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“O mankind! If you are in doubt about the Resurrection, then verily! We have created you (i.e.
Adam) from dust, then from a Nutfah (mixed drops of male and female sexual discharge i.e. off-
spring of Adam), then from a clot (a piece of thick coagulated blood) then from a little lump of flesh,
— some formed and some unformed (as in the case of miscarriage), that We may make (it) clear to
you (i.e.  to  show you Our  Power and Ability  to  do what  We will).  And We cause whom We will  to
remain in the wombs for an appointed term, then We bring you out as infants,[] then (give you
growth) that you may reach your age of full strength. And among you there is he who dies (young),
and among you there is he who is brought back to the miserable old age, so that he knows nothing
after having known. And you see the earth barren, but when We send down water (rain) on it, it is
stirred (to life), it swells and puts forth every lovely kind (of growth) (5). That is because Allâh, He is
the Truth, and it is He Who gives life to the dead, and it is He Who is Able to do all things (6).” The
Holy Quran; Al-Hajj.
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ABSTRACT

We have examined the behaviour of single walled carbon nanotubes under pressure through

their higher energy first order Raman mode (GM). We have performed different high pres-

sure Raman experiments while varying the experimental parameters (excitation energy, pres-

sure transmuting medium and diameter of the resonant tubes).

Using the differences in the GM line-shape of metallic and semi-conducting nanotubes, we

have examined the behaviour of the first inter-band transition energies from the metallic

tubes ( ) under pressure. Our results suggest a red shift in these transitions while increasing

pressure. In addition, in the same study, we have noticed a variation in value of the transition

pressure, when loading the same sample under different excitation energies. This variation

was related to a variation in the diameter of the resonant tubes. We deduce that it is essential

to know the exact diameter value of the resonant tubes not the mean diameter of the sample.

On the other hand we have examined the effect  of the pressure transmuting media (PTM)

on the tubes response to pressure. First, we considered whether the PTM penetrates the inter-

stitial channels between the tubes. Results showed a difference in the tubes’ response to pres-

sure under different PTM. From the fact that the Raman signal contains contributions from

the tubes at the centre of the bundle as well as those at the edges, we concluded that the PTM

used are penetrating the tube bundles. Then we have examined whether the cohesive energy

density of the PTM is additive to the hydrostatic pressure or not. We found that the rate of

shift and the transition pressure from the GM appear to vary significantly with choice of sol-

vent but show no apparent correlation to the cohesive energy density.

While the values of the transition pressure and the rate of shift under pressure were consid-

ered to be specific for each tube diameter, the observed variation of these parameters under

different PTM drops this diameter exclusivity. This raises the need of a new parameter which
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reclaims uniqueness for each tube diameter. In our study, we have deduced that it is neither

the transition pressure nor the rate of shift should be considered as a function of tube diame-

ter, but the product “ × ( )⁄ ” proposing that for each tube diameter we should have a

constant transition frequency: = × + .

Finally, we found that the observed plateaus at intermediate pressure, could be explained in

terms of either different tubes with different diameter and/or nature (metallic or semi-

conducting) getting in resonance at some higher pressure, particularly smaller diameter tubes,

or the contribution from these tubes to the GM spectrum is increased due to some modifica-

tions  in  the  experimental  conditions.  In  both  cases,  the  rate  of  shift  will  decrease

( ⁄ ~ d ), and as we are looking for the sum of all these changes, we account for the ob-

served plateaus.
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ABBREVIATIONS

1. CNTs: Carbon nanotubes

2. SWNTs: Single-walled carbon Nanotubes

3. DWNTs: Double-walled carbon nanotubes

4. MWNTs: Multi-walled carbon nanotubes

5. DAC: diamond anvil cell

6. PTM: Pressure Transmitting media

7. RM: Radial breathing mode of carbon nanotubes

8. GM: tangential Raman mode of carbon nanotubes

9. CED: Cohesive energy density
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PPaarrtt II:: GGEENNEERRAALL RREEVVIIEEWW

This part is composed of four chapters. Chapter one is a general

background looking at the history, discovery, properties and types

of carbon nanotubes. In the second chapter, we review the experi-

mental apparatus used in the work, namely the diamond anvil cell

and the Renishaw Raman microscope system. The third is a review

of Raman spectroscopy of single-walled carbon nanotubes and of

the techniques used in collecting and analyzing the Raman spec-

trum of these tubes under pressure, and finally in chapter four we

review the understanding prior to this work of nanotubes under

high pressure.



19

Chapter 1: General Background

A. Introduction

Carbon has four valence electrons occupying the 2s2 and 2p2 orbitals.  As  these  electrons

could be either occupying two or three of the 2p orbital, sp2 and sp3 hybrid are obtained, lead-

ing to several crystalline modifications such as diamond (Figure 1-1.a), which is a result of the

sp3 configuration, and graphite (Figure 1-1.b), which is a result of the sp2 configuration.

Besides diamond and graphite, other modifications of crystalline carbon have been found.

In 1985 a group of researchers of Rice University in Houston and the University of Sussex in

England discovered new molecules, which are composed of 60 carbon atoms forming a

spherical shape (Figure 1-1.c). They called it “the buckminsterfullerene” (C60) [1]. After this

discovery, other related molecules (C36,  C70,  C76 and  C84), also composed of carbon atoms,

were also discovered. The new molecules, together with the buckminsterfullerene, were rec-

ognized as new allotropes of carbon. The unique geometric properties of this new allotrope of

carbon did not end with soccer-ball shaped molecules.

Figure 1-1: (a) diamond, (b) graphite and (c) the buckminsterfullerene " " .
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In 1991, S. Iijima [2] discovered that carbon atoms could form long cylindrical tubes. These

tubes are called “Carbon nanotubes”  (CNT). Carbon nanotubes (Figure 1-2) are molecular-

scale tubes of graphitic carbon. Their name is derived from their size, since their diameter is

in the order of a few nanometres, while they can be up to several millimetres in length. They

are among the stiffest and strongest fibres known, and have remarkable electronic properties.

First they were discovery in the multiwall form (MWNTs) (Figure 1-2.d) [2], however, later,

carbon nanotubes consisting of one single layer (SWNTs) (Figure 1-2.c) were also discovered

[3, 4]. Notice that the multi-walled are considered as many single-walled arranged layer by

layer inside each other with the distance between the layers is approximately equal to the

graphite inter-layer distance (Figure 1-2.d).

Figure 1-2: (a) and (b) Transmission electron micrograph of SWNTs and MWNTs respectively.
(c) and (d) simulation for single-walled and multi-walled carbon nanotubes respectively.
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B. Geometric structure

Figure 1-3: Part of an un-rolled lattice of a SWNT. The solid blue vectors are the two-lattice
vectors ⃗ and ⃗ (top of the Lattice) together with the zigzag vector for a (5, 0) SWNT (bot-
tom of the Lattice). The green vector represent the direction of the armchair line and it is plot-
ted for  a  (5,  5)  SWNT.  The rolling  vector ⃗ (perpendicular to the axis of the tube), together
with the translational vector ⃗ (axis  direction  of  the  tube)  are  plotted  in  red  for  a  general
chiral nanotube [(5, 2) in this figure].The chiral angle "θ" is the angle formed between the ⃗
vector and the ⃗ vector (zigzag direction).

Structurally carbon nanotubes are related to graphite carbon. One can think about a SWNT

(MWNT) by imagining a single (multi) layer(s) of graphite that is (are) rolled up into a seam-

less cylinder(s). Each of the tubes is defined by its rolling vector ⃗ (Figure 1-3),  which is a

combination of the lattice vectors ⃗ and ⃗:

⃗ = ⃗ + ⃗
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From Figure 1-3, we can see that the rolling vector ⃗ makes an angle “θ” with ⃗. This an-

gle is called the chiral angle and it depends on the values of the two indices “n” and “m”:

= tan
√3

2 +

Based on this angle (θ) the tubes will have one of three different flavours:

· Armchair → ℎ = ⇒ ( , ); = 30° (Figure 1-4.a)

· Zigzag → ℎ = 0 ⇒ ( , 0); = 0° (Figure 1-4.b)

· Chiral → ℎ ≠ ⇒ ( , ); 0° < < 30° (Figure 1-4.c)

We can calculate the diameter " " of any tube using its rolling vector ⃗:

=
⃗

=
√3( + + ) /

with " " is the nearest neighbour C-C distance (~ 0.142 nm in graphite). Hence each nano-

tube could be defined either by (n, m) or by its diameter " " and chiral angle " ".

Figure 1-4: Different flavours for SWNTs. (a) Armchair; (b) Zigzag; (c) Chiral.
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In addition to the diameter and the chiral angle, the geometry of the graphene lattice and the

chiral vector of the tube can determine the size and shape of the Brillouin zone.

From Figure 1-3, we can see that the unit cell of carbon nanotubes (OBCB’B’’) could be de-

fined in terms of the unit cell of the 2D graphene (Figure 1-5.a). In Figure 1-5.b we show the

hexagonal Brillouin zone of graphene with the high-symmetry points Γ, K, and M. In the di-

rection of the tube axis (considered as the z-axis), the reciprocal lattice vector corresponds

to the translational period  with its length:

=
2

As the tube is regarded as infinitely long, the wave vector is continuous. On the other

hand, along the circumference of the tube, any wave vector is quantized according to:

=
2

=
2
| | . =

2
.

where is an integer.

Figure 1-5: (a) the unit cell of graphene, red shaded, with the two carbon atoms and the two
basis vectors ⃗ and ⃗ (b) Brillouin zone of two-dimensional graphite, grey shaded, with the

reciprocal lattice vectors ⃗ and ⃗.
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D. Synthesis

Carbon nanotubes are produced using various techniques. In our work, the used tubes were

produced using either arc discharge method (CarboLex tubes) [5, 6] or chemical vapour

deposition (HiPCO) [7,8]. A brief overview of these methods is addressed below, while prop-

erties of the tubes (both CarboLex and HiPCO) will be addressed later in chapter 3.

Ø Arc discharge
With the arc discharge method, two graphite rods are connected to a power supply and are

placed a few millimetres apart. When a high current flows, carbon vapour is generated by a

high-temperature electrical discharge. The resulting nanotubes are produced from the self-

assembly of the carbon particles in the vapour. This technique was the leading way for the

discovery of the nanotubes in 1991 [2]  and  it  is  the  most  widely  used  method  of  nanotube

synthesis. However, arc discharge methods generally produce large quantities of impure material,

which requires separating nanotubes from the dirt present in the basic product [5]. Single walled

tubes produced in this method have a diameter ranging between 0.6 – 1.4 nm and with a short

length.

Ø Chemical vapour deposition (CVD)
In the chemical vapour deposition (CVD) synthesis, a substrate coated with a catalyst (such

as nickel,  cobalt,  iron) is  placed in an oven in order to be heated. A carbon-bearing gas (as

methane) is added and by using an energy source (as plasma), energy is transferred to the

gaseous carbon molecule. The energy source is used to break the molecule into reactive

atomic carbon. Then, the carbon diffuses towards the substrate where it will bind forming a

nanotube [8]. The SWNTs produced with CVD have a wide diameter range (0.6 – 4 nm), which can

be poorly controlled.
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E. Sample Appearance

Usually, an experimental sample of carbon nanotubes is found to have a distribution of di-

ameters and chiral angles because of the absence, at present, of experimental techniques that

are capable of producing tubes with a unique diameter and chiral angle.

The nanotube material produced by the presently available synthesis methods appears in a

scanning electron microscopy (SEM) image as a mat of carbon nanotubes bundles (Figure

1-6.a). The nanotube bundles attract one another and wrap around each other to form ropes of

~ 10 - 20 nm in thickness and ~ 100 μm in length (Figure 1-6.b). Under transmission electron

microscopy (TEM) examination, each nanotube bundle is found to consist primarily of nano-

tubes that are mostly aligned along a common axis (Figure 1-6.c).

