak in the FCC measurement

to where it is not visible. This situation would occur if the higher temperature spin

orientation were favored by an applied magnetic field.

3.2.4 Trace Metal Analysis

The presence of the observed magnetic behavior in a sample containing only Ag

and C is highly unusual since Ag and bulk carbon are diamagnetic. For this reason,

the sample was examined for traces of magnetic contaminants with a micromass

platform quadrapole inductively-coupled plasma mass spectrometer (ICP-MS) with

a hexapole collision/reaction cell and a single Daly-type detector.

Mass spectrometry measurements were done on milligram samples of the Ag-
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Table 3.1: Summary of ICP-MS elemental analysis (Below detection limit = BDL).

Method Sample 1 Sample 2
Element Blank (ppb) (ppb) (ppb)
52Cr 21.7 BDL 373
60Ni 1449 BDL 161
63Cu 22.4 88.1 113
65Cu 22.7 85.3 BDL
109Ag BDL 683135 316706
114Cd BDL 64.0 BDL
120Sn BDL 3.46 BDL
Other — BDL BDL

C sample extracted with concentrated HNO3 and sonicated with ultrasound for at

least 20 minutes. The solutions were then diluted to appropriate levels for compar-

ison to calibrated standard solutions. Two solutions were analyzed in detail, along

with a method blank consisting of the concentrated HNO3 sonicated without the

sample and diluted and prepared for analysis in the same way as the two sample so-

lutions. Samples were scanned for all possible elements and quantitatively analyzed

for the following elements: Li, B, Na, Mg, Al, Si, P, K, Ca, V, Cr, Mn, Fe, Co, Ni,

Cu, Zn, As, Se, Rb, Sr, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pb, Bi, Th, and U.

Table 3.1 shows the summary of the quantitative ICP-MS analysis. Both

sample solutions gave strong peaks for Ag in the ppm range, indicating that the

Ag was dissolved out of the Ag-C sample and suggesting that other metals present

in the sample should also have been dissolved into the solution. The two sample

solutions showed only some metal contaminants in the ppb range with all other

elements falling below the detection limit (BDL). Of the elements detected in the

ppb range, only one of them, Cu65, was detected in both sample 1 and 2. Cu was

less than 100 ppb above the method blank and is usually not magnetic. Cr was

detected in one sample solution (350 ppb above the method blank) and was BDL in
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the other sample solution. The other elements listed in Table 3.1 were only detected

in one sample and were all present in greater amounts in the method blank. Thus

the only possible magnetic contaminant detected, Cr, was only found in one of the

sample solutions and was only 0.1% of the amount of Ag detected in the solution;

therefore it cannot explain the observed magnetic behavior. These results support

that the magnetism being reported is indeed coming from the Ag-C sample and not

from magnetic contaminants present in the sample.

3.3 Discussion

A model accounting for the observed magnetic behavior must not only be able to

explain how spins are localized in the Ag-C sample, but also what type of magnetic

interaction exists between the localized spins in order to give a net magnetic moment

and the observed ferromagnetic behavior. Localization of spins in Ag is unlikely

since Ag has a full 4d10 shell and one 5s1 electron that is delocalized in a broad,

half-filled band that gives metallic conduction. Therefore, the localized spins and

the ferromagnetic behavior must be coming from the carbon surrounding the Ag

nanoparticles. In order to understand how the spins are being localized in the

carbon, we must first have an understanding of the structure of the carbon coating

the Ag nanoparticles.

As seen in Figs. 3.1-3.4, the carbon forms necklace-like structures comprised

of interconnected spheres. The spheres are nested, closed carbon cages of a graphene

nature that encapsulate the Ag nanoparticles. For example, Fig. 3.2 shows a carbon

nanosphere consisting of 4 nested, closed carbon cages.

What is most important about the structure for a model of the ferromag-

netism is the curvature of the nanospheres. In graphite, sp2 + pπ bonding gives

metallic behavior from itinerant pπ electrons both in the ab-plane and in narrow

c-axis dispersion bands. Introducing a curvature to graphene planes changes the
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Figure 3.14: Schematic representation showing the transition from pπ delocalized
spins in a planar graphene sheet toward (sp)1 localized spins in a curved graphene
sheet.

sp2 + pπ bonding towards sp3 hybridization as found in Si, but with a half-filled

(sp)1 orbital extending out from the curved graphene sheet (see Fig. 3.14). For a

large curvature of the graphene sheets, the s character of the (sp) hybrid orbital is

large so that extension of the orbital is small on the interior of the graphene layers,

i.e. towards the center of the nanosphere. Consequently, for a large curvature these

half-filled orbitals have only a small overlap with like orbitals on their carbon near

neighbors in the plane and, as discussed below, between half of the carbon across

planes. Thus the curvature reduces the intraplane overlap of the half-filled orbitals

perpendicular to the surface of the carbon sheets from that of the pπ orbitals of flat

sheets until, at a critical curvature, the electrons in these orbitals become localized

with a spin S = 1/2 in the absence of strong interplane interactions.

Across planes, the situation is more complex as there exist two distinct car-

bon sites in graphite. Due to the ABAB c-axis stacking of carbon planes in graphite,

there are carbon α-sites with carbon neighbors directly below and above and carbon
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Figure 3.15: (Color on-line) Schematic illustration showing the α and β-sites in
graphite.

β-sites without carbon neighbors directly below and above (Fig. 3.15). Thus half of

the carbon atoms are in α-sites that form chains of C atoms along the c-axis while

the other half are in β-sites with no carbon neighbors directly above or below.

Whereas the curvature reduces the in-plane π-bonding to where the spins

on the β sites are localized, the interplane bonding between α-site C atoms re-

mains strong enough to give a 1D itinerant-electron band. If the 1D band remains

half-filled, we should expect an antiferromagnetic coupling between the β-site spins

through the α-site 1D band. However, a smaller work function for silver than for

graphite, ΦAg < ΦC, means that electrons are donated from the Ag nanoparticles to

the C nanospheres. Since the correlation splitting U of the (sp)1 and (sp)2 states at

the β sites is larger than the splitting of the two-electron and three-electron bonds

of the α sites, the Ag can be expected to donate electrons to the 1D α-site bands

to make them ca. 3/4-filled with a spin of 0.5 µB/Cα. As shown schematically in

Fig. 3.16, the dominant virtual charge transfer is from an α-chain to a β site, and

the Pauli exclusion principle only allows transfer of electrons with a spin opposite to

the spin on a β site. Therefore, we anticipate an antiferromagnetic coupling between

the α-site and β-site spins to give a net ferrimagnetic moment of ca. 0.25 µB/C for

the powder samples.
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Figure 3.16: Schematic illustration of the ferromagnetic superexchange interaction
between β-sites through a strongly-correlated 3/4-filled α band. Here (sp)1 indi-
cates a half-filled (sp) orbital and (sp)2 indicates a filled (sp) orbital, and U is the
correlation splitting of the (sp)1 and (sp)2 states.

This model is supported by the TEM image in Fig. 3.2 where we see that the

interplanar spacing of the carbon sheets surrounding the Ag nanoparticles is ∼ 3.7

Å, which is greater than the 3.35 Å spacing of graphite. The larger C-C distance

between the α-site C atoms is consistent with the introduction of antibonding elec-

trons that, in essence, transforms two-electron bonding orbitals to three-electron

bonds with localized antibonding-electron spins. From the virial theorem, as has

been argued elsewhere [34], the transition from spin-paired to strongly correlated

antibonding electrons would increase the separation of the α-site C along a 1D chain,

as we observe in our TEM images of the powder samples.

Flattening of the graphitic sheets would restore graphite pπ bonding to elim-

inate localized electrons even at the β sites; however, our structural characterization

indicates that this is not the case for the 1-ton-pressed samples since the curvature is

maintained (see Fig. 3.7) in the graphene sheets surrounding the Ag nanoparticles.

Instead this pressure appears to increase the C–C bonding between nanospheres
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and, more importantly, shorten the C–C interplanar spacing, thus broadening the

1D α-site bands and pairing antiparallel the β-site spins. This change would revert

the system to the diamagnetic behavior expected for bulk Ag and C samples, which

we indeed observe in Fig 3.8 and Fig 3.11 for the pressed samples.

The peak in the Mmass(T ) data can be explained by a spin reorientation. The

only difference in the FCW and ZFC Mmass(T ) curves of Fig. 3.8 for the powder

sample is in the magnitude of a peak found in the interval 50 K < T < 90 K. The

peak is only observed for measurements made in the warming direction (ZFC and

FCW); it is completely suppressed for measurements made in the cooling direction

(FCC). Also the magnitude of the ZFC peak is always slightly greater than the

FCW peak.

A similar peak in carbon nanohorns has been reported by Bandow et al. [6]

and was attributed to adsorbed oxygen. Although there are similarities between

the Mmass(T ) peak of the carbon nanosphere powder samples and the peak in the

carbon nanohorn samples, the peak we observe cannot be explained by the presence

of oxygen because of the thermal hysteresis and suppression of the peak when mea-

suring in the cooling direction. There are magnetic transitions associated with solid

oxygen within the peak temperature interval [22, 70], but they are second-order

and thus are always observed at the same temperature whether measurements are

made upon warming or cooling (no thermal hysteresis). Therefore, the presence

of oxygen cannot explain the observed peak in the carbon nanosphere sample; in-

stead, we propose an explanation for the observed peak based on a first-order spin

reorientation.

Both the Mmass(T ) and Mcorr(H) behavior suggest that the sample exhibits

a spin reorientation at the temperature corresponding to the peak. A spin reorien-

tation occurs when there is a change in the site easy-magnetization axis. Where the

spins reorient their direction, the spin system becomes more plastic, which allows
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for a larger M in an applied H. In a second-order transition, the site anisotropy

energy goes smoothly through zero; but in a first-order transition, the anisotropy

energy goes to a minimum, but remains finite. A displacive structural change would

accompany a first-order transition.

A spin reorientation is thus able to explain the complete suppression of the

peak upon cooling in a magnetic field (FCC curve in Fig. 3.8), as well as the smaller

thermal hysteresis upon cooling in zero field shown in the ZFC curves of Fig. 3.13.

In addition, the Mcorr(H) curves measured at temperatures corresponding to the

Mmass(T ) peak, where the spin system is more plastic, showed a greatly increased

saturation Mcorr that is consistent with a spin reorientation (see Fig 3.12). For

example, at 50 K, Mcorr(H) is still increasing strongly at an H of 2 T with a

Mcorr ≈ 0.35 emu/g.

A spin reorientation is also supported by the increase in Hc for temperatures

below the Mmass(T ) peak (see Fig. 3.10). We expect different spin orientations to

lead to a difference in the nature of the domain structure and thus in the Mcorr(H)

behavior and the Hc. Apparently, the lower temperature orientation has a higher

saturation magnetization at a higher field (Fig 3.12) as well as a larger Hc that

increases more rapidly with decreasing temperature, giving an upturn in the low-

temperature Hc (Fig. 3.10).

Furthermore, we attribute the difference in the magnetization data between

the main panel and lower right inset of Fig. 3.9 to the time dependence of the spin

reorientation. Because multiple measurements are made at the same temperature

when measuring a hysteresis curve, the magnetization measurements made at 50 K

for the Mmass(H) hysteresis curve in the main panel were taken over a much longer

time than the single measurement made at 50 K for the Mmass(T ) curve in the

lower right inset. Therefore, since the sample is held close to the spin reorientation

temperature (50 K) for a longer period of time in the main panel, the spin system
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has become more plastic. This results in Mmass(T = 50K,H = 1T ) > Mmass(T =

2K,H = 1T ) in the main panel and explains the discrepancy with the magnetization

data in the lower right panel, where Mmass(2K) > Mmass(50K).

Figure 3.17 shows the suspected spin orientations for spin reorientations oc-

curring within the carbon nanosphere. Orientation A corresponds to spins oriented

parallel to the (sp) orbital axis, i.e. perpendicular to the carbon nanosphere surface,

and orientation B corresponds to spins oriented perpendicular to the orbital axis,

i.e. tangential to the carbon nanosphere surface. As deduced above for a 3/4-filled

α band, a net moment of 0.25 µB/C atom is expected. However, from Fig. 3.17 we

see that the spin orientations and the spherical geometry of the carbon nanospheres

results in no net magnetic moment in the absence of an external magnetic field.

However, once domain walls have been introduced by the application of a magnetic

field, a remnant magnetization and a coercivity can be expected.

Fig. 3.18 shows how both spin orientations result in a net ferromagnetic

moment in an external magnetic field. For orientation A, more spins align parallel

to the external field by forming a Bloch wall, which is shown in Fig. 3.18 as an

idealized Bloch wall across the equator of the nanosphere. The net ferromagnetic

moment increases from the equator to the poles due to an increasing component of

the preferred spin orientation lying in the direction of the external field. In addition,

spin canting away from the preferred spin orientation, i.e. parallel to the (sp) orbital

axis, may also contribute further to the net moment. Spin orientation B achieves a

net moment by canting its spins away from the spherical surface in the direction of

the external field. For this case, the net ferromagnetic moment increases from the

equator to the poles because of an increasing torque exerted by the external field

on the spins. Both orientations do not allow complete allignment of the β spins in

an applied H, so that the net moment for each spin orientation is less than the 0.25

µB/C atom previously calculated.
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Spin orientation A Spin orientation B

Figure 3.17: Schematic illustration showing two possible spin orientations of local-
ized (sp)1 β spins separated by itinerant α sites. Orientation A corresponds to
spins oriented along the (sp) orbital axis, while orientation B corresponds to spins
tangential to the spherical surface.

If the local net moment is µ = 0.25 µB/C atom, then for spin orientation A

it can be shown that the net moment for a carbon nanosphere is approximately

µA =

∫

S
µ cos(φ)dS

=

2r2

∫ π/2

0

µ cos(φ) sin(φ)dφ

∫ 2π

0

dθ

4πr2

= 0.5 µ

= 0.125 µB/C atom.

or 50% of the µ = 0.25 µB/C, not including any canting of the spins away from the

(sp) orbital axis, which would further increase the net moment. On the other hand,

it is not possible to calculate the net moment for spin orientation B without knowing

the degree of spin-canting out of the plane. Although it is difficult to determine from

these considerations which spin orientation occurs at low and high temperature,
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H

Spin orientation A Spin orientation B

Figure 3.18: (Color on-line) Schematic illustration showing spin orientation A and
B in an applied external field H. Orientation A achieves a net ferromagnetic moment
by the formation of a Bloch wall (dashed red line) in addition to spin-canting (not
shown). Orientation B achieves a net ferromagnetic moment by spin-canting. The
small red arrows shown on the outer and inner surface of the carbon shells are
schematic representations of the net ferromagnetic moment and show an increasing
ferromagnetic moment for both orientations as one approaches the poles.
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nevertheless, our experimental data support a spin reorientation that causes a peak

in the Mmass(T ) curves upon warming, but not upon cooling, an upturn in the

Hc at low temperatures that corresponds to a more difficult spin reversal of the

low-temperature spin orientation, and a difference in saturation magnetizations at

temperatures below and above the spin reorientation temperature.

The ferromagnetic areas appear to be separated by domain walls as in any

ferromagnet. The motion of these walls in an applied field H allows the tracing

out of an M–H hysteresis loop. However, bending of the spins into the direction of

the applied H field would be resisted by the magnetocrystalline anisotropy, which

is expected to be different for each spin orientation. Therefore, although it is not

possible to determine which of the suspected spin orientations is favored at the lower

or higher temperatures, it is apparent that the low-temperature orientation results

in a higher Hc that increases more rapidly with decreasing temperature. Also, the

low temperature orientation does not allow for full ferromagnetic alignment of the

spins in an H = 2 T, suggesting a stronger magnetocrystalline anisotropy. Rotation

of the spins from parallel to perpendicular to the orbital axes would occur at a

temperature where the net site anisotropy becomes small and the spins are more

easily aligned in the direction of the applied field; but the interatomic exchange

field does not change sign. Such a spin reorientation would result in a peak in the

Mmass(T ), which is indeed observed.

On the outer surface of the carbon nanosphere the (sp)1 orbital will be a

reactive surface state so long as there is no interaction with a neighboring nanosphere

or an adsorbed species. In the graphene layers below the surface, the localized (sp)1

electrons appear to be sterically protected from adsorbed species, thus giving the

observed ferrimagnetic behavior in the powder samples even if the surface states

are all spin-paired with a surface species or a neighboring nanosphere. With three

concentric carbon nanospheres and µ = 0.125µB/C atom about each Ag particle
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(assuming orientation A), we can estimate a magnetization Mcorr ≈ 0.6 emu/g,

which is sufficient to account for the observed magnetization Mcorr.

The reactive states on a carbon nanosphere surface provide the C–C bonding

between nanospheres needed to form the robust necklace-like structures observed in

the powder samples. The other reactive surface sites may be satisfied by chemisorbed

species, e.g. the oxygen detected in small quantities with EDS and/or hydrogen

from adsorbed H2O. Satisfaction of the active surface sites would explain why, un-

der pressure, the carbon nanosphere necklaces can form slabs of densely packed

nanospheres that are fragile enough that they can relatively easily be mechanically

broken back down into the original carbon nanosphere necklace-like structures of

the Ag-C powder. That is, if the electrons on the surface of the C nanospheres

remained as reactive sites, then one would expect a chemical bond between pressed

C nanospheres and much more robust pressed samples. However, since this is not

the case, it appears that the C–C bonding between nanospheres needed to form the

necklace-like structures occurred during the synthesis process and the remaining

exposed surface sites became satisfied by chemisorbed species, such as the oxygen

and water present in the air to which the samples were exposed immediately after

synthesis and during their handling.

This model accounts qualitatively for the presence of a diamagnetic and a

weak ferrimagnetic contribution to the magnetic susceptibility as is signaled by the

magnetic measurements in Fig. 3.9. It also predicts a magnetic-ordering tempera-

ture and weak ferrimagnetism that is dependent on electron transfer from the Ag

particles to the α-site C chains. Although the model allows for a reorientation of the

spin axis relative to the (sp) orbital axis, our data do not provide an unambiguous

identification of which spin orientation is favored at the lowest temperatures. Nev-

ertheless, we would expect spin orientation B to be favored at lower temperatures

since this orientation is stabilized by magnetostatics.
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While we have principally considered intraparticle interactions, e.g. spin

orientation relative to the (sp) orbital axis, it may be that the interparticle inter-

actions, i.e. between nanospheres, are responsible for the spin reorientation. Then

the peak in the M(T ) may be associated with an interparticle spin reorientation

between carbon nanospheres or with a transition from a superparamagnetic to a

blocked state.

3.4 Conclusions

Carbon can be present in many different forms, each exhibiting drastically differ-

ent properties. Carbon nanostructures, such as fullerenes, onions, and CNTs have

generated much scientific research and are already being used in numerous applica-

tions. More recently, novel carbon nanostructures, such as carbon nanofoam, have

sparked a new interest in carbon materials that possess ferromagnetic properties.

The carbon nanostructures presented here appear to be one such material.

We conclude that by increasing the curvature of a graphite sheet to beyond a

critical value, it is possible to generate reactive, half-filled (sp)1 orbitals projecting

from the outer surface and localized (sp)1 spins below the surface. The reactive,

localized spins on the surface may be spin-paired by adsorbed species or by C–C

bonding with neighboring nanospheres. The localized (sp)1 spins below the surface

occur at β sites and interact within a graphene sheet through a strongly correlated

itinerant-electron band at α sites that form carbon chains along the c-axis.

A difference in work functions between Ag and C results in the Ag nanopar-

ticle donating electrons to the carbon nanosphere α band so that it becomes more

than half-filled. The magnetic interaction between the localized spins at the β sites

is through a more than half-filled α band that gives a ferromagnetic allignment of

the β spins through a spin-polarized α band with an antiferromagnetically alligned

net moment that is less than the moment on the β sites. Therefore the interaction
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between the α and β sites is ferrimagnetic with a magnetic ordering above room

temperature.

Pressure shortens the C-C bonds of the α-site chains, which suppresses the

spin-polarization of the α-site antibonding electrons and strengthens the interactions

between the half-filled orbitals of the β sites. As a result, the diamagnetism of the

carbon dominates the susceptibility of the pressed samples.

We believe this finding opens the door to tailoring the curvature of carbon

nanospheres encapsulating a metallic nanoparticle core for a variety of applications.

For example, carbon is a biologically friendly material and Ag, even when sterically

stabilized, has been shown to have antimicrobial properties and even shows the

potential to inhibit HIV [25]. In this light, a ferromagnetic carbon coating could

prove very useful in drug delivery, or even guided drug delivery where a magnetic

field, e.g. from an MRI, is used to guide the encapsulated material to a specific

location in the human body. Furthermore, there seems to be no reason why the

synthesis could not be extended to include other metals within the ferromagnetic

carbon nanospheres, thus opening many new possibilities.

More fundamentally, this work proposes a model for magnetic order in graphitic

carbon materials. While there are various models for the localization of spins in car-

bon materials, there are very few models for the magnetic interaction between such

localized spins capable of explaining the recently observed “ferromagnetic” behavior

in a variety of carbon materials.

3.5 Observation

A significant number and variety of carbon materials with ferromagnetic properties

have now been reported. Unlike the negative curvature carbon nanofoams, our

material contains Ag nanoparticles that play the role of electron donors to α-site

bands that are spin-polarized and give a net ferrimagnetic moment from α and β

56



sites. We note here that, unlike other models in the literature, we have used a model

that is not dependent on negative curvature regions in the carbon. Although one

might expect such regions to exist at the necks of neighboring carbon nanospheres

in necklace-like structures, from Fig. 3.4 (left panel) we can find no evidence of

such negative curvature regions in our material; instead we clearly observe spherical

carbon shells joined by C–C bonding.

57



Part II

Layered Oxides
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Chapter 4

NaxCoO2 and superconductive

Na0.33CoO2· 1.3H2O

4.1 General Overview

Original investigations of NaxCoO2 focused on its potential as a cathode material in

a Na-ion battery and were motivated by the excellent performance of the LixCoO2

system as a cathode material for a Li-ion rechargeable battery. Although its perfor-

mance as a cathode in a Na battery proved inferior to those of the LixCoO2 cathode

in the analogous Li-ion battery, the discovery of a high thermoelectric power to-

gether with a high electronic conductivity and low thermal conductivity in NaxCoO2

sparked a new interest in its potential as a thermoelectric material [103]. Subsequent

investigations have shown that the sodium-rich NaxCoO2 composition with x ≈ 0.7

is the most promising for a thermoelectric material. Although a clear understanding

of the system is still under investigation, its large thermopower (100 µV/K at 300

K) has been attributed to the spin entropy carried by strongly correlated electrons

hopping on a triangular lattice [29].

The more recent discovery of superconductivity in the hydrated sodium-
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poor cobaltate Na0.33CoO2· 1.3H2O[99, 91] has generated considerable research ac-

tivity into understanding the origin of the superconductivity in this system. Al-

though the low-Tc (≈ 4.5 K) and chemical instability of the hydrated supercon-

ductive Na0.33CoO2· 1.3H2O phase make it commercially unattractive, it is still of

great interest due to both its similarities and differences to the copper-oxide high-

temperature superconductors (HTSC). Like the copper-oxide HTSC, the supercon-

ductivity appears to be strongly 2D in character and also gives a dome-shaped

dependence of Tc vs. electronic doping [91]. On the other hand, the structure is

quite different, with the Cu-oxides having in-plane Cu-O-Cu interactions while the

Co-oxides have hexagonal symmetry and direct Co-Co interactions.

Perhaps the most conspicuous difference is the role of water in the supercon-

ducting phase; indeed Na0.33CoO2· 1.3H2O is one of the few, if not the only, example

of a hydrated superconductor. In fact, it is quite sensitive to the degree of hydration

as well as the Co(IV)/Co ratio. Obviously, clear determination is needed as to the

role of the intercalated water in the superconducting cobalt oxides, i.e. whether it

plays a passive role as a spacer in the structure, expanding the c-axis and separating

the CoO2 planes, making them more two-dimensional as in the Cu-oxide HTSCs,

or whether it plays an active role, healing oxygen vacancies and/or contributing

positive counter cations to the system in the form of H3O
+.

In addition to ongoing investigation of both the Na-rich NaxCoO2 with

promising thermoelectric properties and the hydrated Na-poor Na0.33CoO2· 1.3H2O,

subsequent research efforts into understanding the physical properties for the en-

tire phase diagram have yielded other compositions of interest. In particular the

NaxCoO2 composition with x ≈ 0.5 undergoes what has been referred to as a

“metal-insulator” transition (MIT) in the literature [40]. While the 2-layer phase

with Na-ions in prismatic coordination (P2) is metallic throughout the range of Na

compositions (0.25 < x < 0.8), at x ≈ 0.5 the resistivity is flat to semiconductor-
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like with an abrupt upturn at a TMIT ≈ 53 K. Although the origin of the elec-

tronic transition is still not clear, investigations have shown that Na ordering for

the x ≈ 0.5 composition results in a transition from hexagonal (P63/mmc) to or-

thorhombic (Pnmm) symmetry at room temperature and a possibly charge-ordered

state at lower temperature that may play a role in the transition to an insulating

state [29]. Furthermore, a transition to an antiferromagnetically ordered state at 87

K precedes the transition to an insulating state at 53 K and is also of interest in

understanding the system [30].

4.2 The role of structure, Na content, and Co valence

A clear knowledge of the possible structures of the NaxCoO2 system is essential to

ultimately understanding their properties. All of the possible NaxCoO2 structures

(as well as the LixCoO2 structures) are layered with alternating CoO2 layers and

counter-cation planes. The Co ions are in octahedral coordination, and the CoO2

layers are composed of edge-sharing octahedra. Alternatively, the CoO2 layer can

also be described as close-packed planes of Co atoms, with close-packed planes of O

atoms above and below the Co plane.

The counter-cations Na or Li (K, Ca and Sr are also possible) are located

between the CoO2 layers in either trigonal prismatic or octahedral sites. The Na (or

Li) coordination as well as the stacking sequence of the planes of oxygen atoms gives

a convenient way of designating the structure for both the NaxCoO2 and LixCoO2

layered cobalt oxide systems. For example, the LixCoO2 structure used as a cathode

material has Li-ions in octahedral coordination with an oxygen stacking sequence

of ABCABC; it is therefore designated as the O3 structure. The O3 structure is

simply a face-centered cubic array of oxygen as in the rocksalt structure with the

Co and counter-cations fully ordered on alternate (111) planes of octahedral sites.

Many structures are possible if one employs both hard chemistry (solid state
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Table 4.1: Summary of NaxCoO2 structures that can be synthesized by hard chem-
istry for different compositions [23].

Na content Phase Na coordination O stacking

x = 1 α O3 ABC
x = 0.77 α’ O’3 ABC
0.64 ≤ x ≤ 0.74 γ P2 AABB
0.55 ≤ x ≤ 0.66 β P’3 AABBCC
x < 0.55 Co3O4 + β Co3O4 + P’3 AABBCC

synthesis) techniques as well as soft chemistry (oxidative deintercalation/reductive

intercalation) techniques, e.g. O3, P3, O1, P2, O2, O’3, and P’3 (where the prime

indicates a monoclinic distortion in the structure). While hard chemistry is used

to synthesize the thermodynamically stable high-temperature structure for a par-

ticular Na composition, soft chemistry can be used to achieve low-temperature and

metastable structures that are not possible to access by hard chemistry alone. Ta-

ble 4.1 shows the stable structures that can be synthesized in the NaxCoO2 system

by hard chemistry for different Na compositions.

While Table 4.1 gives the structures that can be made by the hard chem-

istry of solid state synthesis, it is also possible to maintain a structure beyond the

compositional range allowed by the solid state synthesis by employing soft chem-

istry such as oxidative deintercalation at ambient temperature. For example, the P2

phase may be maintained down to Na compositions as low as x ≈ 0.25 or any other

intermediate Na concentration by appropriate choice of oxidizer, concentration of

oxidizer, and duration of exposure to the oxidizing medium. This is of particu-

lar importance, considering that the hydrated superconductor Na0.33CoO2· 1.3H2O

is derived from the metastable P2 structure with x ≈ 0.33 that is synthesized by

precisely this combination of hard and soft chemistry.

It is instructive to point out some important differences between the possible
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structures. While the O3, P3, and O1 structures can be derived from each other

by simple sliding of the CoO2 sheets, the P2 structure differs from the family of

O3 structures not only by sheet shifts, but also by a π/3 rotation of all (CoO6)

octahedra. Thus for a transition from an O3-type structure to the P2 structure, a

greater amount of energy is needed. This inter-layer shifting explains the transitions

that are observed from O3 → O’3 → P’3 upon electrochemical deintercalation of

Li in the LixCoO2 system as well as the transition to O1 upon deep chemical dein-

tercalation. So long as the electrochemical or chemical deintercalation is carried

out at ambient T, there is not enough available energy to transition between the

O3-type structures to the P2 structure. Conversely in the NaxCoO2 system, the P2

structure is maintained for a wide range of Na content in a metastable state so long

as the temperature is not raised enough so as to provide enough energy for the π/3

rotation of the (CoO6) octahedra to occur. Again, this point is important since the

P2 structure is the one that gives the good thermoelectric material for x ≈ 0.7, the

superconductor for x ≈ 0.33, and exibits the insulator transition for x ≈ 0.5.

Obviously the P2 structure is of primary importance in the NaxCoO2 system.

For that reason, we will focus on the finer details of this structure. As in the O-

type structures, the Na ions in the P2 phase also have 6-fold coordination with

surrounding oxygen atoms; however, instead of an octahedral environment of oxygen

ligands, the Na ions are in a trigonal prismatic coordination. This coordination has

the effect of slightly opening up the structure, which makes sense for the larger Na

ions. In addition, whereas in the O3 structure of the LixCoO2 system the octahedral

sites of the Li ions are separated by tetrahedral sites, in the P2 structure there are

no tetrahedral sites but rather there are 2 distinct prismatic sites for the Na ions.

The Na1 site corresponds to prismatic sites that share faces with the Co octahedra,

and the Na2 site corresponds to prismatic sites that share edges with neighboring

Co octahedra. Figure 4.1 shows Na ions occupying the Na2 sites of a P2 structure.
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Figure 4.1: Schematic illustration of Na-ions occupying the Na2-site in the P2 struc-
ture, defined as the trigonal prismatic site that shares edges with neighboring Co
octahedra.

From a simple point charge model, one would expect the Na ions to occupy

the Na2 sites, which share edges with the Co octahedra, and to avoid occupying

the Na1 site that share faces with the Co octahedra. Such an arrangement would

appear to minimize the electrostatic repulsion between Co4+/3+ and Na+ and thus

minimize the free energy of the system. However, the situation is more complex than

this since there are also other electrostatic interactions. Experimental observations,

e.g. neutron diffraction, indicate a mixed occupancy of both sites, with a preferential

occupancy for the Na2 site except for the x ≈ 0.5 composition, which shows equal

occupancy of both sites and an ordered state [42, 109].

Experimentally the P2 structure is synthesized by a solid state reaction of

Na2CO3 and Co3O4 in appropriate quantities so as to achieve the desired stoichiom-

etry of a parent phase with a composition between x ≈ 0.64 and 0.74 as indicated by

Table 4.1. The Na content can then be tuned by oxidative deintercalation, e.g. with

Br2, I2, HCl, or NO2BF4, preserving the P2 structure down to x ≈ 0.25. Chemi-

cal intercalation can also be used to increase the Na content up to x ≈ 1.0 while

maintaining the P2 phase [41].

The Na content in the sample strongly affects the structure. As Na is removed

from the structure, the screening of negative charge between O2− of the oxygen
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Table 4.2: Summary of NaxCoO2 possible spin states.