Figure 1-6: (a) A bundle of SWNTs observed by scanning electron microscopy (SEM). (b)
Many Bundles of SWNTs forming a rope with a thickness of 10 - 20 nm and ≈ 100 μm long. (c)
Transmission electron microscopy (TEM) image for a bundle of SWNTs with diameters of ≈ 1.4
nm.

F. Properties

Ø Mechanical
Carbon nanotubes are the strongest and stiffest materials on earth (Young’s modules up to 1

TPa) [9]. However, they become weak under compression and tend to buckling due to their

hollow structure and high aspect ratio. Although buckling is an axial property, deformation

due to compression in the radial direction are even softer [10, 11, 12].
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Ø Electronic
As single-walled carbon nanotubes are one-dimensional solids, electrons and phonons can

only have certain, discrete wavelengths along the nanotube circumference because of the pe-

riodic boundary conditions [13, 14, 15], while they can continuously travel along the nano-

tube axis due to the tube being  infinitely long. Hence, to first order, we can deduce the elec-

tronic structure of a carbon nanotube from its parent, 2D graphite, taking into account the

quantum confinement of the 1D electronic states.

In the introduction, we have mentioned that graphene is a result of sp2 configuration, which

results with strong in-plane covalent bonds due to the σ bands within the 2D graphene sheets,

and weak van der Waals interactions between such graphene sheets in 3D graphite due to the

 bands formed perpendicular to the 2D graphene sheets. As the  bands  are  close  to  the

Fermi level (in contrast to the σ bands), electrons can be excited from the valence  to the

conducting ∗ band optically.

The most widely used description of the electronic band structure of graphene is an empiri-

cal tight-binding model [13], which includes only the  states perpendicular to the graphene

sheet and their interactions. The electronic dispersion for the  and ∗ bands of 2D graphite

in the first Brillouin zone, obtained with this method, is shown in Figure 1-7. The semi metal-

lic behaviour of graphene is observed near the corners of the 2D hexagonal Brillouin zone

(the K point) where the valence and conduction bands touch.

The electronic band structure of the nanotube can be easily obtained, by superimposing the

1D cutting lines on the 2D electronic constant energy surfaces (Figure 1-8). By considering

the shape of the graphene dispersion we see that a given (n, m) tube will be metallic if the

allowed k-lines pass through the K-points of the first Brillouin zone of graphene since at

these points the two graphene dispersions meet.
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Figure 1-7: A 3D view of the electronic dispersion E(k) of graphene.

Figure 1-8: Illustrations of orientation of the allowed k lines for armchair (n, n) and zigzag (n,
0) tubes respectively, superimposed on the graphene unit cell and contours of the electronic
dispersion for the π electron.

Further derivations by Saito et al. [16], deduced that a tube can be metallic or semiconduct-

ing based on the chirality “(n, m)”. ( − )  3 = 0, then the tube is metallic (M),
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otherwise the tube is semi-conducting (SC). Thus all armchair ( = ) and tubes like (9, 3);

(4, 1); (6, 0); etc. are metallic, while tubes like (7, 0); (7, 3); etc. are semi-conducting.

In Figure 1-9 we show the band structures of the (10, 10) and the (17, 0) tube, obtained by

zone folding of the graphene  and ∗ bands [17]. The (10, 10) tube is metallic with the

Fermi wave vector ~ 2/3 of the Brillouin zone; the (17, 0) tube is semiconducting.

Figure 1-9: Band structure of the (10, 10) armchair and the (17, 0) zigzag tube. The (10, 10)
tube is metallic, because the bands cross at the Fermi level. The Fermi wave vector is at 2/3
of the Brillouin zone. The (17, 0) tube is semiconducting.

Ø Optical
The dimensionality of a system plays an important role in determining the density of states

(DOS) of a system; for a three dimensional system, parabolic bands are found in most semi-

conductors arising as the square root of the energy; in two dimensional, it shows a step-like

dependence; in one dimensional, it diverges as the inverse of a square root; and finally, in

zero-dimensional systems it is a -function (Figure 1-10).
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Figure 1-10: from left to right, density of states for three (parabolic), two (step), one (sharp)
and zero-dimensional ( -function) systems respectively.

Nanotubes are considered as one dimensional systems, which explains the formation of the

spikes (the sharp peaks) in their electronic density of states (Figure 1-11) [18, 19, 20]. These

spikes are the Van Hove singularities. They are of much importance, since high optical ab-

sorption is expected when the photon energy matches the energy separation between any of

the occupied peaks and its corresponding empty one. This situation occurs at the band gap for

the semiconducting nanotubes, but also at higher energies for transitions from an occupied

sub-band edge state to the corresponding unoccupied sub-band edge state. Notice that these

transitions can only occur between the corresponding mirror sub-bands, since the transition

Figure 1-11: Electronic 1D density of states (DOS) for two SWNTs: (a) the (9, 0) metallic tube;
(b) the (10, 0) semi-conducting tube. Filled states are shown in solid blue. In red, we show the
possible transitions that can occur between the Van Hove singularities ( . . ↔ ; ↔

; ↔ … )for both tubes. The value of the inter-band energy for any possible transition
is denoted as where i = 1, 2, 3, etc. based on the corresponding mirrors.
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must conserve the wavevector (k) and only mirror sub-bands have flat dispersion points at the

same k-values (the density of states is calculated by integrating along each band in the band

structure of Figure 1-9).

Figure 1-12: The calculated inter-band transition energies between mirror-image spikes
in the density of states of carbon nanotubes. The red symbols correspond to transitions in the
metallic tubes, while the black ones to transitions in the semi-conducting tubes.

In Figure 1-12, we present what is called now “The Kataura Plot” [21], in which the inter-

band energy ( ) for most of the possible transitions is plotted for the tubes in the range 0.5

→ 3 nm. This plot is vital for much of this thesis. Starting from this plot we will be able to

identify what tubes are in resonance with an exciting laser at ambient pressure and estimate

resonance at higher pressures.
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Chapter 2: Apparatus Review

A. The Diamond Anvil Cell (DAC)

Ø Introduction
Due to safety and engineering problems of traditional high pressure systems, high pressure

experiments for many years (1930s until 1960s [22, 23]) used to be restricted to specialist

laboratories.  However  this  was  before  the  development  of  the  diamond  anvil  cell  (DAC)

which made a big impact on the high pressure field [24, 25].  Nowadays,  using  these  cells,

non-specialists can generate pressures up to 1 Mbar, safely and reliably.

Ø Principle
The operation of the diamond anvil cell relies on the following principle:

=

Therefore high pressure can be achieved by applying a moderate force on a small area, rather

than applying a large force on a large area. In order to prevent deformation and even break-

age of the anvils that apply the force, they must be made from a very hard and virtually in-

compressible material: Diamond

Ø Types
In our work we are going to use two types of DAC, the standard DAC (the Bridgman type)

and the single sided DAC (the Zen configuration), each of is going to be discussed.

1. Standard DAC or the Bridgman type

The standard DAC (Figure 2-1) has been extensively used to the range of 10 - 300 kbar [26,

27]. Since routinely work with this standard DAC had been carried out, they are well de-

scribed in literature [26, 27]. So, in this part, we will give a brief overview and leave the de-

tails for previous literature.
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Components

Figure 2-1: Schematic drawing of the standard diamond anvil cell

The Standard DAC consists of the following components:

First  we  have  two  flawless  diamonds  (Figure 2-1, A),  having  a  weight  of  1/3

carat (1 = 0.2 ), with their parallel faces opposing each other. The culet, the place

where  the  two  diamonds  make  contact,  is  of  small  diameter  (in  this  study  ~  0.6  mm)  so

higher pressures with moderate forces could be attained [26]. For experiments that require

pressures above 200 kbar the culet can be made even smaller*.

The second component of the diamond anvil is the metallic gasket (Figure 2-1, C). This is

made out of a hard metal foil (we have used steel) that separates the two culets, it has an im-

portant role:

* According to reference [26], = .
  where P: Pressure attained in GPa and d: Culet diame-

ter in mm.
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a) To contain the sample with a hydrostatic fluid in a cavity between the diamonds

b) To prevent anvil failure by supporting the diamond tips, thus reducing stresses at the

edges of the cult.

The third component of the diamond anvil cell is a force-exerting device, pressing the dia-

monds against each other from both sides (Figure 2-1, B). In other designs, these can be

screws that tighten, gas pressing against a membrane, or a simple lever arm; in our cell it is a

wires driven by a hydraulic ram (to be discussed later).

Preparation
In order to have a well  prepared and ready for use DAC, it  should pass through two con-

secutive steps:

a) Mounting and Alignment of diamonds

When assembling a new cell, or after repeated cryogenic runs on an older one it is impor-

tant to mount or re-mount the diamonds in place securely. This also serves to preserve align-

ment at later stages. Alignment of the cell is very important in order to have a successful op-

eration, since misalignment can result a diamond breakage and so a failed experiment. Two

types of alignment should be done, the tilt and the axial.

Figure 2-2: Tilt alignment of the DAC. (a) Faulty tilt alignment results in more than three pat-
terns of coloured fringes, (b) A good tilt alignment results with only two patterns of coloured
fringes.
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The tilt  alignment is  used to make the surface of the two diamonds parallel  to each other.

This is achieved by adjusting the bottom screws (Figure 2-1, D) in a way to see only a maxi-

mum of three sets of coloured fringes in the interference pattern between the faces of the two

diamonds (Figure 2-2). The axial alignment is used to centre the two diamonds with respect

to each other. This is achieved using the side screws (Figure 2-1, E).

b) Gasket preparation

The gasket is one of the most important parts of the DAC due to the role mentioned before.

A gasket failure means a termination in the experiment, and might sometimes cause a dia-

mond breakage. The gasket theory is well described in [28]. Commercially manufactured

hardened stainless steel gaskets, with the guide pin holes included and a thickness of 500 µm,

were prepared in order to fit inside the DAC. These gaskets are then pre-indented by applying

an external force in increasing steps and after each step the thickness of the gasket is meas-

ured until we reach the desired thickness, which ranges in our experiments between 55 - 70

µm (perfect for a pressure up to 10 - 15 GPa). After the pre-indentation, a hole should be

drilled at the centre of the indent (Figure 2-3) with a typical diameter of ~ 200 µm (based on

the desired pressure). Then the gasket is subjected to an ultra-sonic bath for cleaning. Finally

the sample is inserted inside the hole, the cell is closed and secured with two screws and the

force is applied using a hydraulic ram.

Figure 2-3: The sample hole is drilled at the centre of the indentation of the metal gasket.
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2. Single sided DAC or the Zen configuration

At relatively low pressures, less than 1 GPa, the standard DAC arrangements are extremely

hard to control; therefore the DAC was successfully modified (the Zen configurations) giving

controllable access to the low pressure range [29].

Components
As the Zen configuration is derived from the standard DAC type then the main principle

will be the same. The single sided diamond-anvil cell (Figure 2-4) operates with only one an-

vil  (Figure 2-4, A)  instead  of  two  in order to generate modest pressures in relatively large

volumes. We demonstrate it to pressures up to 2.5 GPa with a cylindrical metal blank (Figure

2-4, B) replacing the piston-side anvil and the standard gasket. This could be made of steel,

brass  and  other  metals,  with  a  sample  chamber  (Figure 2-4, C) of 0.25 mm in diameter by

0.25 – 0.9 mm depth, and with various pressure media. In this form the cell is very simple to

operate and is useful for much work on soft solids requiring pressures in the 1 GPa range.