Co valence Electronic Spin Paramag. moment
spin state configuration (S) µeffµB

(LS) Co3+ t6e0 0 0
(IS) Co3+ t5e1 1 2.82
(HS) Co3+ t4e2 2 4.9
(LS) Co4+ t5e0 1/2 1.7

layers is decreased and the electrostatic repulsion between the CoO2 layers increases,

resulting in a c-axis expansion. Alternatively, the expansion can be explained by

a decrease in the cohesive force between CoO2 layers provided by O2−–Na+–O2−

bonds upon the removal of Na+.

In addition to dramatically altering the structure, the Na content controls the

Co oxidation state and thus the electronic and magnetic properties of the NaxCoO2

system. For example, at x=1 the system only contains Co3+ with a low spin (LS)

t62ge
0
g electronic configuration that is magnetically dead (diamagnetic) and electroni-

cally insulating due to a full t2g-band [41, 24]. However, for x < 1, Co4+ is introduced

into the system. Table 4.2 shows all possible spin states for the localized Co4+/3+

valence state. Unlike the Co-oxide perovskites, there are no transitions of the Co3+

to intermediate spin (IS) or high spin (HS) states [71, 97, 11, 90]. Introducing LS

Co4+ with a magnetic moment of S = 1/2 has the effect of creating holes in the

t2g-band and causing a transition to metallic behavior where the holes are polaronic.

The potential of a thermoelectric material is often judged by the dimension-

less figure of merit

ZT =
α2T

κρ

where α is the thermoelectric power (or Seebeck coefficient), κ is the thermal con-

ductivity, and ρ is the electronic resistivity of the material. A ZT>1 is considered

a good thermoelectric material.
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The NaxCoO2 composition with x ≈ 0.7 shows a ZT≈1 thanks to a large elec-

tronic conductivity, high thermoelectric power, and low thermal conductivity. This

combination is difficult to achieve since the electronic contribution to the thermal

conductivity as derived from the Wiedemann-Franz law is large. In the NaxCoO2

system the lattice contribution to the thermal conductivity is low due to disorder in

the Na plane. This disorder is at least partly attributable to the occupancy of both

Na1 and Na2 sites in the Na+ layer. While the electron contribution to the thermal

conductivity is still high, the lattice contribution is low enough to provide for a high

ZT because of an anomalously large α for a metal. The x ≈ 0.7 sample approaches

the transition from itinerant to localized electronic behavior, and strong-correlation

fluctuations are evident in a temperature-dependent paramagnetic susceptibility.

In addition, the thermoelectric power is p-type due to holes in a t2g band that

is highly correlated. Strong-correlation fluctuations are associated with polaronic

Co4+ ions that have a magnetic moment of S = 1/2 and thus carry a spin entropy

that results in a high thermoelectric power. As the electronic conductivity increases

with a decreasing amount of Na, the thermoelectric power also decreases; broadening

of the narrow t2g band suppresses the strong correlation fluctuations.

The NaxCoO2 system thus falls under the category of a phonon-glass/electron-

crystal that is desired for good thermoelectric materials. It can be seen as a system

comprised of “nano-blocks” consisting of CoO2 sheets that give a high electronic

conductivity and thermoelectric power, and disordered Na layers that give poor

thermal conductivity. This suppression of the lattice contribution to the thermal

conductivity from the electronic contribution, in addition to high thermoelectric

power, is precisely what is sought after in a good thermoelectric material. However,

it should also be noted that strong-correlation fluctuations also help to suppress the

phonon contribution to the thermal conductivity.

In summary, NaxCoO2 is of extreme interest for both technological reasons,
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e.g. as a potential thermoelectric material and as a cathode in a Na-ion battery,

as well as for a deeper understanding of basic scientific phenomena such as super-

conductivity and electronic and magnetic transitions in strongly correlated electron

systems. In order to better understand the high thermoelectric power, conductivity,

and low thermal conductivity in the Na-rich thermoelectric composition, the super-

conductivity in the hydrated Na-poor composition, and the insulating transition in

the x ≈ 0.5 composition, this and the following chapters investigate the structure,

Co valence, and Na ordering in the NaxCoO2 system and their role in determining

the various properties that are observed.

4.3 Role of Doping and Dimensionality in Na0.33CoO2·

1.3H2O

4.3.1 Introduction

*Superconductivity remains one of the most attractive and challenging areas of re-

search in materials science. The recent report of superconductivity by Takada et al.

[99] in hydrated NaxCoO2 has generated considerable activity and given an unprece-

dented impulse to the investigation of the fundamental properties of this system.

However, an explanation of the role of the water in the occurrence of supercon-

ductivity in this material has remained elusive. Superconductivity was found after

Na-ion deintercalation below x ≈ 0.42 and subsequent hydration [99, 91]. H2O in-

tercalates between the CoO2 layers, increasing dramatically the lattice spacing and

reducing the electronic dimensionality of the structure (the c-axis increases more

than 50% over its original value). The proximity to a nonmetallic phase establishes

a possible comparison to the hole-doped cuprates, but the CoO2 planes in NaxCoO2

adopt a 2D hexagonal symmetry in contrast to the square coplanar symmetry of

*The contents of this section were published in [9].
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CuO2 planes in the high-temperature cuprate superconductors. On the other hand,

the domed shape of the Tc vs. x curve reported by Schaak et al. [91] has been

questioned in a series of works [16, 67] in which dimensionality is argued to have a

strong influence on the appearance of superconductivity.

In this section a systematic and extensive study of the formal valence state of

Co versus Na and H2O contents is presented. In the non-hydrated samples that are

studied, the Co valence is much lower than that expected from the Na content. Both

thermoelectric power and iodometric titration indicate that oxygen is progressively

removed from the structure upon deep Na deintercalation. Our data point to an

active role of H2O in the CoO2 layers and the removal of oxygen vacancies that would

otherwise strongly perturb the periodic potential and prevent superconductivity.

4.3.2 Experimental Section

Polycrystalline NaxCoO2 was prepared by a conventional solid-state reaction. Dried

Na2CO3 and Co3O4 were thoroughly mixed in a molar ratio Na/Co = 0.7 in an

Al2O3 crucible that was placed directly in a preheated furnace at 850◦C to avoid Na

evaporation and fired for 12 h in air. A second heat treatment at 900◦C was carried

out for 12 h in air. After each heat treatment the sample was slowly cooled to room

temperature and reground. Na was chemically deintercalated from Na0.67CoO2 by

stirring the powder in a Br2/CH3CN oxidizing solution for 5 days at room temper-

ature. Different Br2 excesses (1- 100) with respect to the stoichiometric amount

needed to remove all of the Na were used in order to get a wide range of composi-

tions. The products were washed several times with CH3CN and acetone, and then

dried under vacuum. The Na and Co contents of the phases were determined by

inductively coupled plasma optical emission spectroscopy (ICP-OES). The analy-

sis confirms that the amount of Na decreases systematically as the excess of Br2

increases (Table 4.3).
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Table 4.3: Results of the Chemical Analysis of NaxCoO2 powder samples.

oxygen content,
Na content, x % Co3+ 2− δ Br2 excess

0.690 89.0 1.90
0.673 77.3 1.95
0.450 61.0 1.92 x1
0.429 58.9 1.92 x5
0.402 56.6 1.91 x10
0.381 58.1 1.90 x20
0.369 53.8 1.92 x30
0.362 54.2 1.91 x40
0.322 52.2 1.90 x50
0.310 57.0 1.87 x100

The oxidation state of cobalt was determined for all the samples with the

iodometric titration method. Superconducting samples were obtained by stirring

NaxCoO2, x < 0.45, in water for 2 days at room temperature. Thermoelectric power

was measured from 85 to 450 K in a homemade setup. Lattice parameters were

calculated from the X-ray patterns after indexing all the reflections with Rietica**.

4.3.3 Results and Discussion

NaxCoO2 is a highly hygroscopic material, which makes it very unstable under

ambient conditions. This, and the unavoidable Na evaporation during the high-

temperature synthesis, reduces control over the final stoichiometry and prevents a

good characterization of the intrinsic and structural properties for a wide range of

x. So, although the unit cell for the most stable phase, x ≈ 0.68, is considered

hexagonal with space group P63/mmc (No. 194), hexagonal R3m (No. 160) and

monoclinic C2/m (No. 12) have been reported for nearly the same composition

[21]. Moreover, ordering of Na vacancies may change the symmetry. In the case of

**Program available at http://www.rietica.org/
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Figure 4.2: Effect of Na content on c/a ratio in the P2 structure of NaxCoO2. Inset:
X-ray diffraction for the 002 reflection (c-axis) for various compositions.

superconducting samples, the complexity and controversy are even bigger because

a mixture of fully and partially hydrated phases can coexist in the same specimen

[16].

We confirmed that the best fits of our powder diffractograms of the parent

phase, x = 0.67 and 0.69, were achieved on the basis of a single phase with space

group P63/mmc. On the other hand, to get a good fitting of the diffractograms

corresponding to the Na-deintercalated samples, two new minority phases of the

hexagonal space groups, P63/m (No. 176) and P6/m (No. 175), must be considered

in addition to the P63/mmc majority phase. The ratio of the c/a lattice parameters

as a function of the Na content are shown in Figure 4.2 for the majority phase. A

significant increase of the c-axis lattice parameter is observed with decreasing Na

content (see the displacement of the (002) reflection in the inset of Figure 4.2) while

the a-axis parameter decreases slightly but continuously over the entire sodium

content range. This appreciable expansion of the unit cell along the c-axis is due to

the decrease in bonding between the CoO2 layers as Na is removed. Surprisingly,

the expansion of the c-axis parameter is less marked below x ≈ 0.4, leading to an
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approximately constant c/a ratio down to x ≈ 0.3. A similar effect was reported in

the related material LixCoO2 and was ascribed to the growing amount of oxygen

vacancies that accompanies Li+ deintercalation [107]. It is of fundamental relevance

for the understanding of the magnetic/transport properties of NaxCoO2 to know

whether a significant amount of oxygen vacancies are also present in this case.

Some groups recently reported the presence of an oxygen content less than

stoichiometric in both hydrated [47, 100] and non-hydrated [47, 89] samples of

NaxCoO2. However, just a few, very specific compositions were studied in these

works, and in the case of the hydrated samples the amount of water present that is

not inserted between the layers is difficult to determine, which introduces an impor-

tant source of error. So, to determine the presence and extent of oxygen vacancies

in this material, we have first carried out a meticulous determination of the Co

oxidation state in the non-hydrated samples in a wide compositional range. Then,

we have related the oxidation state (and hence their actual Co(IV)/Co ratio) with

the experimentally determined thermopower, which is very sensitive to the effective

charge carrier concentration. This allowed us to infer an active role of H2O in the

superconducting samples beyond that of a simple lattice spacer.

We have determined the oxidation state as a function of Na for the non-

hydrated samples in the range 0.310 ≤ x ≤ 0.690. The samples were dried, all

the solutions were previously bubbled with Ar, and the volumetric titration was

carried out quickly to avoid any ambient oxidation of I−. Reproducible iodometric

titrations were consistent with an oxidation state of Co3+/4+ that is considerably

lower (a larger amount of Co3+ and a smaller amount of Co4+) than expected

from the Na content determined by ICP-OES. The percentage of Co3+ determined

experimentally is plotted in Figure 4.3 versus the Na content determined by ICP-

OES.

The compound appears to be oxygen deficient, even at the largest doping

71



Figure 4.3: Actual Co3+ percentage as a function of the Na content.

probed in this work (x = 0.69), although the amount of oxygen vacancies (or inserted

H+) increases very much below x ≈ 0.5. In fact, deintercalation of Na below x ≈
0.4 has almost no effect in the final oxidation state of Co, which remains close to

≈ 3.45+, down to at least x ≈ 0.3, the lowest Na content probed in this work.

The creation of an important number of oxygen vacancies below x ≈ 0.4 and the

consequent reduction of the expected charge of the metallic ions is also consistent

with an almost constant c/a ratio (see Figure 4.2).

We note here that the amount of oxygen vacancies present in NaxCoO2 sam-

ples is highly dependent on the sample type (powder vs. single crystal) and the

details of the synthesis. Our results agree with various other groups [48, 47, 46, 69]

that have also taken care to measure dry NaxCoO2 samples and also found evidence

that oxygen vacancies were present in their samples. On the other hand, neutron

diffraction experiments carried out by other groups [108] indicate that the oxygen

content in the NaxCoO2 samples studied is stoichiometric to a precision of 1 to 2%

and that therefore the Co oxidation state is solely determined by the Na content.

More recently, Choi and Manthiram [18] have shown that for NaxCoO2 samples
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Figure 4.4: Schematic diagram showing the Co4+/3+ redox couple pinned at the top
of the O2−:2p6 band.

deintercalated with NO2BF4 a higher oxidation state than the 3.45+ we report for

our Br2-deintercalated NaxCoO2 samples can be measured.

The loss of oxygen is made possible by a pinning of the Co3+/4+:t2g band at

the top of the O2−:2p6 band (see Fig. 4.4). In this case, a redox process between

the pairs Co3+/4+ and O−/O2− can occur when holes are actually introduced into

the oxygen band. The O− species form (O2)
2− at the surface with subsequent

loss of oxygen by 2(O2)
2− → O2 + 2O2−. Marianetti et al. [62] proposed an

alternative mechanism in which hole-doping at the t2g band rehybridizes the eg and

O:2p orbitals, which produces an effective hole transfer to the oxygen band and

hence the same global redox process described above.

This redox process Co3+/4+ ←→ O−/O2− makes it extremely difficult to ob-

tain good control over doping of the CoO2 layers through variation of the Na content.

Similar results of oxygen migration were reported in LixCoO2, where Venkatraman

and Manthiram [107] demonstrated that the maximum oxidation state for Co is also
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Figure 4.5: Evolution of the temperature dependence of thermopower with Na con-
tent.

around 3.5+ even after all the Li+ was removed from the structure. More recently,

Choi and Manthiram [17] showed with prompt gamma activation analysis (PGAA)

that chemically delithiating LixCoO2 samples beyond x < 0.5 leads to significant

proton insertion into the lattice.

To confirm our results that oxygen vacancies accompany Na deintercalation

in our NaxCoO2 powder samples, we have carried out systematic measurement of

the thermoelectric power in the same samples analyzed chemically. Thermopower is

the most sensitive electronic transport property of a metal; it is very susceptible to

variations in the number of carriers and gives direct information of the asymmetry of

the density of states around the Fermi energy. The results for the system NaxCoO2−δ

are shown in Figure 4.5

The samples with high Na content present a thermoelectric power behavior

similar to that previously reported by several authors [103, 101]. The thermopower

increases with temperature, but the value and the temperature dependence deviates
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from what is normally found in a metal with such a low resistivity***. As Na is

removed, the thermopower decreases and becomes less temperature dependent, and

in the low doping range it remains practically insensitive to variations in Na content.

These measurements are fully consistent with the results obtained previously from

iodometric titration analysis. The thermopower in the powder is dominated by the

ab-plane [103] due to its higher conductivity; the influence of the dimensionality

is low, so we are testing the variations in the number of charge carriers available

for scattering in the electronically active CoO2 planes (provided that the material

remains metallic) [29]. Hence, the invariance of the thermopower in the low doping

region corroborates the inefficiency of Na removal to introduce charge carriers in the

CoO2 layers due to the oxygen loss process in our samples. Therefore, our results

show unambiguously through two completely independent methods that a direct

relationship between the Na content and the number of holes introduced into the

CoO2 planes does not exist for our NaxCoO2 samples. This effect is particularly

dramatic at low doping ranges, where superconductivity is found after hydration.

The parallelism with the cuprates in terms of out-of-plane doping control

of the in-plane electronic charge is not completely valid in NaxCoO2, unless water

plays an active role in the doping of the CoO2 planes. This opens two possibilities

for the role of H2O in the superconductivity.