Figure 2-4: Schematic drawing of the Zen-cell. (A) The single diamond anvil used; (B) The cy-
lindrical metal; (c) The sample chamber; (D) The alignment screws; (E) The piston delivering
the pressure.
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Preparation
Unlike the standard DAC, for the single sided we should prepare the gasket first and then

align the cell.

a) Gasket preparation

The gasket consists of a cylindrical metal blank of 6 mm diameter, and 2.5 to 3 mm height.

A blind hole typically 250 µm diameter and 300 µm depth is drilled in the centre of the blank

and acts as the sample volume (Figure 2-4, C). After cleaning the hole, normally by acetone

in ultrasonic bath, the gasket is fixed to the piston using superglue.

b) Mounting and Alignment

The assembled cell is placed under the microscope in order to see the diamond culet and the

sample hole. Since we have only one diamond then there is no need for the tilt alignment.

Only the axial alignment is going to be used in order to centre the diamond with respect to the

hole (Figure 2-4, D).

For more details about the design and preparation of the two types of DAC, refer to Appen-

dix A, end of this thesis, and to ref. [26-28].
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B. Raman Spectroscopy

Ø Introduction
When the electric field of an oscillating electromagnetic wave passes over a molecule, it

can interact and distort the cloud of electrons round the nuclei (see: Appendix B; 30; 31). As

the oscillating dipole interacts with the molecule as it passes, it causes the electrons to polar-

ize. This interaction can be considered as the formation of a very short-lived ‘complex’ be-

tween the light energy and the electrons in the molecule with different electron geometry.

This ‘complex’ between the light and the molecule - a mixing of all the vibronic ground and

excited states - is not stable, existing only for the instant of which light is captured,  and the

light is released immediately as scattered radiation. It is often called the virtual state of the

molecule since it has a different electronic geometry from that found in the static molecule

and  none  of  the  unperturbed  electronic  states  of  the  molecule  will  describe  the  electron  ar-

rangement.

This process differs from an absorption process as the additional energy does not promote

an electron to an excited state of the static molecule, in addition that the radiation is scattered

as a sphere and not lost by energy transfer within the molecule or emitted at a lower energy.

When scattering occurs, only a small fraction of the radiation energy is scattered. Mainly,

the frequency of the scattered electromagnetic radiation is unchanged and the elastic scattered

radiation gives rise to the so-called Rayleigh scattering. However, a smaller number of pho-

tons may scatter in-elastically; the interacting molecule can be excited from the ground state

to any vibrational state; if this happens, the law of conservation of energy states that the scat-

tered photons have energy slightly different from the frequency of the incident photons

(Stokes  scattering).  It  is  also  possible  that  an  excited  molecule  will  return  from  its  excited

state to its ground state and this process adds the energy of the transition to an incident pho-

ton, resulting in the shortening of the wavelengths of the scattered radiation (anti-Stokes scat-



Apparatus Review

38

tering). It is these two phenomena, Stokes and anti-Stokes scattering, which gives rise to the

so-called “Raman scattering”. This effect was discovered by the Indian physicist C. V. Ra-

man in 1928. The Raman Effect comprises a very small fraction, typically << 1 in 106, of the

incident photons.

Historically, Raman scattering has been described both in terms of “classical theory” and

“quantum theory”. The older classical theory is based on the wave theory of light and is poor

in that it does not take into account the quantized nature of vibrations. Accounts of the theory

can be obtained in [32].

Ø Classical theory of the Raman effect
When a molecule is put into a static electric field it suffers some distortion, the positively

charged nuclei being attracted towards the negative pole of the field, the electrons to the posi-

tive pole. This separation of charge centres causes an induced electric dipole moment to be

set up in the molecule and the molecule is said to be polarized. The strength of the induced

dipole ( ) depends both on the magnitude of the applied field ( ) and on the ease with which

the molecule can be distorted. We may write:

=

where " " is the polarizability tensor of the molecule, i.e:

=

When molecules are subjected to a beam of radiation of frequency " " the  electric  field  ex-

perienced by each molecule varies according to the equation:

= 2

and thus the induced dipole also undergoes oscillations of frequency " ":

= = 2

Such an oscillating dipole emits radiation of its own oscillation frequency.
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Because the ability to perturb the local electron cloud of a molecular structure depends on

the relative location of its individual atoms, it follows that the polarizability is a function of

the instantaneous position of these atoms. For any molecular bond, the individual atoms are

confined to specific vibrational modes, in which the vibrational energy levels are quantized in

a manner similar to electronic energies. The physical displacement of the atoms about

their equilibrium position due to the particular vibrational mode may be expressed as:

= cos(2 )

where is the maximum displacement about the equilibrium position.

For a typical diatomic molecule, the maximum displacement is about 10% of the bond

length. For such small displacements, the polarizability may be approximated by a Taylor se-

ries expansion:

= +

where is the polarizability of the molecular mode at equilibrium position.

Based on the vibrational displacement , the polarizability may be given as:

= + cos(2 )

Hence, the strength of the induced electric dipole is:

= 2 + cos(2 ) 2

or, expanding and using the trigonometric relation,

=
1
2

{ ( − ) + ( + )}

we have:

= 2 +
1
2

{ 2 ( − ) + 2 ( + ) }
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and thus the oscillating dipole has frequency components ±  as well as the exciting fre-

quency " " which results in scattered radiation at these same three frequencies. The first scat-

tered frequency corresponds to the incident frequency, hence is elastic scattering (e.g. Mie or

Rayleigh), while the latter two frequencies are shifted to lower or higher frequencies and are

therefore inelastic processes. The scattered light in these latter two cases is referred to as Ra-

man scattering, with the down-shifted frequency referred to as Stokes scattering, and the up-

shifted frequency referred to as anti-Stokes scattering.

It should be carefully noted, however, that if the vibration does not alter the polarizability

of the molecule then = 0 and the dipole oscillates only at the frequency of the incident ra-

diation. This condition may be physically interpreted to mean that the vibrational displace-

ment of atoms corresponding to a particular vibrational mode results in a change in the po-

larizability.  If  a  vibration  does  not  greatly  change  the  polarizability,  then  the  polarizability

derivative will be near zero, and the intensity of the Raman band will be low.

However, this theory is inadequate as it does not count for the difference in the intensities

of the Stokes and anti-Stokes lines.

Ø Quantum Theory of Raman Effect
Raman scattering process could be understood or illustrated in terms of the quantum theory

of radiation, in which a radiation of frequency " " consist  of a stream of particles (photons)

with energy "ℎ ", can undergo collisions with molecules and if the collision is:

· Perfectly elastic they will be deflected unchanged.

· Inelastic, then energy is exchanged between photon and molecule during the collision.

When energy is exchanged, this gain or lose is only in accordance with the quantal laws;

that is the change in energy (Δ ) must be the difference in energy between two of its allowed

states. Hence, this might be a change in the vibrational and/or rotational energy of the mole-

cule.
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If the molecule gains energyΔ , the photon will be scattered with energy ℎ − Δ and the

equivalent radiation will have a frequency − Δ ℎ⁄  (Stokes radiation). Conversely if the

molecule loses energy Δ , the scattered frequency will be + Δ ℎ⁄  (anti-Stokes radiation).

Since the former is accompanied by an increase in molecular energy (which can always oc-

cur, subject to certain selection rules) while the latter involves a decrease (which can only

occur if the molecule is originally in an excited vibrational or rotational state), Stokes radia-

tion is generally more intense than anti-Stokes. Overall, however, the total radiation scattered

at any but the incident frequency is extremely small, and sensitive apparatus is needed for its

study.

Figure 2-5 shows a simple diagram illustrating Rayleigh and Raman scattering. In each case

the energy of the virtual state is defined by the energy of the incoming laser.

Most molecules at rest prior to interaction with the laser and at room temperature are likely

to be in the ground vibrational state. Therefore the majority of Raman scattering will be

Stokes Raman scattering.

Figure 2-5: Energy level diagram for Raman scattering, showing (from left) the anti-stokes
Raman scattering, Rayleigh scattering and stokes Raman scattering.
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The ratio of the intensities of the Stokes and anti-Stokes scattering is dependent on the num-

ber of molecules in the ground and excited vibrational levels. This can be calculated from the

Boltzmann equation:

N
N =

g
g

−(E − E )
KT

" ": is the number of molecules in the excited vibrational energy level ( ),

" ": is the number of molecules in the ground vibrational energy level ( ),

" ": is the degeneracy of the levels n and m,

" − ": is the difference in energy between the vibrational energy levels,

"K": is Boltzmann’s constant (1.3807 × 10 ).

Ø Resonance Raman Scattering
The theory of resonance Raman spectroscopy is well described in a number of reviews [33,

34]. Here we will not carry out a rigorous mathematical treatment but concentrate on the key

point which underlies the increase in the intensity of the Raman peaks.

Theory

The intensity of Raman scattering is directly proportional to the fourth power of the inci-

dent radiation frequency " " and to the square of the molecular polarizability " ":

∝

With the molecular polarizability described through the Kramer Heisenberg Dirac expression:

( ) ∝

⎣
⎢
⎢
⎡ ⟨ | | ⟩
( − − Γ ) +

⟨ | | ⟩
+ − iΓ

⎦
⎥
⎥
⎤

Hence:

∝

⎩
⎨

⎧

⎣
⎢
⎢
⎡ ⟨ | | ⟩
( − − Γ ) +

⟨ | | ⟩
+ − iΓ
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⎥
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⎤
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⎬
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Where:

"{Σ }": the brackets term is the molecular polarizability with summation over all non-zero po-

larizability components.

" "  "pi": are the incident and scattered polarization directions (named following their

direction with respect to the plane of incidence, perpendicular “s-polarized” and parallel “p-

polarized”. Notice that they are perpendicular to each other as scattering always occurs at

right angles to the incident polarization).

" ", " "  " ": stands for the initial ground, excited and final ground vibronic states respec-

tively.

" Γ ": is a damping factor which is inversely proportional to the lifetime of the state " ".

Term “A” stands for the process starting in the ground state, while term “B” for the process

starting in an excited state. Each integral in the numerator represent a different scattering

process.

Figure 2-6: Standard (left) and resonance (right) Raman process.
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For an instance, consider the integral ⟨r|ασ|i⟩, where |i〉 is a wavefunction representing the

ground vibronic state. The operator is the dipole operator operating on |i〉 and multiplying

the product with the excited state 〈 |, which mixes the two states.

Here we are more interested in the denominator and more understanding for the numerator

could be found in other reference [33, 34].

Consider the denominators of terms A and B. The resonance condition is met when the en-

ergy difference between the lowest vibrational state " " and an electronic excited vibronic

state is of the same energy as the exciting light ( − = 0). This would mean that the

denominator of the first term reduces to Γ , which is a small correction factor, leading to the

first term becoming very large, increasing polarizability and giving very much greater Raman

scattering. Further, because and  are added in the second expression, the denominator

will always be large compared to that in the first term. Consequently term 2 plays a smaller

role in describing the polarization process and is often neglected.

Ø Selection rules

Figure 2-7: Illustration of a simple scattering process, with momentum conservation.
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In the simple scattering process (Figure 2-7), a photon of momentum  and frequency  is

scattered, →  and →  by a phonon of momentum  and energy . Due to the

translational symmetry of the crystal the momentum is conserved in each scattering event,

therefore:

= + − 2 cos

In Raman scattering, both the incoming and scattered light are in the visible range, hence:

 ~  ~ 2 × 10

Notice that the maximum momentum transfer is obtained for = 180  (backscattering), so:

= 2  ~ 4 × 10

But the extension of the Brillouin zone is:

 ~ 10

Therefore, the maximum momentum transfer  is by about three orders of magnitude smaller

than ⁄ , so only phonons with  ~ 0 can be probed. However, in higher-order Raman scat-

tering, two or more phonons are involved, hence, the  ~ 0 rule can be fulfilled by two pho-

nons with large but opposite wave vector.

Ø Optics
The basic components of a Raman spectrometer (Figure 2-8) are a source, a sample, and a

detector. The source is often a near-infrared laser (Figure 2-8),  such  as  a  Diode  laser.  Our

source is a 60 mW He-Ne laser with a wavelength of 632.8 nm (Figure 2-8, A). The light sent

by the source enters the system from the back and hits the first steering mirror (B) which di-

rects the light to the back of the first objective (x 4 objective) of the beam expander (C). The

divergent light, leaving the x 4 objective, is then collected using a x 40 motorized objective

and hence, by this way, a parallel expanded beam results out of the back of the x 40 objec-

tive. This beam is incident then on the holographic notch filter (F) using the second steering



Apparatus Review

46

mirror (D) and the fixed pre-filter mirror (E). At this point, the holographic notch filter plays

the role of a reflecting mirror, by which the incident beam is reflected to the microscope 45o

reflecting mirror (G), and then focused onto the sample using an appropriate objective (H).

After hitting the sample, the back-scattered light will be collected by the same objective, and

re-directed to the holographic notch filter. Here the notch filter will allow only the light fur-

ther than ~ 200 cm-1 from the source light, to pass through. The light passing the filter will

then be focused through a pre slit lens (I) on a horizontal slit (J) where it, via a collimating

lens (K), falls on a triangular mirror (M). The triangular mirror directs the light onto an 1800

lines/mm diffraction grating in the -1 order (L) from where, and using the other side of the

triangular mirror, it is passed through a focusing lens (N) and focused onto a 400 x 600 pixel

CCD chip (O). The Renishaw software, connected to this chip, allows the user to define the

area of the CCD chip that contributes to the spectrum.

Figure 2-8: Schematic drawing of the Renishaw Raman microscope system taken from the
Renishaw Imaging Microscope User Guide and update to match the writing.
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Chapter 3: Experimental Procedure

A. Loading and Mounting

After preparing the gasket, we move to the loading procedure. Nanotubes are loaded in the

gasket hole as powders. The pressure inside the hole is determined using a small piece of

ruby (10 µm size) loaded beside the sample (Figure 3-1). At each pressure, the luminescence

peaks of the internal ruby chip, are collected and fitted using Lorentzian lines. The positions

of these peaks are then compared with an external ruby chip. The frequency shift of the inter-

nal peaks from the initial values, recorded from the external chip, will determine the pressure

value inside the hole (7.567 ) [35, 36, 37]. This allows calibration of the pressure

to within ± 0.1 GPa. After loading the sample and the ruby chip, a hydrostatic fluid should be

loaded. This fluid will be used in order to maintain a hydrostatic pressure in the gasket hole.

Later, we will refer to this as the pressure transmitting medium (PTM).

The cell is then closed and fitted in a drive assembly with a hydraulic ram by which the

force is applied. Because of the large length of the assembly, we can only mount it horizon-

tally  on  the  microscope  X-Y-Z  stage.  For  that  we  used  a  block  consisting  of  a  450 mirror,

with a removable objective inserted at the end of a flexible tube.

Figure 3-1: snapshot of the loaded nanotubes sample (darker sample, the lower one) and
the piece of ruby (shining sample, the top one), together in the gasket hole. Image is taken by
the microscope camera.
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Figure 3-2: snapshot showing from the right: the microscope stage with the bendy arm
placed on it and connected to the microscope. The incident vertical laser is reflected horizon-
tally and focused through an objective into the opening of the backing plate of the DAC, which
is fitted at the right-hand end of the hydraulic ram drive assembly. The drive assembly is
placed horizontally due to its length preventing it from being loaded vertically under the mi-
croscope.

This tube is constructed in such a way the bisector of the angle made by it and the incident

laser from the microscope will form one of the normal lines to the 450 mirror. This makes the

tube in the direction of the light reflected from the 450 mirror, so this light will reach the re-

movable objective inserted at the other end of the tube. We call this block, “The Bendy Arm”.

This bendy arm is settled on the X-Y-Z stage, so we can move it using the knobs of the stage,

and the flexible tube is directed horizontally, so the light coming out of the movable objective

is focused inside the cell (Figure 3-2).

B. Collecting Spectra

Before collecting the spectra of nanotubes under different pressures, we should turn on the

Raman system together with the Renishaw software and check whether any calibration is

needed. This is done by collecting the spectrum of a piece of silicon, placed under the micro-



Experimental Procedure

49

scope objective. For a good calibration, the silicon spectra should consist of one peak centred

around 520 cm-1, with an intensity of around 7000 counts/sec. If this is reached then the sys-

tem is ready for work and no calibration is needed, however if not, we need to go through a

step by step calibration using the calibration procedure manual. After calibration we should

set the parameters in the “Wire” software that match our needs for the experiment. Finally we

start increasing the external applied force by steps suitable for our experiment, and after each

increase we collect and save the spectra of both the nanotubes and the ruby chip, in addition,

we check whether the gasket hole is closing or not. We keep in this procedure until we reach

the desired pressure, or until the gasket hole starts to enlarge. At this point we need to stop

the experiment and open the cell as otherwise we may cause in a diamond breakage.

C. Fitting procedure

The goal of spectral curve fitting is to mathematically create individual peaks from a spec-

trum that, when added together, match the original data and of scientifically meaning. Curve

fitting involves three steps: choice of initial profiles (line shapes and baseline handling),

choice of initial parameters (width, height, location), and minimization.

Various software are available to perform curve fitting. In our work we used the curve fit-

ting program which is provided within the “Grams” software. The Grams program allows the

user to select a peak profile for each peak, or to use the same profile for all peaks. The base-

line options allow the user to select none, constant, linear, quadratic or cubic. The fitting rou-

tine will use baselines like any other parameter to minimize the residual, sometimes with

highly undesirable affects. Thus, selection of the minimum baseline correction is preferable.

Choosing “None” works well for previously baseline-corrected data or clean Raman spectra.

Baseline correction before fitting is highly recommended if there are peaks on one side of the

target peak. Use quadratic and cubic baselines with care, as these may actually fit potential

peaks.
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The user can manually locate initial guesses for peak locations using the peak tool, or they

can option for the automated peak locator.

Manual selection can be aided by visualizing the second derivative of the spectrum. The

minima of the second derivative (upside-down peaks) are probable locations for signals in the

original spectrum. The user can locate a peak at each minimum, or can select a larger or

smaller number of peaks. The FWHM can be set by typing values into the box or using the

cross hair shown on the screen for each peak.

The automated routine uses the defaults selected by the user (shape, width and sensitivity)

to set a single peak at the location of each inverted peak of the second derivative. The initial

height is set equal to the value of the original spectrum at that point.

In either case, the user can edit the peak table through the “Peaks…” command. Profile

shapes, locations, heights and FWHM can be manually altered. Peaks can also be added or

deleted  either  before  or  after  iterations  of  the  fitting  routine.  Once  the  edit  is  complete,  the

displayed peaks and other information are automatically updated to reflect these changes. As

a general rule, fitting routines converge more effectively the better the initial parameters.

If  the  peak  location  is  too  far  from the  centre  of  a  peak,  bad  divergence  (especially  with

sloping baselines) can result. As noted, the baseline choice can affect the quality of the fit

drastically. Further, the final fit values will “stay home” better if the initial estimates are

close. Thus, time spent initially will optimize the results.

There are three further considerations in making a curve fit scientifically meaningful. First,

a fitting algorithm, given enough peaks and varying parameters, can fit any spectrum. A cer-

tain amount of scientific insight is needed to make the peak fitting procedure meaningful. A

large number of peaks may give a good visual residual, but be totally meaningless to interpre-

tation – some of the peaks may have no source in reality. Thus, always start with a smaller

number of peaks and increase the number as the user identifies regions in the residual that
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appear to be the locations of peaks. This iterative procedure can be tedious for broad peaks

with multiple humps, while a series of isolated peaks will fit easily the first time through. Fi-

nally, a factor which is of critical importance in fitting is the signal to noise of spectral data,

which must be relatively high. The fitting routine will work with some noisy spectra, but

noise spikes and low signal contribute to local convergences not related to the signal (the rou-

tine tries to fit the noise spikes). The second derivative also becomes unreliable for finding

peaks (the derivative of noise is worse noise). Smoothing of data can be used but the problem

with smoothing techniques is that they can alter the line shape to some degree. Gentle

smoothing (5 to 9-point smoothing) can be helpful and should not distort the peak location or

peak height of reasonably broad (10 cm-1 or more) peaks. However, the line width becomes

convoluted with the smoothing function, and must be reported as such. Thus, for best results,

efforts should be made experimentally to improve the signal to noise prior to submitting spec-

tra for curve fitting.

Example
As an example about the precise results we could get from this curve fitting program, we

will introduce a study which was done for Tate and Lyle Ltd by which we can know the per-

centage of water in a composition of water and butanol through Raman spectroscopy under

conditions of high temperature and pressure. We have built and demonstrated a suitable high-

pressure/temperature cell. This cell is mainly a Teflon-lined blind hole in a block of alumin-

ium, sealing to a silica window clamped down by a flange. Two heater cartridges and two

thermocouples are built into the block, and connected to an external control and power unit

(Figure 3-3). The determination would be simple in principle if the Raman spectra of pure

butanol and water did not overlap, for then the composition would be determined directly

from the intensity B of suitable butanol peaks and the intensity W of  suitable  water  peaks

relative to their intensities B0 and W0 in pure butanol and pure water respectively.
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Figure 3-3: snapshot for the cell used in the Butanol-Water experiment.

Since the spectra do overlap (in particular, the O-H bands of butanol overlap with the O-H

bands of water 3300-3400 cm-1), we have established suitable curve-fitting procedures which

extract deduced values of B and W from which compositions are determined. In particular, we

found that the deduction of a quadratic baseline from the spectrum of pure n-butanol would

collapse the intensity of the O-H in that liquid,  while less effect  is  recorded with O-H from

pure water.

At room temperature, these procedures have been tested in mixtures of tertiary butanol –

water  over  the  whole  composition  range  and  n-butanol  with  20  % water.  Compositions  are

determined to approximately ± 2 % (the given errors are the errors on the percent composi-

tions, E.g. 24% ± 2% means 22% to 26%).

In Figure 3-4,  the  Raman spectra  of  the  pure  n-butanol  (lower  trace)  and  the  20  % water

mixture (upper trace) are shown after the deduction of a quadratic baseline.  Peaks “A” to “E”

of the butanol were considered to be free of interference from the water, while only after the

deduction of the quadratic baseline the O-H region (butanol and water; ~ 3350 cm-1) is con-

sidered to be  free from the butanol.
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Figure 3-4: Raman Spectrum of: (a) n-butanol; (b) a mixture of 80% n-butanol and 20% water
after the deduction of a quadratic baseline. Both spectra are recorded at ambient pressure
and temperature. All red peaks are from butanol while the black one in (b) is due to the O-H
band in water.

Compositional Analysis
We expect that the Raman intensities B and W of the butanol and water spectra will vary

linearly with composition. We also expect there to be variations from day to day in the rela-

tive efficiency h of the optical system (due to drift in its alignment). Then the composition x

of a 100  % water content mixture is given by

= =
−

if the efficiency is not measured on each occasion (or indeed at each temperature). This can

be solved independently for x and h.
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Spectra of mixtures were analyzed in detail to establish peak-fitting procedures that would

reliably give zero for the intensities of peak “G” in pure butanol, and zero for the intensities

of peaks “E” and “F” in pure water. Table 3-1 shows the peak areas obtained in this way from

the Raman spectrum (Figure 3-4) for 20% water in n-butanol. Then we take B to be the area

of peak “D” and W to be the area of peak “G”. The ratio f = B0/W0 = 0.4 for these peaks is

established from pure butanol and pure water Then the composition x is given by

= + = 0.184

Which written as 18.4 % compares well with the actual value of 19.8 %.