1. Structural role: H2O is a passive lattice spacer. Hydrated samples with lower

Na content accept more H2O and become more 2D than those with higher Na

content, favoring superconductivity. However, Schaak et al. [91] found that

although the c-axis expands in the superconducting samples when lowering

the Na content, the amount of intercalated H2O remains constant, about 1.3

molecules per formula unit, independent of x. Moreover, Shi et al. [92] re-

***Note: An unusually high asymmetry of the ǫ(k) vs. k dispersion curve about ǫF can account

for the high thermopower.
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ported a decreasing Tc with an increasing c-axis lattice parameter, reflecting

the strong controversy among the results.

2. Chemical role: H2O plays an active role in the doping of the CoO2 planes. If

the oxygen of the intercalated H2O enters the oxygen vacancies of the CoO2

planes (as occurs for bound H2O on the surface of an oxide particle), it gives

its protons to the free interstitial water to create (H3O)+ ions, which reduces

the CoO2 sheets like the addition of Na+ ions. Moreover, the bound O2− ions

from the water decrease the strong perturbations of the periodic potential

created by the vacancies and removal of excess protons, inserted in lieu of

oxygen vacancies, from the system by the hydration process would oxidize the

CoO2 sheets. In fact, Karppinen et al. [47] reported a net increase in the

oxidation state of Co as the hydrated superconducting phase is obtained from

the corresponding non-hydrated one. If we assume that the water molecules

intercalated between CoO2 layers are electrically neutral and that the (H3O)+

ions are counterbalanced by the O2− ions that heal the oxygen vacancies, an

increase of the oxidation state of Co would explain the continuous increase in

the c-axis lattice parameter that is observed in the hydrated samples excess

hydrogen is replaced by H2O that is not active in healing oxygen vacancies,

despite the constant amount of water introduced [91].

To check this active role of intercalated H2O in controlling the oxidation

state of the CoO2 planes, we have monitored the evolution of the thermopower as a

non-superconductive sample is hydrated to render the superconductive phase. The

results are plotted in Figure 4.6. We have measured the magnetic susceptibility of

this hydrated sample to show that it becomes superconducting below Tc ≈ 4 K. It is

important to note that the thermoelectric power only probes variations in the elec-

tronic structure of the material, and so variation in the amount of water introduced

between the layers is not a source of error for this experiment. From the results
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Figure 4.6: Variation of the thermopower due to water intercalation..

previously obtained in dried samples (Figure 4.5), an increase of the thermopower

in the superconducting sample (Figure 4.6) is consistent with a substantial change

in the oxidation of the CoO2 planes due to H2O intercalation. Alternatively, the

anisotropic expansion of the structure introduces the possibility of a change in the

density of states at the Fermi energy, N(EF ), due to the overlapping of the e+/− and

a1 bands at EF [85, 93], which could also contribute to the thermopower. To distin-

guish between these two possibilities, we have synthesized KxCoO2 (with structure

identical to NaxCoO2 except for a larger interlayer spacing in the K samples) and

compared the thermopower for two samples with almost identical composition (in-

set of Figure 4.6). The thermopower presents identical behavior in both materials

irrespective of whether the interlayer spacer is Na+ or K+.

It is true that the increase in the c-axis parameter in the K samples with

respect to the Na phase is much lower than in the hydrated superconductors, but

the thermopower remains practically insensitive to the lattice spacer. This result

supports that a change in the oxidation state of the CoO2 planes and the elimination

of oxygen vacancies that strongly perturb the periodic potential by the introduc-
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tion of H2O is a realistic explanation of the role of the water in stabilizing the

superconducting state.

From a comparison of Figures 4.5 and 4.6, the increase in the thermopower

after water insertion could in principle be interpreted as a signature of reduction

instead of oxidation. However, a conclusion like that could be erroneous, especially

in a system where the population of more than one band crossing the Fermi energy

is changing continuously.

4.3.4 Conclusions

Our results indicate that below x ≈ 0.4 in NaxCoO2, the formal oxidation state

of Co remains constant around 3.45+, which indicates oxygen loss from and/or

H+ insertion into the CoO2−δ layers. We have argued that the water insertion

allows the introduction of oxygen into the oxygen vacancies and that the acidic

character of a Co4+/Co3+ oxide would release hydrogen from OH− groups on the

CoO2−δ(OH)2δ layers to the interstitial H2O to create H3O
+ ions in the Na layers

between CoO2 layers. In this way the water removes the perturbation of the periodic

potential in the CoO2 layers and makes superconductivity possible. The role of

lattice dimensionality is probably important for the occurrence of superconductivity

in the hydrated samples by a modification of N(EF ), but our experiments point to

H2O molecules playing a role other than a passive lattice spacer.
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Chapter 5

Na and Sr ordering in NaxCoO2

and SrxCoO2

5.1 Introduction

In the previous chapter, the structure and properties of NaxCoO2 were presented.

The P2 structure was shown to have a rich phase diagram that includes a promising

thermoelectric material, a hydrated superconductor, and a charge-ordered insulator.

Iodometric titration in conjunction with ICP-MS indicated that the oxidation state

of Co could not be accurately determined from Na content alone, particularly for

Na-poor samples. This difficulty was attributed to the presence of oxygen vacan-

cies in the polycrystalline powder samples that were studied and was presumably a

consequence of the instability caused by the pinning of the Co4+/3+ redox couple at

the top of the O2−:2p6 band. Furthermore, thermoelectric power measurements re-

vealed important differences between anhydrous NaxCoO2 and Na0.33CoO2· 1.3H2O

that suggest H2O molecules play a role beyond that of passive lattice spacers in the

hydrated superconductor. For example, the idea of H2O molecules entering the crys-

tal in order to heal oxygen vacancies and restore the periodic potential of the CoO2
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sheets was discussed. It was shown that the relationship between Na content and

Co4+/3+ doping is not always straightforward in NaxCoO2 samples (whether due to

oxygen vacancies or proton insertion), thus shedding light on some of the difficulties

that exist in understanding superconducting Na0.33CoO2· 1.3H2O samples.

On the other hand, this chapter concentrates on the magnetic properties of

anhydrous (non-superconducting) NaxCoO2 samples. The magnetic susceptibility

χ(T ) of anhydrous NaxCoO2 polycrystalline powder samples is examined and com-

pared with those of Srx/2CoO2. Such a comparison provides a good opportunity to

determine the effect of counter-cation charge (monovalent Na+ vs. divalent Sr2+),

number of counter-cations present (x vs. x/2) for the same degree of doping, as

well as counter-cation ordering on the magnetic properties. The Srx/2CoO2 samples

are synthesized by ion-exchange reaction from a NaxCoO2 parent phase. Interest-

ingly, novel magnetic behavior in the Sr-poor samples (Sr ≈ 0.25) consisting of a

peak in the ZFC susceptibility curve at ≈ 33 K and a large hysteresis between the

ZFC and FC curve below the ZFC peak temperature is observed. This magnetic

behavior is unexpected in the sense that a NaxCoO2 sample with similar structure

and doping of the Co4+/3+ couple does not exhibit the same behavior. In order

to determine the effect of the annealing treatment during the ion-exchange reac-

tion on the Srx/2CoO2 samples, control samples of the NaxCoO2 parent phase were

prepared using the same annealing treatment as in the ion-exchange reaction but

without the Sr reactant; annealed Na-poor samples were found to exhibit similar

magnetic behavior to the Sr-poor samples. The annealing conditions were studied

more closely with thermogravimetric analysis (TGA) and x-ray diffraction (XRD).

A minority presence of Co3O4 as well as a shift of the (002) and (004) XRD peaks

to higher 2θ, indicative of a c-axis compression, are found to correspond to a phase

segregation of Na-poor NaxCoO2 to a majority Na-rich NaxCoO2 phase, a minority

Co3O4 phase, and a loss of O2.
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Considering the importance of Na ordering on the properties of the well-

studied NaxCoO2 (x≈0.5) composition, the Na and Sr ordering in the NaxCoO2 and

Srx/2CoO2 samples were studied with electron diffraction in a TEM. From simple

electrostatic considerations, one would expect (2a x 2a) ordering for a 1/4 occupancy

of counter-cation sites and (
√

3a x
√

3a) ordering for a 1/3 occupancy. For the Sr

samples, this is precisely what the electron diffraction reveals. In addition, the

annealed Na-poor samples that exhibit the same magnetic behavior as the Sr-poor

samples also exhibit the same counter-cation superstructure of (2a x 2a). On the

other hand, our x-ray diffraction analysis indicated that the post-annealed phase-

segregated Na-rich phase has a Na composition between 0.56 ≤ x ≤ 0.75. This does

not correspond to a straightforward Na-ordering expected from basic electrostatic

consideration. Instead it suggests a mixed-site occupancy of both Na1 and Na2 sites

and a possible 1/4 occupancy of counter-cation vacancies on one of those types of

sites.

Finally, Na-rich NaxCoO2 powder samples with Na compositions between

0.5 ≤ x ≤ 0.7 were synthesized by fine tuning the Na content with a less powerful

oxidizer, I2 instead of Br2. Since the oxidative deintercalation is carried out at ambi-

ent temperature, the phase segregation and the formation of Co3O4 can be avoided.

The magnetic susceptibility of these “directly” synthesized Na-rich NaxCoO2 sam-

ples was measured and compared to the magnetic behavior of the Sr-poor samples

and the annealed Na-poor samples. A rich variety of magnetic behavior is observed

to exist for compositions between 0.5 ≤ x ≤ 0.7, but a NaxCoO2 sample with

x ≈ 0.56 is observed to exhibit a magnetic behavior most similar to the Sr-poor

samples and the annealed Na-poor samples, although the ZFC peak appears to be

shifted to lower T .
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5.2 Experimental

5.2.1 Synthesis

As described in the previous chapter, polycrystalline NaxCoO2 powder samples with

0.7 ≤ x ≤ 0.8 were prepared by solid-state reaction of Na2CO3 and Co3O4 and

their Na content was fine-tuned by oxidative deintercalation in either a Br2/CH3CN

solution or an I2/CH3CN solution. The Br2 deintercalation was used to produce

Na-poor samples with x ≤ 0.48, whereas the I2 deintercalation was used to produce

Na-rich compositions with 0.5 ≤ x ≤ 0.7. By varying the molar excess of Br2 or I2 in

the acetonitrile solutions, the composition of the Na-poor and Na-rich compositions

was controlled.

In addition, following the modified Cushing-Wiley method [21], polycrys-

talline powder Srx/2CoO2 samples were prepared from selected NaxCoO2 poly-

crystalline powder samples that were made as described above. The general low-

temperature ion-exchange reaction is the following:

NaxCoO2 + Sr(NO3)2 → Srx/2CoO2,

where 10% molar excess Sr(NO3)2 is used and the reaction is carried out at 360◦C

for 12 hours in either flowing O2 or N2 gas. The final products are washed with

distilled water. Control samples of the parent phase NaxCoO2 samples used for the

ion-exchange reactions were also annealed at 360 ◦C for 12 hours in flowing O2 or

N2 gas; these samples are referred to as the annealed NaxCoO2 samples.

5.2.2 Characterization

X-ray diffraction of the powder samples was carried out with a Philips and an X-pert

diffractometer (Cu-Kα radiation). All of the synthesized samples were indexed for

the P63/mmc crystal structure (P2 phase). Their c-axis and a-axis lattice parame-

82



ters were determined from a fit of each corresponding diffractogram with the MDI

Jade software package.*

The Na and Sr contents for these samples were determined with a micromass

platform quadrapole inductively-coupled plasma mass spectrometer (ICP-MS) with

a hexapole collision/reaction cell and a single Daly-type detector. Na to Co ratios are

much more accurate with this technique than with Atomic Absorption Spectroscopy

(AAS).

The magnetic behavior of the samples was studied with susceptibility χ(T )

measurements performed on a Quantum Design superconducting quantum interfer-

ence device (SQUID) magnetometer. χ(T ) curves were measured for samples that

were zero-field-cooled (ZFC) and field-cooled (FC) in a measuring field of 100 Oe.

In order to probe whether there existed any Na or Sr superstructure order-

ing, electron diffraction measurements were made with a JEOL 2010F transmission

electron microscope (TEM) operated at 200 kV.

Finally, to study the effects of the annealing conditions on the ion-exchanged

samples and the annealed NaxCoO2 control samples, thermogravimetric analysis

(TGA) was performed on a Na-rich and Na-poor sample.

5.3 Results and Discussion

5.3.1 Structural Analysis

Structural analysis with XRD indicated that all NaxCoO2 parent samples as well as

the I2 and Br2 deintercalated samples derived from them could be indexed for the P2-

structure γ-NaxCoO2 phase and that the samples were single phase. Fig. 5.1 shows

the x-ray diffractogram for a parent phase NaxCoO2 sample with x = 0.78 indexed

for the P63/mmc (194) crystal structure that corresponds to the P2-structure or γ

*http://www.materialsdata.com/
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Figure 5.1: X-ray diffractogram for a typical NaxCoO2 parent phase, indexed for
P63/mmc (194) crystal structure and corresponding to a Na content of x = 0.78.

phase of NaxCoO2. In addition, Srx/2CoO2 and annealed Na-poor NaxCoO2 samples

could also be indexed for the P63/mmc (194) crystal structure; however, a minority

of Co3O4 phase was detected in the x-ray diffractograms of the annealed Na-poor

samples.

Chemical analysis with ICP-MS was used to determine accurately the Na

to Co ratio, x. Combining the results of the structural analysis with the chemical

analysis, it is observed that upon Na deintercalation the structure experiences a

large c-axis expansion. The c-axis expansion is most easily observed by the shift

of the (004) XRD peak to lower 2θ upon deintercalation. Thus the position of the

(004) XRD peak can be calibrated to the ICP-MS chemical analysis and provides a

convenient method for determining the Na content x from the XRD data. Fig. 5.2

shows a magnified view of the (004) XRD peak for a series of NaxCoO2 samples

with Na content ranging from 0.31 ≤ x ≤ 0.78, where the Na content x measured

with ICP-MS is indicated above each (004) XRD peak. There is a clear correlation

between the (004) peak position and the Na content. Likewise, the (002) peak can
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Figure 5.2: A series of x-ray diffractograms for NaxCoO2 samples with different Na
content, magnified to show the (004) peak and clearly showing the c-axis expansion
upon Na-deintercalation (Na content x, determined from ICP-MS chemical analysis,
is indicated above each 004 peak)

also be calibrated to Na content x; however, the (004) peak is more accurate for this

purpose because of less error in the XRD measurements taken at higher 2θ.

Similarly, the (100) XRD peak position reflects changes in the a-axis lattice

parameter with varying Na content. As can be seen in Fig. 5.3, the structure ex-

periences a small a-axis compression of ≈ 0.025 Å upon Na deintercalation from

x = 0.78 to 0.31, whereas the c-axis expansion for the same range in x is relatively

large (≈ 0.3 Å). Such a trend in the lattice parameters upon Na deintercalation sug-

gests that the holes that are introduced into the Co4+/3+ redox couple are primarily

of a1-orbital parentage.

The schematic in Fig. 5.4 shows the expected crystal field splitting for a Co4+

ion (hole) in an octahedral site where the degeneracy of the d electrons is partially

removed by the characteristic t2g and eg splitting. In addition, the degeneracy of

the t2g electrons has been removed by a further splitting into e+/− orbitals that

lie primarily in the CoO2 plane and reflect the hexagonal symmetry of the Co
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Figure 5.3: C-axis and a-axis lattice parameters for NaxCoO2 samples are plotted vs.
Na content, clearly showing a large c-axis expansion and a small a-axis compression
(note the different scales) upon Na deintercalation.

array in the plane and a1 orbitals that point out of the CoO2 plane. The c-axis

expansion is a result of the removal of a1 electrons that participated in bonds along

the c-axis through empty Na+ spz orbitals. Alternatively, the c-axis expansion

can be attributed to an increased electrostatic repulsion between the O2− layers of

neighboring CoO2 sheets as Na+ ions are removed. Conversely, the relatively stable

a-axis lattice parameter indicates that in the CoO2 sheets no electrons are being

removed from the filled, lower-lying e+/− orbitals of the Co ions. The a1 orbitals

that are pointed out of the plane have little overlap with each other and thus they

may be expected to behave like localized electrons; however, hybridization of the

t2g electrons with the O2−:2p6 band introduces enough oxygen character into the a1

orbitals to give good electronic conductivity in a narrow a∗1 band, as is evidenced

by the metallic conductivity discussed in the previous chapter that is higher in the

ab-plane than along the c-axis.