A B C D E F

Peak (cm-1) 2733 2873 2909 2937 2964 3369

Area 420 3350 4600 1500 1420 2170

B 460

W 260

Table 3-1: Peaks observed in 20% water in n-butanol
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D. Raman spectrum of SWNTs

Figure 3-5: Raman spectrum of SWNTs at ambient pressure, showing the radial breathing
mode (RM), the disorder mode (DM) and the tangential mode (GM).

The Raman spectrum of SWNTs (Figure 3-5) consists of three first order modes:

1. The radial breathing mode (RM) ~ 180 ; the frequency of this mode is inversely

proportional to the diameter of the tube.

2. The disorder mode (DM) ~ 1350 ; gives a measure of the amount of disorder in the

nanotube.

3. The tangential mode (TM) ~ 1600 ; is a result of vibrations in the tangential direc-

tions, either parallel or perpendicular to the axis of the tube. This mode is similar in na-

ture to a band found in graphite ~ 1580 ; based on that it is also called the GM.

In our experiments, due to the use of a 200 holographic notch filter, we were unable

to collect the RM. In addition, as the high pressure experiments are performed in the diamond

anvil cell, the intense signal from the diamond (~ 1334 ) masks the DM; hence, only the

GM was collected, so all our studies will be concerned with the tangential mode of carbon

nanotubes.
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Ø Peaks and line-shape of the GM
While the frequency of the RM is significant due to its direct relation to the diameter of the

resonant tubes, the GM profile is also important since through this mode we can identify the

electronic nature (metallic and/or semi-conducting) of the resonant tubes.

Figure 3-6: Normalized GM profiles (red) from SWNTs at ambient pressure simulated in ac-
cordance with the data  of  Rao et  al.  [38]  and Brown et  al.  [40].  The very  similar  spectra  “a”
and “c” been associated to semi-conducting tubes been in resonance. In contrast, the very dif-
ferent spectrum “b”, was associated to metallic tubes been in resonance. “a” and “c” are fit-
ted using four Lorentzian peaks (dashed black), while “b” is fitted using an asymmetric BWF
peak and a Lorentzian ( )(solid black).
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Rao et al. [38] were the first to report changes in the GM spectrum of SWNTs from having

relatively sharp bands at low (< 1.7 eV) and high (> 2.2 eV) excitation energies ( )

(Figure 3-6, a; c) to broadened and downshifted bands for energies between 1.7 - 2.2 eV

(Figure 3-6, b). Kataura et al. [21] and Alvarez et al. [39] fitted these broadened and down-

shifted band using an asymmetric Breit-Wigner-Fano (BWF) line shape. They referred to the

presence of this peak as a confirmation of having metallic tubes in resonance. While the ori-

gin of this asymmetric peak was still controversial, Brown et al. [40] confirmed in their study

the need for this BWF peak in order to account for the lower-frequency feature of the metallic

tubes (~ 1540 )  in  addition  to  a  Lorentzian  line  shape  ( ) to account for the higher-

frequency feature (~1582 ) of the same tubes, hence resulting in only two peaks to fit

the entire GM of metallic tubes (Figure 3-6, b).

On the other hand, Jorio et al.  [41] studied the spectra of semi-conducting nanotubes

through a polarized Raman experiment. They found that the GM of these tubes is composed

of four Lorentzian peaks, G1 at 1590 ,  G2 at  1567 , G3 at 1549 and G4 at

1607 (Figure 3-6; a, c). The positions of these peaks, in particular the last three, could

be modified due to curvature [41, 42] or chirality effects [42,43].

E. Properties of the loaded tubes

Through our study, we have used two different types of SWNTs; the CarboLex sample and

the  HiPCO  sample.  Hereby  we  will  list  some  of  the  properties  of  each  type  which  will  be

used in the following chapters.

Ø CarboLex SWNTs
As-produced CarboLex AP Grade SWNTs are commercially available from Sigma-Aldrich

[44]. They are closed-ended SWNTs grown by the arc method. They are found in bundles of

approximately 20 μm in length. The purity is 50% - 70%.
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Figure 3-7: RM collected using the 514 nm excitation at ambient pressure. Two clear peaks
are presented at 150 and 175 .

They have a diameter range of 1.2 - 1.5 nm. (Information supplied by manufacturer [44]).

However, through our experiments, the radial breathing mode (RM) from these tubes (collected

at Manchester at ambient pressure under the 514 nm wavelength) have shown the presence of

two peaks centred at 150 and 175  (Figure 3-7). Using the equation relating the tube di-

ameter to the frequency of the radial breathing mode [45]:

=
217.8

+ 15.7

we deduced that the peak presented at 150 is a result of some resonant tubes with a di-

ameter ~ 1.6 nm. Hence, we will refer to the diameter rage of these tubes as 1.2 – 1.6 nm.

For a better clarity about the resonant tubes under each of the excitation energies used in

this study (1.96 eV at QMUL and 2.41 eV at Manchester, corresponding to 632.8 nm and 514

nm excitation wavelength) we have examined and updated the Kataura Plot in the diameter

range corresponding to the CarboLex sample (1.2 – 1.6 nm) and near each of the two excita-

tion energies used. Figure 3-8 shows a plot for all the possible inter-band transition energies

( ) from the tubes of the used sample in the region of both excitation energies and at ambi-

ent pressure.
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Figure 3-8: Optical inter-band transition energies ( ) versus tube diameters ( ) for all the
tubes in the diameter range of the used sample, at ambient pressure. The two solid lines, red
and  green,  represent  the  laser  excitation  energies,  1.96  eV  and  2.41  eV  respectively;  while
each pair of the dotted lines, red or green, represent the resonance window within each of
the excitation energies, 1.96 eV or 2.41 eV respectively. Filled triangles refer to  from me-
tallic tubes, while open circles to and from semi-conducting tubes. All data been plot-
ted at ambient pressure using Refs [45-47].

This plot was generated using the data of Araujo et al. [45] for the inter-band transitions in

unbundled SWNTs, after applying the corrections of Rao et al. [46] and O’Connell et al. [47]

in order to account for bundled metallic and semiconducting tubes (unbundled to bundled →

blue-shift of and redshift of ), respectively. The window bounded by the two dotted red

or green lines and centred at 1.96 eV and 2.41 eV, represents the resonance window of the

semiconducting tubes as averaged by O’Connell et al. [47].

From the plot we notice that at ambient pressure, we have both semiconducting (circles,

distributed around 1.6 nm) and metallic tubes (triangles distributed around 1.3 nm) in reso-

nance with the 1.96 eV laser while only semi-conducting tubes (circles distributed around 1.4

nm) in resonance with the 2.41 eV excitation.
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Ø HiPCO SWNTs
The HiPCO SWNTs are commercially available from Carbon Nanotechnologies Inc. [48].

One  of  the  most  interesting  properties  of  this  sample  [49] is the wide diameter distribution

and the small mean diameter (~ 1 nm). The radial breathing mode (RM) collected for this

sample at ambient pressure, under the 632.8 nm excitation (Figure 3-9), shows that the reso-

nance diameter range under the mentioned conditions is 0.7 - 1.2 nm. The different peaks in

the RM correspond to different tubes being in resonance at the same time. The resonant tubes

could be better found from the updated Kataura plot presented in Figure 3-10. From the plot,

we can see that both metallic (red circles, distributed ~ 1.1 nm) and semi-conducting (black

circles distributed ~ 0.9 nm) tubes are in resonance.

On the other hand the RM spectrum collected from these tubes at ambient pressure (Figure

3-9), shows more intense peaks from the tubes presented around 0.9 nm (semi-conducting)

and weaker peaks from those presented around 1.2 nm (metallic); hence, the most dominant

tubes in the Raman signal collected under the 632.8 nm excitation are the semi-conducting

centred around 0.9 nm.

Figure 3-9: RM spectrum of HiPCO SWNTs, collected at ambient pressure using 1.96 eV exci-
tation. The peaks are marked with the corresponding tube diameter. The most intense peak
around 260 corresponds to SWNT of 0.9 nm diameter.
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Figure 3-10: Optical inter-band transition energies versus tube diameters for tubes in the di-
ameter range of 0.7 - 1.2 nm, near the 633 nm excitation. The solid red line, represent the ex-
citation line around 633 nm (1.96 eV); while the pair of dotted red lines, represent the reso-
nance window. Red circles refer to  from metallic tubes, while black circles to from
semi-conducting tubes. All data been plotted at ambient pressure using Refs [45-47].
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Chapter 4: High Pressure Review of SWNTs

High pressure Raman spectroscopy has been extensively used to study the radial deforma-

tion and collapse of SWNTs and their  effect  on the geometric and electronic structure of

these tubes. These studies have revealed a wide range of results.

A. High Pressure Effects on the Electronic Structure

A remarkable aspect while performing high-pressure Raman spectroscopy on nanotubes is

the sensitivity of the electronic structure of these tubes to pressure. Theoretical [50] and ex-

perimental [51, 52] studies have shown variations in the values of the inter-band transitions

from semi-conducting tubes ( ) under high pressure. According to the ab initio calculations

of Okada et al. [50] a radial distortion in the nanotubes will modify the inter-band transition

energies of these tubes ( ); hence, taking some tubes that were in resonance with the excita-

tion  energy  at  ambient  pressure  to  be  out  of  resonance,  and  vice  versa.  In  most  cases,  the

pressure dependence is found to be negative, leading to a general decrease in the resonance

energies. In their high-pressure absorption study on dispersed HiPCO nanotubes, Wu et al.

[51] reported a red-shift response from the first ( ) and second ( ) transition energies of

the semi-conducting nanotubes with a rate of up to −46 and −16 meV/GPa, respectively. On

the other hand, Lebedkin et al. [52], through a photoluminescence (PL) experiment, observed

large red-shifts of up to −80 meV/GPa for both  and energies when probing SWNTs

in  sodium dodecyl  sulphate  (SDS)  dispersion  under  pressure  of  up  to  1  GPa.  However,  we

should site that these values does not match with the results of Capaz et al. [53]. Studying the

structural and electronic properties of isolated single-wall carbon nanotubes under hydrostatic

pressure using a combination of theoretical techniques, Capaz et al. found that the pressure

coefficients for the band gaps in semi-conducting tubes are less than by one order of magni-

tude in comparison to those found experimentally by Wu et al. and Lebedkin et al.
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Figure 4-1: top right is a single walled carbon nanotube wrapped with surfactant.

They attributed this to a possible effect of the surfactant in optical measurements wrapping

the probed tubes. Such an effect is not included in theoretical studies.

Although different studies have revelled different values of the shift in the first and second

optical transitions in semi-conducting nanotubes, a common result between all these studies

is the occurrence of the shift itself. However, whether this shift applies to the optical transi-

tions in the metallic tubes, literature is not clear about. This issue is examined in Chapter 5.

B. Mechanical and Chemical Effects

Ø Penetration of the Pressure Transmitting medium
Venkateswaran et al. [54] were the first to perform a high pressure Raman experiments in

order to study the effect of pressure on the first order Raman modes of SWNTs (“RM” and

“GM”). Loading their nanotubes in a 4:1 methanol-ethanol solution, the frequency of each of

the modes, RM and GM, was observed to follow a linear blue shift up to 1.5 GPa, at which a

massive reduce in the intensity of the modes was recorded, leading to the disappearance of

the RM and to a weakened and broadened GM after 1.9 GPa. In order to understand the

change in the behaviour of the Raman modes around 1.5 GPa, they have performed molecular
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dynamics calculations in which they have studied the response of the SWNTs to hydrostatic

pressure through three different models (Figure 4-2):

· Model I: Pressure medium is affecting the entire bundle externally, with the presence of

vdW forces between the tubes.