A more accurate quantitative determination of the lattice parameters can be

achieved with the Jade XRD software package by fitting the entire XRD pattern peak
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Figure 5.4: Schematic illustration showing that the Co4+/3+ redox couple is primar-
ily of a1-orbital parentage. The octahedral coordination removes the degeneracy
of the d electrons by splitting into t2g and eg levels. The degeneracy of the t2g

electrons is further removed by the hexagonal symmetry of the CoO2 sheets into
lower-lying e+/− orbitals that lie primarily in the plane and higher energy a1 or-

bitals that point out of the plane. Thus, holes introduced into the Co4+/3+ redox
couple have primarily a1-orbital character.
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Table 5.1: Summary of lattice parameters and Na or Sr content in NaxCoO2 and
SrxCoO2 samples.

Sample a-axis (Å) c-axis (Å) Na/Sr content (x)

NA3B 2.830 10.888 0.781
NA1B 2.825 10.909 0.737
NA2B 2.829 10.914 0.705
NA3D 2.826 10.990 0.630
NA3E 2.819 11.050 0.564
NA3C 2.815 11.130 0.498
NA1C 2.810 11.115 0.476
NA1G 2.811 11.117 0.455
NA2C 2.809 11.170 0.399
NA2BH1 2.805 11.180 0.307
SR1B 2.816 11.518 0.345
SR1C 2.816 11.506 0.284
xNA1G 2.819 11.045 n/a
yNA1G 2.83 10.943 n/a

positions to the P63/mmc (194) crystal structure and refining the lattice parameters

values until the best fit is achieved. Table 5.1 shows the results of the crystal

structure refinements with the Jade software for the series of samples studied in

this chapter, as well as their Na or Sr content as determined with ICP-MS chemical

analysis. The last 4 entries in Table 5.1 correspond to the Srx/2CoO2 samples and

the annealed Na-poor NaxCoO2 samples that are discussed next.

The structural analysis with XRD for the Srx/2CoO2 samples made by ion-

exchange reaction from NaxCoO2 parent samples indicates that the Srx/2CoO2 sam-

ples are single-phase and isomorphic with the NaxCoO2 parent phase, i.e. they

can also be indexed for the P63/mmc crystal structure. Chemical analysis on the

Srx/2CoO2 samples was used to determine the Sr:Co ratio and confirmed the success

of the ion-exchange reaction (Na:Co ratio was less than 0.005). The two Srx/2CoO2

compositions that were studied are listed in Table 5.1. SR1B has a Sr content of
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Figure 5.5: X-ray diffractograms of 004 peak for NaxCoO2 samples and their cor-
responding Srx/2CoO2 samples after the ion-exchange reaction. Both samples show
a c-axis expansion upon exchanging Na for the larger Sr ion, however also note
that the Srx/2CoO2samples show the opposite trend in c-axis lattice parameter as a
function of counter-cation content

0.345 and is referred to as the Sr-rich sample because it was derived from the Na-rich

NaxCoO2 NA1B sample also listed in Table 5.1. Similarly, SR1C has a Sr content

of 0.284 and is referred to as the Sr-poor sample because it was derived from the

Na-poor NaxCoO2 NA1C sample.

Both the Srx/2CoO2 samples have the same average crystal structure as their

NaxCoO2 parent structures but with an expanded c-axis lattice parameter and ap-

proximately 1/2 the number of counter-cations. Fig. 5.5, which tracks the (004)

XRD peak position before and after the ion-exchange reaction, clearly shows the c-

axis expansion that occurs as a result of the ion-exchange reaction. Interestingly, the

Srx/2CoO2 samples exhibit a trend in the c-axis lattice parameter vs. counter-cation

content that is opposite to that of the parent Na compounds. This opposite trend is

most likely due to the larger and more strongly charged Sr2+ ions in the isomorphic

structure. In addition, we also note that the Sr-rich sample has slightly less than

1/2 the number of Sr2+ ions as Na+ ions in its parent phase (0.345 vs. 0.737). On
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Figure 5.6: Magnetic susceptibility, χ(T ), ZFC curves for a Na-rich sample (x=0.74),
NA1B, showing Curie-Weiss-like behavior versus a Na-poor sample (x=0.47), NA1C,
showing Pauli-paramagnetic-like behavior. Upper Right Inset: χ−1(T ) curve for the
Na-rich sample showing Curie-Weiss behavior at the higher temperatures.

the other hand, the Sr-poor sample has slightly more than 1/2 the number of Sr2+

ions as Na+ ions in its parent phase (0.284 vs. 0.476); in the more empty structure,

it appears that it is energetically favorable to pull in slightly more Sr to help relieve

the instability of the more oxidized Co4+/3+ redox couple.

Finally, the last two entries in Table 5.1 refer to the majority phase of the

annealed Na-poor NaxCoO2 samples. The Na content x cannot be determined from

ICP-MS for these samples and therefore is marked as not available (n/a); however,

the lattice parameters can be calculated from the XRD data, and the calibrated

(004) XRD peak position can be used to estimate x as has already been discussed.

5.3.2 Magnetic Behavior

Figure 5.6 shows the magnetic behavior for the NaxCoO2 parent samples that were

used for the ion-exchange reactions. The Na-rich sample, NA1B, exhibits a larger

magnetic susceptibility than the Na-poor sample, NA1C. The magnetic susceptibil-
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Figure 5.7: Magnetic susceptibilty χ(T ) ZFC curves for a Na-poor sample and the
corresponding Sr-poor sample after ion-exchange reaction. (Inset) A magnified view
of the ZFC curve for the Sr-poor sample clearly showing a peak at ≈ 32 K.

ity of the Na-rich sample increases with decreasing temperature, showing a “Curie-

Weiss” behavior (linear χ−1(T )) at the higher temperatures before increasing more

sharply at the lower temperatures. The deviation from the Curie-Weiss behavior

at the lower temperatures is indicative of a weak ferromagnetism from canted an-

tiferromagnetic spins. On the other hand, the Na-poor sample does not follow a

Curie-Weiss behavior and is better described by a flat “Pauli paramagnetic” sus-

ceptibility with strong correlation fluctuations.

For the Srx/2CoO2 samples, one might expect a similar behavior of χ(T )

to that of their parent NaxCoO2 samples since they have approximately the same

doping. However, the ion-exchange reaction results in novel magnetic behavior in

both of the Sr samples, especially the Sr-poor sample. Fig. 5.7 shows the change in

χ(T ) upon substituting Sr for Na in the Na-poor sample NA1C. An overall increase

in χ(T ) is apparent, as well as the emergence of a peak in the ZFC χ(T ) curve

that appears at ≈ 32 K. Taking an even closer look at the magnetic behavior of the

Sr-poor sample, Fig. 5.8 shows both the ZFC and FC χ(T ) curves for the Sr-poor
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Figure 5.8: Typical magnetic behavior for a Sr-poor sample, exhibiting a large
hysteresis between the ZFC and FC χ(T ) measurements and a peak in the ZFC
curve at 32 K (see Inset).

SR1C sample. A large hysteresis between the ZFC and FC curves is observed, with

the peak in the ZFC curve occurring at a slightly lower temperature (≈ 3 K lower)

than where the splitting begins.

Although the magnetic behavior of the Sr-rich sample (SR1B) resembles

much more closely that of its parent Na-rich sample (NA1B), a closer examination

of both the ZFC and FC curves also reveals similar features to that of the Sr-poor

sample, although less pronounced. Fig. 5.9 shows the χ(T ) curves for SR1B and

reveals a slight hysteresis between the ZFC and FC curves as well as a very small (or

broader) peak in the ZFC curve. Whereas the splitting in the ZFC and FC curves

occurs at approximately the same T , the ZFC peak is definitely shifted to a lower

T (≈ 21 K).

In order to determine the effect of the annealing treatment during the ion-

exchange reaction, the susceptibility χ(T ) curves were also measured for the control

samples of NaxCoO2 annealed under the same conditions (360 ◦C for 12 hours) but

without the addition of the Sr precursor (Sr(NO3)2). Fig. 5.10 shows a very simi-

lar magnetic behavior between the annealed Na-poor control samples (xNA1G and

yNA1G) and the Sr-poor sample (SR1C). The peak in the ZFC curves is observed
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Figure 5.9: Typical magnetic behavior for a Sr-rich sample, exhibiting almost no
hysteresis between the ZFC and FC χ(T ) measurements and a small peak in the
ZFC curve at 21 K (see Inset).

for all three samples between 32 and 35 K; the annealed Na-poor samples exhibit

the peak at slightly higher T than the Sr-poor sample, and the N2-annealed sample

(yNA1G) has a broader less pronounced peak.

The very similar magnetic behavior between the Sr-poor sample and the

annealed Na-poor samples suggests that an important similarity exists between the

two types of samples. On the one hand, the magnetic behavior appears to be

independent of the degree of doping in the samples since the Sr-poor sample has

very close to the same doping as its parent Na-poor NaxCoO2 sample, yet their

magnetic behavior is markedly different. This leaves two possibilities for the similar

magnetic behavior of the Sr-poor and annealed Na-poor samples: (1) their magnetic

behavior is due to a common phase that forms during the heating treatment of the

samples, or (2) the magnetic behavior is due to a Na or Sr ordering that results

in a superstructure that affects the physical properties, as in the NaxCoO2 (x≈0.5)

single crystal samples that have been well-studied in the literature. The first idea

of a phase segregation is discussed in the next section, while the Na and Sr ordering

observed with electron diffraction is presented and discussed in the following section.

Finally, the magnetic behavior of Na-rich samples “directly” synthesized with I2
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Figure 5.10: ZFC χ(T ) curves for Na-poor samples after annealing, showing very
similar behavior to a Sr-poor sample. Sample xNA1G was annealed in flowing O2

and sample yNA1G was annealed in flowing N2. (Inset) Magnified view of the ZFC
peak that is observed between 32-35 K.

deintercalation is presented and compared to the Sr-poor and annealed Na-poor

samples.

5.3.3 Phase segregation

It is already well understood that a Li-poor sample is unstable due to the pinning of

the Co4+/3+ redox couple that occurs at the top of the O2−:2p6 band (see Fig. 4.4).

In the LixCoO2 cathode of rechargeable Li-ion batteries this instability limits the

battery to half of its theoretical capacity. This is because delithiation in LixCoO2,

rather than resulting in an oxidation state greater than Co3.5+ for x < 0.5, instead

leads to oxygen vacancy formation, or to proton insertion, as has been recently

demonstrated in NO2BF4 chemically-delithiated samples [17]. For LixCoO2 this

instability occurs for oxidation states approximately greater than Co3.5+ (x < 0.5)

for both electrochemically and chemically delithiated samples. On the other hand,

for some NaxCoO2 samples, e.g. powder samples Na-deintercalated with NO2BF4
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[18], a higher oxidation state can be measured if care is taken to measure the samples

before they become hydrated. Thus, it appears that in NaxCoO2 samples, the

instability that occurs below (x < 0.5) is preferentially relieved by pulling in H2O

molecules into the structure rather than creating oxygen vacancies or pulling in

protons. The mechanism by which the instability caused by the pinning of the

Co4+/3+ redox couple at the top of the O2−:2p6 band is relieved is dependent on the

sample composition (NaxCoO2 vs. LixCoO2), sample type (single crystal, powder,

or flux crystal), as well as the deintercalation process (electrochemical, chemical,

type of oxidizer, etc.). However, what is clear is that the Co4+/3+ redox couple is

unstable in a high oxidation state.

Figure 5.11 shows that a Na-rich (x ≈ 0.70) sample exhibits much greater

stability than a Na-poor (x ≈ 0.40) sample upon heating in air during a TGA

experiment. The Na-rich sample shows a small ≈ 1 wt% loss upon heating beyond

the ion-exchange reaction annealing temperature (360◦C) up to 400◦C; its greater

stability is expected since it corresponds to a less oxidized state of Co3.3+. On the

other hand, the Na-poor sample that is in a considerably higher oxidation state

shows a much larger wt% loss upon heating up to the same temperature. This is in

agreement with TGA plots of Na0.32CoO2 measured by Choi [18].

Whereas the XRD pattern for the Na-rich sample before and after the an-

nealing experiment does not show any changes, the Na-poor sample shows a definite

shifting of the (004) peak to higher 2θ as well as the emergence of a minority Co3O4

minority phase. Fig. 5.12 shows the shift of the (004) XRD peak for a Na-poor

sample to higher 2θ during annealing in either an O2 or N2 atmosphere. The emer-

gence of a minority Co3O4 phase and shifting of the (004) XRD peak to higher 2θ

corresponds to a phase segregation of the original Na-poor sample into a Na-poor

phase (Co3O4, i.e. no Na) and a Na-rich phase with a shifted (004) XRD peak.

Such a phase segregation involves an evolution of O2 and associated weight loss
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Figure 5.11: TGA for a Na-rich, NA2B, sample, and a Na-poor sample, NA2C,
showing the instability in the Na-poor sample under the annealing conditions.

that can be measured with TGA (see Fig 5.11) and corresponds to the following

phase segregation reaction for the NA2C sample measured with TGA:

Na0.4CoO2 → (A)Na0.56CoO2 + (B)Co3O4 + (C)O2

The Na content (x = 0.4) of the original Na-poor sample NA2C was determined

directly by ICP-MS (see Table 5.1) and the Na content (x ≈ 0.56) of the Na-rich

phase after annealing is estimated from the calibrated (004) XRD peak position of

the majority phase of an annealed Na-poor sample, e.g. see xNA1G in Table 5.1.

Then if we assume that no Na is lost during the anneal, we calculate (A)=0.7.

Likewise, if we assume that no Co is lost during the anneal, we calculate (B)=0.1.

This results in (C)=0.1, and corresponds to a 3.2 wt% loss. Referring back to

Fig 5.11, the total weight% loss of ≈ 8.5 wt% that is measured is much greater

than our calculation; however, if the initial weight% loss of ≈ 5 wt% is attributed

to absorbed water as has been shown elsewhere [18], then our calculation agrees

well with the experimental data. Therefore, it appears that even low-temperature
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Figure 5.12: X-ray diffractograms of (004) peak of a Na-poor sample before and
after N2 and O2 annealing treatment at same T as the ion-exchange reaction.

annealing of Na-poor samples can lead to phase segregation into a higher Na content

phase, Co3O4, and an associated evolution of O2. Furthermore, the phase-segregated

Na-rich phase may favor a particular Na-order that has a pronounced affect on the

magnetic properties, such as χ(T ); we investigate and discuss the roll of Na and Sr

ordering in the following section.

5.3.4 Na and Sr ordering and superstructure

Electron diffraction is a powerful technique for determining Na and Sr ordering

that may not be discernible with x-ray powder diffraction alone. Considering

the importance of Na order (2a x
√

3a) on the electronic properties of NaxCoO2

(x≈0.5) [112, 40], the Na and Sr ordering in the parent NaxCoO2, the deinter-

calated NaxCoO2, the ion-exchanged Srx/2CoO2, as well as the annealed Na-poor

NaxCoO2 samples were studied by electron diffraction in the TEM and the results

are presented here. Due to their layered structure, TEM samples were easily pre-

pared from the powder samples by dispersing with acetone on a Cu TEM grid with
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Figure 5.13: Electron Diffraction pattern for a Na-rich parent phase where the red
overlay is a guide to distinguish the unit cell and superstructure reflections due to Na
ordering. A weak superstructure is observed along a single a-axis <100> direction.

a lacey-carbon support film. The dispersed samples were easily oriented along the

[001] zone axis with minor sample tilting adjustments. The ease of orienting the

powder samples along the [001] zone axis provides a convenient way for probing the

Na and Sr ordering that exists in the ab-plane.

Fig. 5.13 shows a typical electron diffraction pattern for a Na-rich NaxCoO2

parent phase, in this case sample NA1B, that has been indexed and marked with a

hexagonal red overlay that is guide for finding the (a x a) unit cell of the ab-plane.

Since the electron diffraction pattern is essentially a map of the reciprocal space,

any diffraction spots that are found within the hexagonal red overlay would arise

from a periodic ordering that is greater than the a lattice parameter of the unit

cell and would thus correspond to a superstructure from Na or Sr ordering that

may or may not be commensurate with the hexagonal Co lattice. As compared to

the electron diffraction patterns of the Sr and annealed Na-poor samples (presented

next), the Na-rich NaxCoO2 parent phase of Fig. 5.13 does not present a strong
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Figure 5.14: Electron Diffraction patterns for Sr-rich (Sr0.34CoO2) and Sr-poor
(Sr0.28CoO2) samples where the red overlays is a guide to distinguish the unit cell
and the superstructure reflections due to Sr ordering. A strong superstructure is
observed for both samples and corresponds to a (

√
3a x

√
3a) superstructure for the

Sr-rich sample (left) and a (2a x 2a) superstructure for the Sr-poor sample (right).

superstructure, although a superstructure reflection along the <010> direction is

discernible.

In contrast to the NaxCoO2 parent samples, both of the ion-exchanged Sr

samples exhibit pronounced Sr ordering and distinct superstructures. Fig. 5.14

shows electron diffraction patterns for the Sr-rich SR1B sample (left panel) and

the Sr-poor SR1C sample (right panel). Both of these ED patterns contain strong

superstructure reflections clearly visible within the red hexagonal overlay defined by

the (a x a) unit cell. The Sr-rich sample contains superstructure reflections that are

1/3 the reciprocal distance of the (110) diffraction spots. This type of superstructure

corresponds to (
√

3a x
√

3a) Sr ordering and agrees well with results obtained by

Yang [111]. The (
√

3a x
√

3a) super cell is not commensurate with the original (a

x a) unit cell but is commensurate with the original lattice because it is rotated

30◦ with respect to the original (a x a) unit cell. In addition to the (
√

3a x
√

3a)
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superstructure, some satellite reflections surrounding the 1/3 (110) superstructure

reflections can be observed in the ED pattern and may be a result of the super cell

being incommensurate with the original (a x a) unit cell.

On the other hand, the Sr-poor sample (right panel of Fig. 5.14) contains

superstructure reflections that are 1/2 the reciprocal distance of the (100) diffraction

spots and correspond to (2a x 2a) Sr-ordering. In contrast to the (
√

3a x
√

3a) Sr

ordering of the Sr-rich sample, the super cell here is commensurate with both the

original (a x a) unit cell and the lattice and is not rotated with respect to the

original unit cell. Accordingly, no satellite reflections are observed surrounding the

superstructure reflections. Most importantly, it should be noted that this Sr-poor

sample is the one that exhibited the novel magnetic behavior consisting of a splitting

of the ZFC and FC χ(T ) curves at low T and a peak in the ZFC curve at slightly

lower T . In order to determine whether the (2a x 2a) ordering plays an important

role in determining these magnetic characteristics, electron diffraction was also used

to probe the Na order in the annealed NaxCoO2 samples that exhibited a similar

magnetic behavior.

Fig. 5.15 shows the electron diffraction pattern for the annealed Na-poor sam-

ple NA1G; it also clearly corresponds to (2a x 2a) ordering. Therefore, it appears

that this type of ordering is critical or obtaining the magnetic properties that we ob-

serve. However, whereas for the Sr samples we could be certain of the counter-cation

occupancy (0.34 and 0.28), for the annealed NaxCoO2 samples we cannot measure

x directly from ICP-MS due to the phase segregation that occurs during annealing

and the presence of the minority Co3O4 phase. On the other hand, we do know

that the ED pattern comes from the phase segregated Na-rich NaxCoO2(majority

phase), and from the calibrated position of the (004) XRD peak, we can estimate

x ≈ 0.56.

The superstructures observed for the Sr samples are what is expected from
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Figure 5.15: Electron Diffraction pattern for an annealed Na-poor sample where the
red overlay is a guide to distinguish the unit cell and superstructure reflections due
to Na ordering. A strong superstructure is observed and corresponds to a (2a x 2a)
superstructure similar to the superstructure observed for Sr-poor samples.

a simple electrostatic argument for those particular Sr-occupancies. For example,

for the Sr-rich SrxCoO2 SR1B sample, we know from ICP-MS that x ≈ 0.34. This

is very close to a 1/3 occupancy of the counter-cation sites. From an electrostatic

argument, the Sr2+ ions would prefer to occupy the Sr2 trigonal prismatic sites that

share edges with neighboring Co octahedra rather than the Sr1 trigonal prismatic

sites that share faces with the Co octahedra. Then the lowest energy configuration

will be achieved for Sr2+ ions occupying Sr2 sites that are maximally dispersed

between CoO2 sheets. Such a configuration is shown in the schematic of Fig. 5.16 and

corresponds to a (
√

3a x
√

3a) superstructure, which agrees with our experimental

observations. Similarly, for the Sr-poor SrxCoO2 SR1C sample we measure x ≈ 0.28

with ICP-MS, which is closer to a 1/4 occupancy of the counter-cation sites. Again,

by a simple electrostatic argument we expect the Sr2 sites to be preferentially filled

and the Sr2+ ions to be maximally dispersed. For this case, the lowest energy
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Figure 5.16: Schematic showing 1/3 occupancy of counter cation sites and the cor-
responding (

√
3a x

√
3a) superstructure, where black circles represent a plane of Co

ions, blue circles represent a layer of the ordered counter cations, and the vertices
of the blue triangles correspond to oxygen ions (filled-in triangles mark Na2 sites;
empty triangles mark Na1 sites).

Figure 5.17: Schematic showing 1/4 occupancy of counter cation site and the corre-
sponding (2a x 2a) superstructure, where black circles represent a plane of Co ions,
blue circles represent a layer of the ordered counter cations, and the vertices of the
blue triangles correspond to oxygen ions (filled-in triangles mark Na2 sites; empty
triangles mark Na1 sites).
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structure is shown in Fig.5.17 and corresponds to a (2a x 2a) superstructure.

On the other hand, for the annealed NaxCoO2 samples a simple electrostatic

analysis is not as straightforward for several reasons; there is greater uncertainty

in the value of x calculated from the calibrated (004) XRD peak position, the elec-

trostatic repulsion between Na+ ions is less compared to that of the Sr2+ ions, the

counter-cation planes are more crowded since x > 0.5, and the counter-cation occu-

pancy x is not close to a simple fractional filling, e.g. 1/4, 1/3, or 1/2, that gives

a straightforward lowest energy arrangement. For these reasons, it is not surpris-

ing that neutron diffraction studies for NaxCoO2 samples with x > 0.5 have shown

mixed occupancy of both the Na2 and Na1 sites with the Na2 sites preferentially

occupied [42, 23, 58, 45], e.g. Na2:Na1 = 2.5 for Na0.75CoO2 samples studied by

Huang [42].

The annealed Na-poor sample of Fig. 5.15 indicates some type of (2a x 2a)

ordering similar to the Sr-poor sample of Fig. 5.14, but the question is what kind

of ordering is giving the (2a x 2a) superstructure in the annealed NaxCoO2 sam-

ples that we estimate to have x ≈ 0.56? Taking into consideration the mixed site

occupancy results from the neutron diffraction experiments, our interpretation of

the ED pattern is that the x ≈ 0.56 sample has ≈ 0.75 occupancy of the Na2 sites

and ≈ 0.37 occupancy of the Na1 sites. This is consistent with the preferential

occupancy of Na2 sites observed with neutron diffraction and also accounts for a

(2a x 2a) superstructure that results from a 3/4 occupancy of Na2 sites (1/4 Na2

vacancies) and a configuration analogous to the Sr ≈ 1/4 occupancy discussed for

the Sr poor samples and schematically depicted in Fig. 5.17.

Our investigation into determining the most important factor for obtaining

the magnetic behavior observed for the Sr-poor and annealed Na-poor samples is

strongly related to the counter-cation ordering and subsequent superstructures that

are formed. Whereas the phase segregation that occurs during annealing can be
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responsible for forming the ordered Sr or Na phase that gives the interesting mag-

netic properties, the critical factor is the formation of a (2a x 2a) superstructure,

whether it be from ≈ 1/4 occupancy of Sr2 sites in the Sr-poor SrxCoO2 samples

or ≈ 3/4 occupancy of Na2 sites in the majority NaxCoO2 phase of the annealed

Na-poor samples that we estimate to have x ≈ 0.56.

5.3.5 I2-deintercalated Na-rich NaxCoO2 samples

In order to avoid the complications of working with a mixed two phase sample,

e.g. the annealed Na-poor samples that contain a minority Co3O4 and a majority

Nax≈0.56CoO2 phase, we “directly” synthesized and studied the magnetic behavior

of Na-rich NaxCoO2 samples with 0.5 < x < 0.7. For these samples, chemical dein-

tercalation was carried out using the less powerful oxidizer I2 (instead of Br2) in an

acetonitrile solution, stirring at room temperature for a minimum of 2 days. Because

the chemical deintercalation is carried out at room temerature, the phase segregation

and subsequent formation of Co3O4 is avoided. XRD analysis for samples NA3D

(Na0.63CoO2) and NA3E (Na0.56CoO2) confirmed that they were single phase (P2

structure). The goal of making these samples was to “directly” synthesize a Na-rich

composition that exhibited the same magnetic behavior as the annealed Na-poor

samples, and thereby confirm that the magnetic behavior was not attributable to

the minority Co3O4 composition. In addition, the samples provide an opportunity

to measure x directly with ICP-MS rather than having to indirectly determine x

using the calibrated (004) XRD peak position.

Figure 5.18 shows the magnetic susceptibility χ(T ) for the two NaxCoO2 sam-

ples NA3D (Na0.63CoO2) and NA3E (Na0.56CoO2). The NA3D sample (left panel)

that is closer to the Na-rich parent composition has a very similar χ(T ) behavior

with “Curie-Weiss” behavior typical of those samples (see Fig. 5.6); however, upon

closer inspection (left panel upper right inset) we see that the χ(T ) curves exhibit

104



Figure 5.18: χ(T ) curves for I2-deintercalated samples, (Left panel) NA3D, x=0.63,
sample, (Right panel) NA3E, x=0.56, sample.

some features of interest, two broad peaks at approximately 170 K and 145 K as well

as a small splitting of the ZFC and FC curves below the lower peak temperature.

The NA3E sample (right panel) has the χ(T ) behavior most similar to those

of the Sr-poor samples (Fig. 5.8) and the annealed Na-poor samples (Fig 5.10). It

exhibits a clear splitting of the ZFC and FC χ(T ) curves and a pronounced peak in

the ZFC curve similar in character to those samples (right panel upper right inset),

except that the ZFC peak is suppressed to a lower temperature of 15 K (vs. ≈
33 K) and there is a small additional feature at T ≈ 5 K. The similarities between

the χ(T ) curves for the “directly” synthesized NA3E Na0.56CoO2 that are single

phase and show no evidence of Co3O4 and the annealed Na-poor samples (xNA1G,

yNA1G) that we estimate to consist of a majority NaxCoO2 (x ≈ 0.56) phase

strongly supports that the magnetic behavior of these samples is indeed intrinsic to

a composition with x ≈ 0.56.

5.4 Conclusions

Counter-cation ordering plays a critical role in determining the magnetic behav-

ior such as χ(T ) in NaxCoO2 and SrxCoO2. In particular, SrxCoO2 samples with
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x ≈ 1/4 probed with electron diffraction showed Sr ordering with a (2a x 2a) su-

perstructure and a complex magnetic behavior characterized by a peak in the ZFC

χ(T ) curve at ≈ 32 K and a splitting of the ZFC and FC curves a few K above this

temperature. This type of (2a x 2a) ordering agrees well with a simple electrostatic

calculation based on 1/4 occupancy of the Sr2 counter-cation sites. On the other

hand, SrxCoO2 samples with x ≈ 1/3 showed a (
√

3a x
√

3a) superstructure with

magnetic behavior much more similar to its parent NaxCoO2 sample.

Annealed Na-poor NaxCoO2 samples also exhibited essentially the same mag-

netic behavior as the Sr-poor SrxCoO2 sample. The Na-poor NaxCoO2 samples were

shown to undergo a phase segregation due to the annealing conditions that resulted

in a Na-rich NaxCoO2 phase with x ≈ 0.56, Co3O4, and the evolution of O2. The

Na-rich phase was probed with electron diffraction and was also found to exhibit a

(2a x 2a) superstructure. While a simple electrostatic calculation is not as straight-

forward for the Na samples that are known to have mixed occupancy of both Na1

and Na2 sites, we find the possibility of the (2a x 2a) superstructure arising from

1/4 vacancy ordering on Na2 sites consistent with site occupancies measured by

neutron diffraction and reported in the literature.

Finally, by comparison to the measured χ(T ) of single phase NaxCoO2 “di-

rectly” synthesized by I2 deintercalation and tuned to x ≈ 0.56, we conclude that

the novel magnetic behavior that is observed in both the Sr-poor samples and an-

nealed Na-poor samples is strongly correlated to the (2a x 2a) superstructure that

develops as a result of either 1/4 occupancy of Sr ions on Sr2 sites or 1/4 occupancy

of Na vacancies on Na2 sites.
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Chapter 6

A model for NaxCoO2 (x≈0.5)

6.1 Introduction

In the previous chapter, it was shown that Na and Sr ordering play an important role

in determining the magnetic properties of NaxCoO2 and SrxCoO2. In particular,

it was shown that SrxCoO2 samples with x ≈ 1/4 and NaxCoO2 samples with

x ≈ 0.56 exhibited a (2a x 2a) superstructure that gave rise to a peak in the ZFC

χ(T ) curve and a splitting of the ZFC and FC curves. From electrostatic calculations

and neutron diffraction results reported in the literature [23, 58, 45], a preferential

occupancy of the Sr2 and Na2 sites that share edges (rather than faces) with the Co

octahedra is expected and accounts for the (2a x 2a) order; in the SrxCoO2 samples,

it is attributable to 1/4 occupancy of Sr2 sites, and in the NaxCoO2 samples, it is

attributable to 1/4 occupancy of Na vacancies on Na2 sites.

On the other hand, numerous studies [29, 112, 40, 109] have shown that

NaxCoO2 (x≈0.5) has a well-ordered (2a x
√

3a) orthorhombic superstructure with

equal occupancy of the Na2 and Na1 sites, even at ambient temperature. Although

early excitement in NaxCoO2 was focused on the superconductive Na0.33CoO2·
1.3H2O phase [91, 99], mapping of the NaxCoO2 phase diagram (see Fig. 6.1) re-
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Figure 6.1: NaxCoO2 phase diagram (from Foo et al. [29])

vealed an equally-interesting insulating NaxCoO2 (x≈0.5) phase between the super-

conductive Na0.33CoO2· 1.3H2O and the high-thermoelectric, metallic Na0.7CoO2

phase. Subsequently, the NaxCoO2 (x≈0.5) phase has itself become the subject of

detailed study [43, 73, 65, 31, 12]. In addition to NaxCoO2 (x≈0.5) being a relatively

insulating composition, it is the only composition for P2 NaxCoO2 with dρ/dT < 0.

Furthermore, it experiences an abrupt transition to strongly insulating behavior at

53 K that remains of unclear origin (see Fig. 6.2).

Foo et al. [29] also reported a (2a x
√

3a) superstructure that was observed

with electron diffraction. Neutron diffraction by Huang et al. [40] confirmed the (2a

x
√

3a) superstructure in NaxCoO2 (x≈0.5) and further elaborated on the details of

the structure; the hexagonal symmetry (P63/mmc) of the P2 structure is changed to

orthorhombic (Pnmm) symmetry by the equal occupancy of Na1 and Na2 sites by

Na ions that order so as to form one dimensional (1D) zig-zag chains (see Fig. 6.3).