· Model II: Pressure medium is affecting each tube symmetrically with the absence of

vdW interactions. (Schematically it is represented by the lightly shaded tubes surround-

ing the centre tube).

· Model III: Pressure medium is affecting each tube symmetrically with the presence of

vdW interactions.

Their calculations predicted a substantial pressure-induced blue shift in the RM peak with

Model I, and much weaker pressure dependence with Models II and III. They concluded that

vdW forces should be included in such studies. Based on their quantitative predictions of

slope, they deduced that the pressure transmitting medium (PTM) does not enter the intersti-

tial channels between the tubes.

However, these results were not totally accurate; the microscopic details of the nanotube-

pressure medium interactions will improve Models II and III which may result with a better

agreement between these predicted models and the experiment.

Figure 4-2: Schematic drawing of the three models. (Reproduced from ref [54])
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In addition, a recent study by Merlen et al. [55],  showed that  the  RBM of  opened  single

walled carbon nanotubes, loaded with liquid argon, could be followed up to 10 GPa under

pressure following a linear frequency shift. This suggests an effect of the PTM on the nano-

tube response to pressure. For understanding such effect, a set of experiments were per-

formed. These are listed and discussed in Chapter 6.

Ø Cohesive Energy Density

Effect on the tube-pressure response:

Wood et al. [56] were the first to assign an effect of the pressure transmitting medium on

the response of the tubes under pressure. They found that the frequency of the disorder

∗ Raman band (~ 2610 ) shifts variably with the change of the liquid. They concluded

that this is partially related to the thermal strains (cooling effect) and the other part is due to

some physical property of the liquid. They plotted each shift versus the cohesive energy den-

sity [57, 58] of the corresponding liquid. The plot reflected a well fitted relation between the

two variables (“frequency shift” and “CED”). As the CED has the unit of pressure (MPa),

they collaborated with the High Pressure group at Queen Mary University of London, in or-

der to realize whether the CED could be understood as a pressure term or not. Their results

were much in accordance [59], the shifts from the high pressure experiment (argon as pres-

sure transmitting medium) are well fitted with the results recorded upon immersion in differ-

ent liquids. They deduced that the CED acts as pressure. Therefore they referred to it as the

solvation pressure or microscopic pressure; but, whether it is additive to the hydrostatic pres-

sure ( = + ) or not is unclear. We think a set of high pressure experiments per-

formed on the same sample with a systematic variation of the PTM over a range of values of

CED would answer this question (see chapter 6).
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Ø Transition pressure and Rate of shift
Sandler et al. [60] found the GM response to pressure to fall into two distinct linear regimes

defined  by  their  different  rates  of  shift.  The  variations  in  initial  pressure  coefficients  are

based purely on geometric differences; at a critical pressure, the tubes will collapse and above

this pressure, the pressure coefficient becomes close to that of bulk graphite. The transition is

found to be more prominent and to occur at lower pressures for larger diameter tubes, while a

less prominent transition with a higher transition pressures is consistent with the smaller di-

ameter  tubes.  The  nanotube  diameter  is  the  found  as  the  key  parameter  in  determining  the

transition pressure while the chirality appears to be unimportant [61]. Ab initio calculations

[62, 63] and molecular-dynamics simulations [64, 65, 66] on individual and bundled models

of SWNTs predict a circular to oval structural transition at a transition pressure ~ 1⁄ ,

where “d” is the nanotube diameter [64, 66]. Using ab initio methods, Reich et al. [63] found

that the transition pressure for tubes with diameter of 0.8 nm would be in the interval 9 - 15

GPa. While, using molecular-dynamics simulations, Sun et al. [64] found the transition to be

in the range of 1 - 5 GPa for the diameter range 1.3 - 0.8 nm (diameter range of HiPCO sam-

ple).

In addition to the tube diameter, the environmental conditions PTM) were also found to af-

fect the rate of shift and the transition pressure. Puech et al. [67], studied the GM pressure

response from DWNTs. They found that the pressure coefficient from the external tube is the

same as in single wall carbon nanotubes while the pressure coefficient from the internal tube

is  45%  smaller.  They  associated  this  difference  to  the  external  tube  protecting  the  internal

one; hence less pressure is transmitted. Continuing their study, they have examined the effect

of the pressure transmitting media on the pressure response of these tubes [68,69]. The rates

of shift of the GM under pressure from both the external and the internal tubes are found to

vary with the variation of the PTM. They attributed this to a possible shell formation around
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the tubes which will have a strong impact on the local pressure transmission. In addition,

Zhang et al. [65] reported that the critical transition pressure is strongly dependent on the

symmetry and the radius of the nanotubes; good matching between the local atomic structures

of neighbouring tubes can enhance the stability of SWNT bundles with respect to the external

pressure and can make the transition pressure higher than that of isolated SWNTs.

For a more understanding about the effect of the environment on the tubes transition pres-

sure and rate of shift, we have reported the variation in the values of these parameter and their

relative relation through a series of high pressure Raman experiments on HiPCO nanotubes

with different pressure transmitting media. These are presented in chapter 7.

Ø Flat Frequency response to Pressure (Plateau)
Amer et al. [70] recently suggested that the nanotube GM shift with hydrostatic pressure is

predominantly  due  to  adsorption  of  molecules  of  the  solvent  onto  the  surface  of  the  nano-

tubes. They observed plateaus in which a flat Raman response to increasing pressure was

seen, and attributed these to adsorption of one solvent onto the nanotube surface being com-

pleted and then adsorption of another solvent commencing. However, studies have recorded a

similar Raman shift under pressure without any pressure medium [71, 72]. Hence, adsorption

of solvents onto the surface of the nanotubes cannot provide a complete explanation for the

observed behaviour.

On the other hand, Yao et al. [72], suggested that the cross section of nanotubes changes

from circular to elliptical before the onset of the GM plateau; near the onset, a structural tran-

sition involving a change of cross section from an ellipse-like shape to a flattened oval shape

is to take place. But, as such structural transition will occur irrespective of the PTM or tube

diameter, then, how can we explain the different values of these plateaus from different ex-

periments [70, 73]; especially as some did not report any such plateau [74, 75]. Here we

should site on a recent experimental study for Caillier et al. [76] on a bundle of SWNTs filled
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with  fullerenes. They observed two reversible pressure induced transitions taking place in

the region 2 – 2.5 GPa and 10 - 30 GPa respectively. While they have related the first to a

thermodynamic instability in the nanotube circular cross section, the second, which was evi-

denced by two effects: a strong frequency downshift of the Raman transverse modes and the

concomitant disappearance of the fullerenes Raman modes in , was related to the collapse

of the tubes. Another important finding in their study is that the pressure at which the second

transition takes place is strongly dependent on the nature of the used PTM.  In chapter 8 we

explain the effect of both the diameter and the PTM on the occurrence of the intermediate

plateau recorded in some experiments.
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PPaarrtt IIII::EEXXPPEERRIIMMEENNTTSS AANNDD RREESSUULLTTSS

From Part I, Chapter IV, we conclude that the understanding of

nanotubes under pressure is bedevilled by four major confusions:

· Behaviors of the Inter-band Transitions

· Effect of Cohesive Energy Density

· Effect of PTM on the rate of shift and Transition Pressure

· Understanding the Intermediate Plateau around 2 GPa

Our experimental data and results are collected together into four

chapters addressing each of these in term. As may be seen from

some of our earlier publications, not all the experiments were spe-

cifically designed around these four issues, and many were the

outcome of our collaboration with Manchester and the needs of

John Proctors’ own PhD programme.
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Chapter 5: Inter-band Transitions in Metallic Tubes

A. Methodology

In this chapter we will examine the behaviour (red, blue or no shift) of the first inter-band

transition energies from the metallic tubes ( ) under pressure. Experimentally this can be

easily accessible with a tunable laser; slightly tuning the wavelength we can get the signal

from one  tube  at  a  specific  diameter  value  under  each  pressure.  But  as  no  such  equipment

(tunable laser) is provided in our laboratory, we need a different methodology for examining

the behaviour of these transitions ( ).

The radial breathing mode would be helpful in such case, due to the relation between the

frequency of its peaks and the diameter of the resonant tubes. But this mode could not be col-

lected in our laboratory at QMUL as was mentioned before (chapter 3). As we are, at least,

interested in the general behaviour from the metallic tubes (shift or no shift; no values of shift

are acquired at this stage), we think that the difference in the line-shape of the GM would be

useful. The line shape of the metallic tubes is found to differ from that of the semi-conducting

tubes  (chapter 3), hence particular changes in the resonance conditions, such as losing of

resonance from metallic tubes or start getting resonance from these tubes at some high pres-

sure can be used as a clue of a presented shift in the inter-band transitions from these tubes.

Through the Kataura plot (Figure 5-1) we can see that under each excitation energy (green

or red horizontal lines) we will have some tubes - different in diameter - in resonance. Hence,

if we can probe some metallic tubes at ambient pressure, then any expected shift (blue or red)

in the transition energies of these tubes under pressure,  would take these tubes out of reso-

nance and thereby no Raman signal would be collected from these tubes. But in addition, we

should be aware of any other metallic tubes, which been primarily out of resonance at ambi-

ent pressure, to get in resonance; hence, taking over in the Raman signal.
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Figure 5-1: The Kataura plot [21], with the green line representing possible excitation en-
ergy. The blue box is guiding the eye for all  the possible transitions in a specific diameter re-
gion, around the chosen excitation energy.

In Figure 5-1, we have chosen arbitrary excitation energy and a diameter range in such we

can see all the possible positions of the energy transitions with respect to the excitation en-

ergy. From the figure we can deduce that within any diameter range we would have some of

five possible cases for the values of the inter-band transitions with respect to the used excita-

tion. The transition energies can be: less (curve A); equal and less (curve B); bigger, equal

and less (curve C); bigger and equal (curve D), or bigger (curve E) than the excitation energy

(green line). While the case of curve “C” cannot help in examining any shift (blue or red)

through the change in the GM shape, both cases of curves “B” and “E”, will be helpful for

examining a red shift (a red shift will take all values in curve B totally out of resonance or get
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some values in curve “E” in resonance). On the other hand, curves “A” and “D” may be use-

ful for examining the blue shift (a blue shift will take all the values in curve “D” out of reso-

nance, or bring some of the values in curve “A” in resonance).

From what preceded, in order to examine any shift from the metallic tubes using the GM,

we need the metallic curve (red in the Kataura plot) to take either cases A, B, D, or E. Cases

“B” and “D” are more preferable as reasonable pressures or pressures much less than those

needed to induce any changes from curves “A” and “E” can do the work. As we are using the

632.8 nm wavelength (1.96 eV, red line in Figure 5-1), for  (curve “C”), case “B” is at-

tained for ≥ 1.2 while case “D” is attained for ≤ 1.2 . Back to the two samples

discussed  in  Chapter  3,  the  metallic  tubes  in  the  HiPCO  sample  (0.7 ≤ ≤ 1.2 ) can

contribute for case “D”, while the metallic from the CarboLex sample (1.2 ≤ ≤ 1.6 )

can contribute for case “B”. As the signal from the semi-conducting tubes is dominant in the

HiPCO sample, we could not use this sample to examine any changes in the GM from the

metallic tubes. On the other hand the GM from the CarboLex sample includes a high contri-

bution from the metallic tubes which is clearly represented by the BWF peak.