The Na ordering also creates two distinct types of Co ions that form linear 1D chains

(see Fig. 6.3).

Figure 6.4 shows the two types of Co ions with their nearest Na neighbors.
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Figure 6.2: In-plane ρ(T ) measurements for NaxCoO2 floating-zone grown crystal
samples with 0.31 < x < 0.75 and including a NaxCoO2 (x≈0.5) sample (from Foo
et al. [29]). Note the different scale for the NaxCoO2 (x≈0.5) sample.

Figure 6.3: Schematic of (2a x
√

3a) orthorhombic superstructure for NaxCoO2

(x≈0.5) where black circles represent a plane of Co ions, red circles represent Na
ions on one side of the Co plane (e.g. above), and blue circles represent Na ions
on the opposite side of the Co plane (e.g. below). The schematic clearly shows the
alternating rows of Co1 ions (with Na ions directly above or below) and Co2 ions
(with no Na ions directly above or below).
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Figure 6.4: Schematic showing the Co1 and Co2 ions (octahedral sites) in NaxCoO2

(x≈0.5) with their nearest Na neighbors (trigonal prismatic sites). The Co1 ions
have Na neighbors across an octahedral face (Na1 ion) and opposite octahedral
edge (Na2 ion), and the Co2 ions have Na neighbors across opposite octahedral
edges (Na2 ions).

Co1 ions “see” Na ions across an octahedral face and an opposite octahedral edge;

on the other hand, Co2 ions do not “see” any Na ions across an octahedral face but

instead have Na ions across opposite octahedral edges. Early electron and neutron

diffraction investigations of the NaxCoO2 (x≈0.5) structure [29, 40, 112] proposed

that its insulating character was due to a strong coupling between Na ions and holes

in the Co4+/3+ redox couple (t2g holes) that resulted in a charge-ordered state in

the Co lattice where the Co2 linear 1D chains consist of Co4+ ions and the Co1

linear 1D chains consist of Co3+ ions.

A charge-ordered state consisting of Co ions with higher formal charge lo-

cated at the Co2 sites is based on a nearest neighbor electrostatic calculation where

the charge of a Na ion across an octahedral face is screened less effectively than across

an octahedral edge (see Fig. 6.4). However, recent neutron diffraction experiments

[109] have thrown such a charge-ordered state into question after demonstrating

very small differences between the <Co1–O> and <Co2–O> bond distances. Using
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Table 6.1: Co–O distances (Å) and Bond Valence Sums (BVS) as reported by
Williams et al. [109] based on neutron diffraction structural results for NaxCoO2

(x≈0.5) sample at 10 K and 300 K.

Type 10 K 300 K ∆(10 K−300 K)

<Co1–O> 1.887 Å 1.891 Å ∆ = −.004 Å
BVS (Co1) 3.43 3.40 ∆ = −.03

<Co2–O> 1.900 Å 1.898 Å ∆ = +.002 Å
BVS (Co2) 3.31 3.33 ∆ = +.02

bond valence sum (BVS) calculations, such small differences in bond distances are

not able to justify a conventionally charge-ordered state. In fact, the <Co1–O>

bond distance was measured to be smaller than the <Co2–O> bond distance (see

Table 6.1), which is opposite to what is expected for the proposed ordered state

based on electrostatics.

Whereas the origin of the insulating behavior and the semiconductor–insulator

transition (also erroneously referred to as a metal–insulator transition in the litera-

ture) that is observed at 53 K has been the focus of most of the research conducted

on NaxCoO2 (x≈0.5), less effort has been made in trying to account for the thermo-

electric power S(T) which experiences an unusual crossover (change in sign) from

+S to -S at ≈ 75 K upon cooling. Although the change in sign in S(T) was reported

early on in the investigation of the NaxCoO2 phase diagram (see Fig 6.5), little

explanation has been offered to account for the crossover of S(T) from ≈ +40µV/K

to ≈ −500µV/K in the floating-zone-grown NaxCoO2 (x≈0.5) crystals that were

studied.

It is tempting to interpret the crossover in S(T) as arising from a change

in the dominant type of carrier, i.e. from p-type (t2g holes) to n-type (unknown

character) upon cooling. However, no model exists to account for such a change in

carrier type, or even to identify how the electronic structure could yield an n-type
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Figure 6.5: Thermopower S(T ) and Hall Coefficient RH(T ) for NaxCoO2 (x≈0.5)
(data from Foo et al. [29]). Note that -S and -RH are plotted.

thermoelectric power at low T . Nevertheless, it is interesting to note that the Hall

Coefficient RH(T) also suggests a change from p-type to n-type at ≈ 75 K upon

cooling (see Fig. 6.5).

It is also interesting to review the magnetic behavior χ(T ) that has been

measured for NaxCoO2 (x≈0.5). Figure 6.6 shows both the magnetic (χ(T )) and

resistive (ρ(T )) characterization of the phase transitions reported by Huang et al.

[40] for NaxCoO2 (x≈0.5) below 100 K. The magnetic transition, small peak in χ(T ),

occurring at 53 K occurs at the same temperature as the transition to strongly

insulating behavior upon cooling. On the other hand, the more subtle magnetic

transition at ≈ 87 K does not correspond to any strong transition in ρ(T ), although

a small feature in dρ/dT is distinguishable at the same T .

The magnetic transition occurring at ≈ 87 − 88 K has been further studied

by Gasparovic et al. [30] with polarized and unpolarized neutron scattering mea-

surements. Their data indicate that below 88 K new peaks arise that are distinct

from the Na superlattice reflections and are instead due to magnetic ordering. Gas-
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Figure 6.6: Magnetic susceptibility χ(T ) measured for a NaxCoO2 (x≈0.5) poly-
crystalline powder sample and the electronic resistivity ρ(T ) measured along the
plane of a NaxCoO2 (x≈0.5) single crystal (data from Huang et al. [40]) showing
the magnetic and electronic transitions.

parovic et al. propose the magnetic order model shown in Fig. 6.7 where half of the

Co ions are ordered antiferromagnetically along 1D Co chains that are separated

by 1D chains of “nonordered” Co ions. However, from the neutron diffraction ex-

periments one is not able to determine whether the magnetically ordered Co ions

occupy Co1 or Co2 sites. Therefore, the question of whether the holes (magnetic

Co4+) occupy the Co2 sites, as an electrostatic analysis suggests, or the magnetically

dead Co3+ occupy the Co2 sites, as the most recent Co–O bond distances measured

by neutron diffraction suggest, remains unanswered. However, Gaparovic’s model

of the spin arrangement does support the idea of charge-ordering in the Co array,

at least below 88 K.

Another important aspect of the structure that is necessary to better under-

stand the magnetic and electronic transitions that occur at 88 K and 53 K is the

temperature dependence of the cell parameters. Figure 6.8 shows a/
√

3 and b/2 vs.

T as measured with neutron diffraction by Williams et al. [109] for an (a x b) or-

thorhombic unit cell of a NaxCoO2 (x≈0.5) powder sample. The lattice parameters
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Figure 6.7: Gasparovic et al. [30] proposed model for the magnetic order below
88 K in NaxCoO2 (x≈0.5).

show a highly anisotropic thermal expansion with a large c-axis compression upon

cooling. Whereas the solid lines in the figure were added by Williams et al. as guides

to the eye, the dashed lines have been added here to highlight the abrupt change

that occurs in dc/dT between the resistive and magnetic transition temperatures

(53 K < T < 88 K), and which will be shown to be of importance in accounting for

the behavior of NaxCoO2 (x≈0.5).

The surprising experimental result of a larger measured <Co2–O> than

<Co1–O> bond distance has already been pointed out. It is also important to

point out the temperature dependence of the Co–O bond distances; <Co1–O> de-

creases while <Co2–O> increases upon cooling from 300 K to 10 K (see Table 6.1).

This opposite trend between the <Co1–O> and <Co2–O> bond distances supports

the idea of increased charge ordering in the Co array upon cooling; however, as has

already been pointed out, the BVS derived from the Co–O bond distances are not

sufficiently different to support the idea of a conventional charge ordering.
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Figure 6.8: Lattice paramets vs. T for NaxCoO2 (x≈0.5) (data taken from Williams
et al. [109])

Finally, after reviewing the structure and properties of NaxCoO2 (x≈0.5)

samples that have been measured and reported in the literature, we are in a position

to ask the following key questions necessary for developing a model for NaxCoO2

(x≈0.5):

1. What is the origin of the semiconductor-like resistivity (dρ/dT < 0) already

present at 300 K?

2. Why is the <Co1–O> bond distance less than the <Co2–O> bond distance

if from an electrostatic calculation we expect the Co2 ions to have the higher

formal charge?

3. Why does the c-axis show great compressibility upon cooling and the rate of

the c-axis compression (dc/dT ) change abruptly at low T ?

4. What is the significance of the opposite trends upon cooling between the

<Co1–O> and the <Co2–O> bond distances?
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5. Below 88 K, are the magnetically ordered Co ions (see Fig. 6.7) located at the

Co2 or Co1 sites, i.e. are the holes primarily on the Co2 or the Co1 sites?

6. What is the nature of the crossover of S(T) that occurs at ≈ 75 K?

7. What is the nature of the semiconductor to insulator transition that occurs

upon cooling at 53 K?

This chapter presents a model that attempts to answer these key questions

and account for the behavior of the physical properties that have been measured

and reported in the literature. In addition, thermoelectric power S(T) measurements

made on polycrystalline NaxCoO2 powder samples will be presented and also used

in developing a successful model for NaxCoO2 (x≈0.5).

6.2 Experimental

The majority of the experimental results used in constructing a model that ac-

counts for the complex behavior of NaxCoO2 (x≈0.5) have been taken from the

literature and have been presented in the introduction of this chapter. The resis-

tivity ρ(T ) (Fig 6.2 and 6.6), thermoelectric power S(T ) (Fig. 6.5), Hall coefficient

RH(T ) (Fig. 6.5), and the polarized/unpolarized neutron scattering (Fig. 6.7) mea-

surements (used for the proposed magnetic-order model) were all made on single

crystals that were prepared by electrochemically deintercalating floating-zone grown

NaxCoO2 crystals to yield x ≈ 0.5 as described elsewhere [20, 19]. The reported

measurements of ρ(T ), S(T ), and RH(T ) are the in-plane values.

In addition to the experimental results available in the literature, polycrys-

talline NaxCoO2 (x≈0.5) samples were prepared by solid-state synthesis and elec-

trochemical deintercalation with I2, and their chemical composition was determined

with ICP-MS. In order to shed light on the nature of the crossover of S(T ) in
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Figure 6.9: S(T ) for a series of NaxCoO2 samples with a range of x from .45 < x <
.78 showing that for the NaxCoO2 sample (x = 0.49) there is a crossover from +S
to -S at ≈ 75 K upon cooling.

NaxCoO2 (x≈0.5), thermoelectric power was measured in a homemade setup for

these NaxCoO2 polycrystalline powder samples.

Figure 6.9 shows the evolution of thermoelectric power S(T ) with Na concen-

tration for a series of NaxCoO2 samples with a range of x from 0.45 to 0.78 measured

from ≈ 15 K to 300 K. The NaxCoO2 sample (x = 0.49) shows the same crossover of

S(T ) from +S to -S at ≈ 75 K that was reported by Foo et al. [29]; however, unlike

the floating-zone grown single crystal measured by Foo which reaches a minimum

at ≈ −500µV/K, the polycrystalline NaxCoO2 (x≈0.5) sample measured in Fig. 6.9

reaches a minimum at ≈ −60µV/K. We attribute this difference in the magnitude

of the S(T ) minimum to the different sample types (pressed polycrystalline powder

sample vs. a floating-zone grown “single” crystal measured along the ab-plane);

however, we note that the S(T ) behavior is qualitatively the same for the two sam-

ple types, with both exhibiting a crossover of S(T ) from +S to -S at ≈ 75 K and
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reaching a minimum at ≈ 35 K.

As was pointed out in chapter 4, the thermopower decreases as Na is removed

and becomes less temperature dependent for the lower Na content samples. However,

as is typical for an x ≈ 0.5 sample, S(T ) exhibits an abrupt crossover in sign at

≈ 75 K that is unique to this composition. For samples with x sufficiently less

than 0.5, S(T ) does not exhibit a change in sign; however, it may exhibit a local

maximum below 100 K, as is the case for the x = 0.45 sample in Fig. 6.9.

6.3 Discussion and Model

The characterization of the structure and physical properties that have been pre-

sented from the literature and our own experimental measurements are only a small

fraction of what has been published, but they represent the most salient charac-

teristics of the NaxCoO2 (x≈0.5) phase. However, what is most needed is a model

that is able to account for all of the experimental results. A successful model must

be able to answer the seven questions posed afore or at least point the way to the

future experiments that are necessary to resolve them. In order to answer these

questions, it is necessary to first take a closer look at the details of the Na-ordered

Pnmm structure.

In Fig. 6.3, it was shown that the Na ordering in NaxCoO2 (x≈0.5) creates

rows of Co1 and Co2 ions; then in Fig. 6.4, the environments surrounding the Co1

and Co2 ions were compared. From Fig. 6.3, it is also apparent that there are two

types of Na ions that either occupy a Na1 or Na2 site. It is also useful to compare the

environments surrounding the Na1 and Na2 ions (see Fig. 6.10). The information

in Figs. 6.4 and 6.10 is already present in Fig. 6.3; however, Fig. 6.10 makes one

immediately aware of the Co1–Na1–Co1 “triplets” that are present in the structure.

A schematic of a cross-section of the structure is shown in Fig. 6.11 to further

illustrate the Co1–Na1–Co1 triplets. The triplets are of significance because the Na
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Figure 6.10: Schematic illustration showing the occupied Na1 and Na2 sites in
NaxCoO2 (x≈0.5) with their nearest Co neighbors. The Na1 ions have two Co near
neighbors (Co1 ions) across opposite faces of their trigonal prism while the Na2 ions
have six Co near neighbors (four Co2 ions and two Co1 ions) across all six edges of
their trigonal prism.

Figure 6.11: Schematic of a cross-section of NaxCoO2 (x≈0.5) structure show-
ing Na–Co–Na triplets where vertical lines connect neighboring ions through oc-
tahedral/trigonal prismatic faces, diagonal lines connect ions through octahe-
dral/trigonal prismatic edges, and squares represent vacant Na1 sites. The leftmost
schematic show the electron orbitals of the Na–Co–Na triplets that are directed
along the c-axis.
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ion sits in a Na1 site that shares faces with 2 neighboring Co octahedra. From an

electrostatic calculation, we expect the Na ions to preferentially occupy Na2 sites,

as they do for all Na compositions other than x ≈ 0.5 [23, 58, 45]. Therefore, it is

unusual for 1/2 of the Na ions to occupy Na1 sites in the NaxCoO2 (x≈0.5) phase.

In fact, from Fig. 6.11 one sees that all of the Co1 ions (1/2 of all Co ions) are part

of a Co1–Na1–Co1 triplet. Furthermore, Co1 ions in a triplet are each connected to

Co2 ions via a Co1-Na2-Co2 “bridge” where the bridging Na2 ion sees the Co ions

across octahedral edges. Similarly, Co1 ions in a triplet are connected to the Co1

ions in triplets directly above and below (not shown) by Co1–Na2–Co1 “bridges”

where again the Na2 ion sees the Co1 ions across octahedral edges. Our model will

show that the Co1–Na1–Co1 triplets play an important role that is necessary to

consider for understanding the NaxCoO2 (x≈0.5) phase.

After a detailed inspection of the structure and careful review of the prop-

erties of NaxCoO2 (x≈0.5), one is now in a position to answer the seven questions

that a successful model needs to address:

1. What is the origin of the semiconductor-like resistivity (dρ/dT < 0) already

present at 300 K?