Hence, in this chapter we will use the CarboLex SWNTs sample to examine any possible

red shift in the first transitions from metallic tubes, using the profile of the GM.

B. Experiments

The CarboLex sample  is  used  (refer  to  chapter  3  for  more  about  the  sample).  All  Raman

spectra were recorded at room temperature using Renishaw instruments supplied with a 632.8

nm (1.96 eV) He-Ne laser. The laser was delivered to the sample through an x 20 objective.

Laser power was adjusted in order to avoid heating effects on the sample. The high-pressure

Raman measurements were performed in a miniature-cryogenic diamond anvil cell

(MCDAC) for the higher-pressure range (3 - 7 GPa) and a MCDAC in the Zen configuration

was used for better control in the lower-pressure range (0 - 3 GPa). The hydrostatic pressure
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was measured using the R line emission of a small  chip of ruby placed in the diamond anvil

cell. Solid SWNT materials were loaded directly into the DAC and pure ethanol was used as

the pressure transmitting medium as it could be easily loaded, and it solidifies around 9 GPa,

hence providing a good hydrostatic medium in our pressure region (0 - 6.5 GPa). Static scans

were centred at 1600 and the integration time was varied between 50 and 500 s depending

on the strength of the Raman signal.

For comparison with a signal from pure semi-conducting tubes within the CarboLex sam-

ple,  a similar experiment but with different excitation energy (2.41 eV from an argon laser)

was performed at Manchester University.

C. Results

Figure 5-2 presents the spectra of the GM from each experiment at various pressures, with

the red and green spectra ( . . ) obtained using the 1.96 and 2.41 eV laser ener-

gies, respectively.

At lower pressure, we can easily identify three bands in the . spectra, in contrast

to . where  there  are  only  two main  bands  (as  marked  in Figure 5-2). As pressure is in-

creased, the bands of both spectra follow a blue-shift and the scattering intensity is reduced.

Transitions appear to take place at different pressures in the region 1.2 - 1.9 GPa leading to a

marked break in the rate of shift of the bands and a drop in their intensity. This was particu-

larly noticeable in the case of . , which shows a huge collapse in intensity around 1.9

GPa. The . spectrum starts to recover at higher pressures up to 3.5 GPa where a full re-

covery relative to the . spectrum is obtained.

Above 3.5 GPa two bands are observed in both . and . spectra, broadened and blue

shifted with lower rates than been recorded before transitions.
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Figure  5-2:  GM  spectra  under  pressure  from  the  two  set  of  experiments,  using  1.96  eV
( . in  red)  and 2.41 eV ( . in green) excitation energies. The positions of the most in-
tense bands in each spectrum are marked at different pressures. A blue shift is observed with
increasing pressure for all  the bands of the two spectra ( . and . ).  At 1.9 GPa the in-
tensity of the . spectrum is collapsed. At 3.5 GPa, the intensity of the . spectrum is re-
covered, however a loss of the lower frequency band is recorded (at the point marked “X”). At
higher pressures, the bands in both spectra are broadened.

As the spectra depend strongly on pressure, it was difficult to determine unambiguously the

exact number of peaks necessary to fit each Raman spectrum. Consequently, the unique fea-

ture that could be plotted with confidence was the position of the most intense peak G1, which
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is found to be at  the same position at  ambient pressure (~ 1590 ) in both .  and .

spectra.

The  shift  of  this  peak  with  pressure,  recorded  from each  set  of  experiments,  is  plotted  in

Figure 5-3.  The  red  triangles  and  green  circles  represent  the  position  of 1G  in . and

. spectra, respectively. Linear regression fitting suggests two linear fits for each data set,

with different rates of shift. The experimental value for the pressure transition ,  at  which

the rate of shift of both . and . decreases,  is  identified with the position of the point

of intersection for the two lines corresponding to each set (triangles or circles). This is at 1.0

± 0.1 GPa for . and 1.7 ± 0.1 GPa for . (inset in Figure 5-3).

Figure 5-3: Pressure evolution of the frequency of the most intense peak G1 from both sets
of experiments, using 1.96 eV (triangles) and 2.41 eV (circles). The inset shows the transition
region, with the linear fits to the triangles (red lines) and the circles (green lines) before and
after transition. The intersection of each corresponding linear fits (red or green) results in dif-
ferent transition pressures at 1.0 ± 0.1 GPa and 1.7 ± 0.1 GPa for . and . respectively.
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D. Discussion

Ø Loss of the lower-frequency band
The first  result  recorded  in  our  study  is  the  significant  changes  in  the  profiles  of  the  GM

under pressure, particularly, in the . spectrum. Starting with three clear bands at ambient

pressure, we can only record two main bands for . at 3.5 GPa. This was due to the loss of

the lower-frequency band (marked by “X” in Figure 5-2). Above 3.5 GPa the profiles of the

modes tends to be much similar.

In order to understand the changes in the different GM spectra under pressure, we think it is

important to understand the origin of the vibrations involved in the formation of the spec-

trum. Notice that the significant changes leading to this behaviour arises from the changes in

the profile of the . spectrum, while the profile of the . follows the general usual be-

haviour, which has been reported in many studies before (intensity decreases, broadening of

the bands, etc). The changes in the . spectrum, where mainly associated with the lower

broadened bands.

Based on the findings of Brown et al. [40] and Jorio et al. [41], we have performed a curve

fitting (Figure 5-4, left panel and right panel) for both GM spectra recorded at ambient pres-

sure and at 3.5 GPa, respectively.

At ambient pressure, we found that the . spectrum (Figure 5-4.a; left panel) is well fit-

ted  using  only  the  Lorentzian  (Figure 5-4.a; left panel black dotted) of Jorio et al.  (with  a

small merged modification in their parameters), while for the . spectrum (Figure 5-4.b;

left panel), we needed in addition to these Lorentzian (Figure 5-4.b; left panel black dotted) the

other two peaks of Brown et al., the BWF and the Lorentzian at 1580 (Figure 5-4.b;

left panel solid black).  Notice  that  in  the  fitting  of  the . spectrum, the relatively intense

BWF peak will mask the relatively less intense G3 peak (centred in the same region).
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Figure 5-4: Left panel: GM spectra recorded at ambient pressure, under each excitation. (a)
The . spectrum is fitted using four lorentzian peaks (black dotted). These peaks are asso-
ciated to semi-conducting tubes in resonance. (b) The . spectrum (red) is fitted using four
lorentzian peaks and a BWF line shape. Both the BWF at 1540 and the lorentzian at
1580 (solid black), are a contribution of metallic tubes in resonance, while the other
three Lorentzian (black dotted) are associated to the semi-conducting tubes in resonance.
Right panel: GM spectra recorded at 3.5 GPa, under each excitation. (C) The . spectrum
(green) fitted using three Lorentzian (black dotted; G1, G2 and G4 been shifted under pres-
sure). This spectrum is still considered as a contribution of semi-conducting tubes in reso-
nance. (d) The . spectrum (red) fitted using only three lorentzians (black dotted; G1, G2
and G4, been shifted under pressure). As these Lorentzian are associated to semi-conducting
tubes in resonance, the absence of the BWF peak together with the lorentzian is associ-
ated to a loss of resonance from the metallic tubes.

Hence, we deduce from both fittings that at ambient pressure the . spectrum is a contri-

bution of semi-conducting SWNTs in resonance, in contrast to the . spectrum, which has

contributions from both semi-conducting and metallic nanotubes in resonance.

On the other hand at 3.5 GPa, a good fit for the . spectrum (Figure 5-4.c; right panel)

could be attained using three of the Lorentzian of Jorio et al.  in particular,  G1, G2 and G4
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after taking into consideration the blue shift and the broadening of these peaks (Figure 5-4.c;

right panel black dotted). Taking into consideration that “G3” could be disappeared under the

noise after a progressive decrease in its relatively low intensity, we associate this mode once

again to semi-conducting tubes in resonance. However, the similar . spectrum at this

pressure (Figure 5-4.b; right panel)  is  well  fitted  also  using  the  same  peaks  (Figure 5-4.d;

right panel black dotted) as those used for the corresponding . , with a small modification

in their centre and width, and hence also semi-conducting nanotubes are in resonance with

the 1.96 eV excitation at this pressure. But as a good fit was attained using only these three

Lorentzian  (G1,  G2 and  G4),  the  no  need  or  in  other  words  the  disappearance  of  the  BWF

peak and the other Lorentzian G , could be attributed to many different reasons.

Paillet et al.  [77]  have  seen  the  disappearance  of  the  BWF  peak,  but  this  was  only  upon

transforming from bundled to isolated metallic SWNTs, and hence as we are using bundled

tubes, there is no possibility for such isolation.

Added to that, Merlen et al. [55] studies on single-walled carbon nanotubes under different

excitations, have reported a progressive decrease in the relative intensity up to 20 GPa, and a

loss of the BWF was only recorded after this pressure. We may attribute this to the fact that

their tubes were opened while ours are closed and the used PTM was liquid argon which will

fill the tubes as they suggest, hence strengthening the tubes, and giving more support for

cross section deformation under pressure.

On the other hand, Christofilos et al., [78] probing SWNTs with the same diameter range as

the metallic tubes probed in our experiments (1.25 – 1.47 nm),  only observed a progressive

narrowing of the BWF peak compounded with intensity attenuation up to 9 GPa. While their

result looks as if it contradicts with our observations, we may add here that this could be due

to the difference in the sample itself, since it is not important only to have the same diameter

range, but again we may have some tubes missing in that range; by other means, samples
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with the same diameter range could have different diameter distribution in that range. In addi-

tion, recalling that p-doping caused by O-H groups will affect on the Fermi-energy near

which the BWF appears (chapter 3),  we  should  clarify  that  while  we  have  used  ethanol  as

pressure transmuting media, Christofilos et al. have used a mixture of 4:1 methanol-ethanol

hence, a different O-H concentration leading to a different shift in the Fermi-level. This is

well noticed from the relative intensity of the BWF at ambient pressure (The relative intensity

of the BWF in their spectra is higher than the one recorded in our spectrum).

We suggest that the reason for this disappearance could be a loss of resonance from the

contributing resonant tubes, the metallic tubes. Such a loss could be a result of either a red or

a blue shift in the inter-band transition energies of these tubes.

The left panel of Figure 5-5 shows the plot (first introduced in chapter 3) of all the possible

inter-band transition energies ( )  from  the  tubes  of  the  used  sample  in  the  region  of  both

excitation energies and at ambient pressure. The window bounded by the two dotted red lines

and centred at 1.96 eV represents the resonance window of the semiconducting tubes as aver-

aged by O’Connell et al.  [47] (average resonance width for semi-conducting tubes is ~ 50

meV). We have averaged this also for the metallic tubes. The same applies for the window

bounded by the dotted green lines and centred at 2.41 eV. Following that, we can see that at

ambient pressure (Figure 5-5, left panel) both metallic and semi-conducting tubes are in reso-

nance within the 1.96 eV excitation, while only semiconducting tubes are in resonance with

the 2.41 eV excitation. While applying pressure, the transitions from semi-conducting tubes

will follow a red shift, as predicted [51-53] (this is just an estimation of the phenomena, val-

ues been only estimated and the most important is to see how a red shift will get tubes out of

resonance and others in resonance), hence, taking more tubes into resonance with the 1.96 eV

excitation, while some changes in the resonant tube diameters were to occur under the 2.41

eV excitation, but no changes in the nature of these tubes (semi-conducting are in resonance).
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Figure 5-5: Optical inter-band transition energies ( ) versus tube diameters ( ) for all the
tubes in the diameter range of the used sample; left panel is at ambient pressure, while the
right panel is at 3.5 GPa. The two solid lines, red and green, represent the laser excitation en-
ergies, 1.96 eV and 2.41 eV respectively; while each pair of the dotted lines, red or green, rep-
resent  the resonance window within  each of  the excitation energies,  1.96 eV or  2.41 eV re-
spectively.  Filled  triangles  refer  to  from  metallic  tubes,  while  open  circles  to and

from semi-conducting tubes. All data been plotted at ambient pressure using Refs [45-47],
while we suggest a red shift of 35 meV/GPa for the right panel plot. Based on the proposed
shift, all from metallic tubes will be out of the resonance window; hence no resonance
from metallic tubes is expected.