At 300 K, Na is already ordered, giving rows of Co1 and Co2 ions and an en-

larged (2a x
√

3a) unit cell. Whereas the Na is fully ordered at 300 K, neutron

diffraction experiments [109] measure only small differences between <Co1–

O> and <Co2–O> bond distances (≈ .007 Å) and, therefore, suggest that the

Co array is not substantially charge-ordered and that the Co t2g holes remain

mainly delocalized. Instead, the larger (2a x
√

3a) unit cell apparently opens

a gap near the Fermi surface that accounts for the semiconducting dρ/dT < 0.

Figure 6.12 shows the Co4+/3+ redox couple of primarily a1-orbital parent-

age that has been split by the Na-ordering. Although is has not yet been

made clear whether the holes (Co4+) prefer to be located at the Co2 sites (as
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Figure 6.12: Schematic showing the splitting of the Co4+/3+ redox couple due to
the Na-ordering.

electrostatics suggests) or at the Co1 sites (as neutron diffraction suggests),

our model will argue for holes (Co4+) preferentially at Co2 sites; therefore,

Fig. 6.12 depicts a lower energy Co1 band and a higher energy Co2 band. The

splitting of the a1 band results in two narrower Co1 and Co2 bands that for

x ≈ 0.5 results in a band gap at (or near) the Fermi energy and therefore

dρ/dT < 0 (see Fig. 6.6).

2. Why is the <Co1–O> bond distance less than the <Co2–O> bond distance

if from an electrostatic calculation we expect the Co2 ions to have the higher

formal charge?

From an electrostatic calculation, we expect the higher charge Co4+ (holes) to

preferentially occupy the Co2 sites that do not have a Na+ neighbor across an

octahedral face. Conversely, the lower charge Co3+ are expected to preferen-

tially occupy the Co1 sites that do have a Na+ neighbor across an octahedral

face. This would normally result in a smaller <Co2–O> bond distance than

a <Co1–O> bond distance because the Co4+ has 1 less electron to screen the

Co nuclear charge from attracting the O2− electronic charge. However, neu-

tron diffraction measurements indicate the opposite; <Co1–O> is less than

<Co2–O> (see Table 6.1).
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Figure 6.13: Schematic of structure showing Co–Na–Co triplet bonding orbitals.

Our model is supported by an electrostatic calculation and predicts that the

Co2 ions have the higher formal charge. The fact that the <Co1–O> bond

distance is less than the <Co2–O> bond distance is not surprising if the Co1–

Na1–Co1 triplets are taken into consideration. If the holes are on the Co2

sites, then the the Co1 ions are Co3+ with a 3d6 = e0
gt

6
2g = e4

+/−a2
1 electronic

configuration. Because the Co1 a1 orbitals are directed toward neighboring

Na1 ions, it is reasonable to expect some bonding to occur in a triplet from

full Co a2
1 orbitals and an empty Na sp0

z hybridized orbital as is depicted in

Fig 6.13. The formation of a Co1–Na1–Co1 triplet spreads out the Co1 a1-

orbital wave function over a larger triplet “molecular orbital” wave function

that effectively reduces the electronic screening between the Co1 ions and O2−

ions and result in a smaller <Co1-O> bond distance than <Co2–O> bond

distance despite the fact that the Co2 ions have the higher formal valence,

i.e. the Co2 ions have 1 hole each but the Co2 ions have 2 electrons each in

delocalized triplet molecular orbitals.

3. Why does the c-axis show great compressibility upon cooling and the rate of
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the c-axis compression (dc/dT ) change abruptly at low T ?

Charge ordering increases upon cooling by localizing more electrons in Co1–

Na1–Co1 triplet molecular orbitals. The localization of holes in the Co2 a1

orbitals, which have no Na1 neighbors, has little effect on the c-axis lattice

parameter; however, the electrons moved to the Co1–Na1–Co1 triplets, result

in more c-axis bonding that dramatically reduces the c-axis lattice parameter

upon cooling, thus resulting in a highly compressible c-axis. Co2–Na2–Co1

bridges may play an important role in the transfer of electrons from Co2 ions

to the Co1–Na1–Co1 triplets.

The change in the c-axis compression rate (dc/dT ) that occurs at low T sig-

nals a departure from the increased localization of electrons in Co1–Na1–Co1

triplets upon cooling. Looking at Fig. 6.8 (see dashed lines), one sees that

the c-axis becomes much less compressible below T ≈ 85 K (see intersection

of dashed lines). This suggests that no more electrons are transfered to the

triplets below T ≈ 85 K and is consistent with a nearly fully charge-ordered

Co array with all of the holes located at the Co2 sites. Therefore, as the struc-

ture is cooled from 300 K down to about 85 K, progressively more electrons

become effectively trapped in Co1–Na1–Co1 triplet molecular orbitals. The

electronic structure makes a transition from mainly delocalized Co:a1.5
1 holes

with a gap near the Fermi energy to localized Co4+ holes at Co2:a1
1 orbitals*

(see question 5 below).

4. What is the significance of the opposite trends upon cooling between the

<Co1–O> and the <Co2–O> bond distances?

The opposite trends upon cooling, whereby the <Co2-O> bond distance in-

creases and the <Co1–O> bond distance decreases, indicates that the holes

in the Co a1 bands have more O character than Co character. Therefore, the

*Note: Total number of a1 holes is 0.5/Co.
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Figure 6.14: Schematic of Na order and the proposed magnetic order below 88 K
proposed by Williams et al. [109] showing the resulting (2a x 2

√
3a) superstructure

that is twice as large as the (2a x
√

3a) superstructure found above 88 K before the
Co2 ions become magnetically ordered.

increased localization of holes at the Co2 ions is more accurately described

as an electronic transfer of electrons from the O2− surrounding Co2 ions to

the Co1–Na1–Co1 molecular orbitals that likewise contain a large fraction of

oxygen 2p character.

5. Below 88 K, are the magnetically ordered Co ions (see Fig. 6.7) located at the

Co2 or Co1 sites, i.e. are the holes primarily on the Co2 or the Co1 sites?

As previously discussed, the lattice parameters as a function of T indicate that

the holes become progressively more localized at the Co2 ions upon cooling

from 300 K until at about 85 K the Co array becomes close to fully charge-

ordered. The magnetic order model in Fig. 6.7 supports the increased charge-

ordering upon cooling since the magnetically ordered Co must correspond to

Co4+ (S = 1/2) since the Co3+ are low spin diamagnetic t62g ions (S = 0).

Also, the measured TN = 88 K coincides well with the change in compress-
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ibility observed at nearly the same temperature (see Fig. 6.8). However, from

Gasparovic’s neutron scattering experiment [30], it is not clear whether the

magnetically ordered Co ions are located at the Co2 or Co1 sites. But taking

into consideration lattice parameters vs. T , <Co–O> bond distances, and the

role of Na1–Co1–Na1 triplets, it is clear that the magnetically ordered Co ions

are located at the Co2 sites as is illustrated in Fig. 6.14. Also, the magnetic or-

der enlarges the magnetic unit cell size to (2a x 2
√

3a). An increase in cell size

can have a pronounced effect on the electronic properties, as occurs with the

Na-ordering that opens a gap near the Fermi surface even at 300 K. However,

at 88 K the effect on the transport properties is not as pronounced; although

we do note that TN = 88 K does coincide with the steep downturn observed

in S(T ) prior to the crossover that occurs upon cooling (see Fig. 6.9).

6. What is the nature of the crossover of S(T) that occurs at ≈ 75 K?

In order to understand the S(T ) behavior, we must first determine the ground

state of NaxCoO2 (x≈0.5). In Fig. 6.12, the splitting of the a1 band into Co1

and Co2 bands was shown, but the specific ground state was not specified, i.e.

whether the Fermi level was located in the Co1 band or the Co2 band.

Determining the ground state is not a straightforward task because of the un-

certainties that exist in experimentally determining Na content, oxygen con-

tent, and Co oxidation state. However, the n-type S and RH measured at

T < 75 K (see Figs. 6.5 and 6.9), in addition to results from titration experi-

ments [9, 10, 46, 47], indicate that, despite x < 0.5 in some NaxCoO2 (x≈0.5)

samples, the Co oxidation state can be close to but always remains slightly less

than 3.5+. A maximum in the Co oxidation state occurs due to the pinning of

the Co4+/3+ redox couple at the top of the O2−:2p6 band and results in either

an oxygen deficient sample or the insertion of H3O
+ ions [98, 67]. Therefore,

for all NaxCoO2 (x≈0.5) samples with x sufficiently close to 0.5 so that the

125



Figure 6.15: Schematic showing the ground state and excited state for NaxCoO2

(x≈0.5).

(2a x
√

3a) ordered superstructure is formed, the a1 band is split into Co1 and

Co2 bands and the Fermi energy is located in the Co2 band.

Figure 6.15 shows the suspected ground state and excited state for NaxCoO2

(x≈0.5) and helps explain the crossover of S(T ). At T ≈ 0, there are no

thermally excited carriers and the thermopower is dominated by the less than

half-filled n-type Co2 band that gives a negative S. Although the n-type carri-

ers in the Co2 band contribute to the thermopower at all T , at high T (> 75 K)

the thermally excited carriers give a net positive S since their thermoelectric

contribution dominates due to the Co1 band having much fewer carriers. The

steep downturn in S that occurs at ≈ 88 K upon cooling indicates the start

of the transition from a high-T Co1-band-dominated thermopower to a Co2-

band-dominated thermopower.

7. What is the nature of the semiconductor to insulator transition that occurs

upon cooling at 53 K?

As T decreases from 300 K, the Co array is increasingly charge-ordered until
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at 88 K, there are enough holes on the Co2 sites to get antiferromagnetic inter-

actions along the Co2 chains of nearly half-filled a1
1 orbitals. At approximately

the same temperature, the decreasing number of thermally excited carriers in

the Co1 band causes a sharp downturn in S(T ) until at ≈ 75 K the thermoelec-

tric power changes sign as it becomes dominated by the n-type carriers in the

Co2 band. Finally at 53 K, there is a pronounced increase in ρ and in |dρ/dT|
that marks the semiconductor to insulator transition. The abrupt change in

ρ(T ) at 53 K coincides with a magnetic transition also observed at 53 K (see

Fig. 6.6) that has not been studied as extensively as the transition at 88 K.

Given the increase in the <Co2–O> bond length with decreasing temperature,

it is reasonable to suspect a transition from itinerant to polaronic behavior of

the conduction electrons in the Co2 band on cooling below 53 K.

6.4 Conclusions

In conclusion, a model that explains many of the salient characteristics of the

NaxCoO2 (x≈0.5) phase has been presented. A detailed understanding of structure,

e.g. the identification of Co1–Na1–Co1 triplets, has been shown to provide impor-

tant clues for understanding the physical properties of NaxCoO2 (x≈0.5), such as

the change in sign in S(T ) that occurs at T ≈ 75 K. The presence of triplet molec-

ular orbitals, in addition to a Co4+/3+ redox couple that is pinned at the top of

the O2−:2p6 band, leads to charge-ordering that does not exhibit large differences in

Co–O bond distances and unexpected trends in Co–O bond distances as a function

of temperature.
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Chapter 7

Observations and

Recommendations

7.1 CNT synthesis with lithographic techniques

This dissertation has shown that CNTs can be synthesized from amorphous carbon

thin films by electron irradiation in the TEM. It was shown that irradiation effects

impart a tensile stress and introduce defects to a CNT thus formed; the CNT can

be made to fracture by a brittle or ductile mechanism. A healing of the carbon film

was also observed to occur after some critical amount of irradiation.

These results indicate that CNTs, as well as other carbon nanostructures,

can be synthesized and tailored by electron irradiation (or other ionizing radiation),

and suggests the possibility of larger scale, carbon nanostructure design by e-beam

lithography and complementary techniques. Such a technology has the potential of

large scale CNT synthesis by patterning amorphous carbon in 1D channels and then

using ionizing radiation (e-beam or ion-beam) to graphitize the amorphous carbon

and form interconnected networks of CNTs or graphene ribbons.
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7.2 Magnetic carbon: curvature and electron transfer

Magnetic carbon materials will continues to attract researchers’ attention due to

their remarkable physical properties and their potential to develop into a variety

of useful technological devices. For this reason, a systematic study of the effect

of curvature of graphene sheets and electron donation to the α bands of graphene

should be considered. Since curvature is inversely proportional to particle size for

a system of carbon-encapsulated metal nanoparticles as was presented in Chap-

ter 3, such a study could be carried out by producing several different size classes

of graphene-coated metal nanoparticles, each with tightly controlled size distribu-

tions. Furthermore, the effect of electron donation can also be probed by producing

nanoparticles of different elemental composition that have different workfunctions.

Most interesting would be to choose a material with a larger workfunction than the

graphitic encapsulating carbon and see the effect of creating holes in the α band.

7.3 STM of NaxCoO2 and charge-ordering

A model was presented in chapter 6 that supported a charge-ordered configuration

in the Co array of NaxCoO2 (x≈0.5) where the higher formal charge Co ions are

located on rows of Co2 ions. However, direct experimental evidence of such a charge

ordering is still sought, especially considering the neutron diffraction measurements

of shorter Co1–O bond distances than Co2–O bond distance. STM experiments

that can directly observe charge-ordering in the Co array and determine whether

the holes reside on Co2 or Co1 ions would be of tremendous benefit to further the

understanding of NaxCoO2 (x≈0.5) and the related superconductor Na0.33CoO2·
1.3H2O.
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7.4 NaxCoO2 as a potential cathode material in a mixed

Li-ion Na-ion battery

LixCoO2 can be considered the first cathode material to be used in widely commer-

cialized Li-ion rechargeable batteries and it still remains the most common cathode

material today. However, there is room for improvement in both its cost and perfor-

mance by considering other cathode materials such as LiMn2O4 or LiFePO4 among

others. The identification and development of such new materials for an improved

electrochemical device comes from a detailed understanding of the structure, proper-

ties, and underlying physics of oxide materials in general. The idea to use NaxCoO2

as a cathode material in a mixed Li-ion Na-ion battery is motivated by this same

spirit of using a fundamental understanding of the properties of oxides in order to

intelligently design an improved technological device.

A major drawback of using LixCoO2 as a cathode material in a rechargeable

Li or Li-ion battery is the inherent instability in the cathode that is caused by the

pinning of the Co4+/3+ redox couple at the top of the O2−:2p6 band. This instability

essentially limits the capacity of the battery, since only half of the Co4+/3+ redox

couple can be reversibly utilized. Deintercalation beyond x < 0.5 results in either

the creation of oxygen vacancies [107] or the insertion of protons [17]. It follows

that an analogous compound to LixCoO2, but with an active redox couple raised

relative to the O2−:2p6 band, could relieve the instability caused by the pinning in

LixCoO2 and allow for more than 50% of the active redox couple to be utilized, thus

increasing the capacity of the battery by up to 50%.

In a mixed Na-ion and Li-ion battery that consists of a NaxCoO2 cathode and

Li-ion electrolyte, cycling of the battery may preferentially extract and intercalate

Li+ ions from and into the NaxCoO2 structure without removing an appreciable

amount of the Na+ ions from the cathode, thereby maintaining the P2 structure
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during cycling.* Unlike the LixCoO2 cathode presently used in rechargeable batter-

ies, which has the O3 structure and involves diffusion of Li ions in octahedral sites

through smaller tetrahedral sites, the P2 structure can provide faster diffusion of

the Li ions through much larger trigonal prismatic sites that do not involve diffu-

sion through high energy tetrahedral sites. Such a P2 cathode could be useful for

high-power applications. In addition, the inclusion of a more electropositive counter-

cation may raise the Co4+/3+ redox couple relative to the O2−:2p6 band and allow

more of the Co redox couple to be utilized in a reversible charge/discharge cycle by

avoiding the problems caused by the pinning of the Co4+/3+ redox couple at the top

of the O2−:2p6 band. More fundamentally, such electrochemical experiments pro-

vide a practical method of studying how different counter-cations affect the position

of the Co4+/3+ redox couple relative to the O2−:2p6 band and how such knowledge

might lead to the development of better cathode materials for rechargeable batteries.

*This could be tested by checking that the structure of the NaxCoO2 cathode remains P2 after

cycling as well as by performing chemical analysis of the cathode and electrolyte after cycling.
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