On the other hand, from the left panel of Figure 5-5, we can see that most of the transitions

associated with metallic tubes (triangles) are presented either between or below the bounda-

ries of the 1.96 eV resonance window, while just few of these transitions are presented above

the upper boundary of this window. Based on that, we can deduce that a possible loss of

resonance from metallic tubes would only occur if these transitions, in general, obey a red

shift under pressure, hence graphically, taking all the symbols presented in and above the

resonance window, to shift down and attain a values less than the lower dotted red boundary

line of this window (~1.91 eV).

Assuming this what is happening then we suggest from our results that the minimum pres-

sure needed for such a loss will be 3.5 GPa. For more clarity, we plot all of these results in



Inter-band Transitions in Metallic Tubes

81

the right panel of Figure 5-5. Hence this plot presents all the inter-band transitions from the

sample tubes in the region of the excitation energies, at 3.5 GPa.

Ø Transition pressure
Now we will discuss the recorded difference in the value of the transition pressure, know-

ing that the tubes used in all the reported experiments were loaded from the same tubes bulk

sample.

Here we suggest that as we have estimated the values of the transition pressures from the

pressure response of the most intense peak “G1” (plotted from both . and . ), it is im-

portant, at the first instance, to understand the origin of this peak in the two different spectra.

Although we have some difference in the nature of the resonant tubes under each excitation,

G1, which was found in both centred ~ 1590 , is a contribution of only semi-conducting

nanotubes in resonance within each excitation. From the left panel of Figure 5-5 we can see

that the semi-conducting tubes within the resonance window of the 1.96 eV excitation are

centred nearly ~ 1.6 nm, while a wide diameter range of semi-conducting tubes are in reso-

nance with the 2.41 eV excitation. But from the RM (Figure 3-7) which was collected at am-

bient pressure under the 2.41 eV excitation, we can notice that most of the contribution

comes from the tubes centred ~ 1.4 nm (RM peak ~ 175 ). Hence, the 1590 peak

in the . and . spectra, comes from semi-conducting tubes of diameters 1.4 and 1.6

nm, respectively. Adding this result to the fact that the transition pressure is inversely propor-

tional to the cube of the tube diameter [62-66], we deduce a ratio of “1:1.5” for the transition

pressure under the different excitations, in agreement with our reported results (1:1.7).

Therefore we deduce that it is essential to know the exact diameter value of the resonant

tubes not the mean diameter of the sample.
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Note:

A very important discussion with Prof. Alfonso San Miguel (during the examination for this

PhD) opened the window wider on other very important issues which could stand behind the

disappearance of the BWF peak.

For instance, as ethanol is known to solidify around 2 GPa [79], then it is possible to be less

hydrostatic above this pressure, which may cause uniaxial stress on the tubes. Experimen-

tally, such stress was found to open a band gap in the electronic structure of metallic SWNT

[80] hence, modifying the resonant properties in these tubes, which may cause a loss of reso-

nance at higher pressures.

In addition to the possible uniaxial stress, progressive evolution of the tubes cross section

under pressure (circular to oval, polygonized or peanut-shaped) could also cause a loss of

resonance due to some modifications in the electronic properties of the tubes [81, 82]. Char-

lier et al. [81] found that these changes are governed by the degree of the polygon represent-

ing the cross section of the tube and the sharpness of the edge angles. In another theoretical

study some authors have shown metal-insulator and insulator-metal transitions in collapsed

SWNT [83].
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Chapter 6: Effect of Cohesive Energy Density

In the following, we will perform different high pressure Raman experiments, in which we

will be loading bundles of SWNTs originating from the same bulk sample (thus avoiding di-

ameter variation effect) with a systematic variation of solvents with cohesive energy density

ranging from 0.22 GPa (Hexane) to 2.29 GPa (Water). Through these experiments, we expect

any possible variation in the response of these tubes to pressure, to initiate from the variation

in the environmental conditions of the examined tubes, revealing that the different PTM are

reaching the examined tubes. If the collected Raman signal gets any PTM-dependent contri-

butions from tubes deep in the bundle, this will be a direct clue that the PTM penetrates the

bundles.

In  case  of  any  variation  in  the  response  to  pressure  under  different  PTM,  we can  use  the

same experiments to discuss any possible correlation between these variations and the cohe-

sive energy density of the solvent used.

A. Experimental procedure
In these experiments, we have examined the CarboLex SWNTs (refer to Chapter 3 for more

information) under the 514.5 nm excitation of a 50 mW argon laser at Manchester. High

pressure Raman measurements were performed in the diamond anvil cell (chapter 2) and the

hydrostatic pressure were measured using a small chip of Ruby (chapter 3). High pressure

Raman spectra were taken with a variety of pressure media, namely: Liquid argon, Hexane,

1-butanol, 2-propanol, Ethanol, Methanol, Water, 4:1 Methanol-Ethanol mixture and 5:4:1

Water–Methanol–Ethanol mixture. Static scans were centred at 1600 cm and the integra-

tion time was varied between 100 and 1000 sec depending on the strength of the Raman sig-

nal. All high-pressure spectra were fitted to two Lorentzian curves after deduction of a poly-

nomial or exponential baseline.
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The SWNTs radial breathing mode ~ 200 could not be observed due to the use of the

holographic notch filter on the spectrometer. A separate experiment was performed using liq-

uid argon as a pressure medium to study the same SWNTs material. This was performed at

Queen Mary University of London, using a 632.8 nm, 20 mW, He-Ne laser. Due to the dif-

ferent line shape and weaker Raman signal from the SWNTs in this experiment, a single Lor-

entzian was used to fit the spectra.

B. Results

Solvent ( ) ( ) ( ) ( )

Liquid Argon - 13.2 ± 1.6 1.7 0.5 ± 0.2

Hexane 0.22 10.0 ± 0.1 1.4 8.2 ± 0.5

1-Butanol 0.55 9.9 ± 0.1 1.9 5.9 ± 0.3

2-propanol 0.55 9 ± 0.6 1.4 7 ± 0.2

Ethanol 0.68 10.5 ± 1.9 1.2 5.3 ± 0.5

4:1 M-E 0.83 10.6 ± 0.2 1.2 5.1 ± 0.1

Methanol 0.87 9.1 ± 0.1 1.2 5.3 ± 0.1

5:4:1 W-M-E 1.56 10 ± 0.1 0.7 5.8 ± 0.2

Water 2.29 9.5 ± 0.1 2 8.2 ± 0.3

Table 6-1: The results of the high pressure experiments with all solvents are summarized.
For each solvent, the cohesive energy density is shown in the second column. The third and
last columns stand for the pressure coefficients before and after the transition pressure re-
spectively. The transition pressure is the pressure at which the breakpoint occurred, and it is
listed from each experiment in the forth column. “W; M; and E” stand for “Water; Methanol;
and Ethanol” respectively.
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Table 6-1 summarizes our results. The frequency of each of the GM peaks is linearly blue-

shifted under pressure. This response is discontinuous at a critical pressure. Above the critical

pressure the peaks are shifted with a lower rate starting with a higher pressure coefficient.

This critical pressure (transition pressure) does vary between solvents, but shows no apparent

correlation with the cohesive energy density of the solvents used. We observed a further sof-

tening of the pressure-induced shift at higher pressures with some solvents. A new effect is

also recorded; a flat Raman response while increasing pressure up to 0.7 and 0.4 GPa with

Hexane and butanol respectively. This effect was found to be irreversible (Figure 6-1).

Figure 6-1: Pressure-induced Raman shifts of the most intense peak in the GM spectrum
of SWNTs immersed in: (a) Hexane (circles) and 4:1 Methanol-Ethanol (triangles); (b) Butanol,
up to 6 GPa. With Hexane and butanol we can see the flat response at lower pressures (blue
circles) up to (a) 0.7 GPa and (b) 0.4 GPa. The starting frequency (at ambient pressure) as de-
duced from the extension of  the linear  fitting  (yellow line)  for  the data  plotted between 0.7
and 2  GPa is  around 1591 .  This  implies  that  the plateau up to  0.7  GPa is  a  temporary
situation which is recovered (compared to usual situation presented in 4:1 Methanol: Ethanol)
around 0.7 GPa. The empty circles in (a), recorded with hexane when reducing the pressure,
show the effect to be irreversible.
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The results with liquid argon show a pressure coefficient in the low-pressure regime of

13.2 compared to 9.0 – 10.6 with the other solvents (see Table

6-1). Caution must be exercised in the comparison of these results with the data taken using

other solvents due to differences in the experimental procedures used and excitation laser

wavelength. In particular, the procedure of loading the DAC with liquid argon necessitated an

initial hydrostatic pressure of 0.8 GPa to seal the DAC so data points below this pressure

were taken when decreasing the pressure.

Figure 6-2 shows the frequencies of the two GM peaks plotted against the cohesive energy

density [59] of the various solvents listed in Table 6-1. We see only a small insignificant shift

to higher wavenumbers depending on the choice of solvent but a large shift (~ 5.5 – 7 )

from the value in air upon immersion in any of the solvents we used.

Figure 6-2: The (red) and (black) peaks frequency of the Raman GM collected at am-
bient pressure with 514.5 nm laser excitation in different solvents, plotted against the cohe-
sive energy density of the various solvents used for our experiments. The solid lines are the
linear fitting of the collected data.
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C. Discussion and Conclusions

Ø Solvation pressure
The transition pressure and pressure coefficient of the blue shift in the high-pressure regime

appear  to  vary  significantly  with  choice  of  solvent  but  show no  apparent  correlation  to  the

cohesive energy density. We do not at present have an understanding of what causes this

variation but there are many factors that could play a role, including shear stresses caused by

the pressure medium not being perfectly hydrostatic, and changes in the molecular dynamics

of the solvent–nanotube interaction at high pressure caused by different solvents slowly

glassing or suddenly solidifying in the DAC. The solvent–nanotube interaction could also

affect the electronic band structure of the nanotube in a similar manner as the interaction be-

tween nanotubes in the bundle [75].

Our results also show that the effect of the cohesive energy density of the various solvents

used is different from the equivalent hydrostatic pressure; the most intense peak from the GM

spectra ( ) shifts at a rate of 0.8 with cohesive energy density (Figure 6-2) but

at 9.0 – 10.6 with hydrostatic pressure (see Table 6-1).

Ø Penetrating of the PTM
The results clearly show that the Raman spectra of SWNTs are highly sensitive to the sol-

vent in which the nanotubes are immersed. Since the photon penetration depth in graphite is

about 60 nm [70], incident laser photons penetrate deep into the nanotube bundle. The Raman

spectrum of SWNTs therefore contains contributions from tubes at the centre of the bundles

as well as from those at the edge of the bundles; so our results show that the choice of solvent

affects  the  tubes  at  the  centre  of  the  bundles.  We believe  this  suggests  that  all  the  solvents

used in our experiments are able to penetrate the interstitial spaces between the tubes in a

bundle.



Effect of Cohesive Energy Density

88

Ø Plateau in Hexane and Butanol
The effect observed by Amer et al. [70] is different to that in Figure 6-1 since they found it

to be fully reversible with no discontinuous change in the nanotube Raman shift; while in our

case this effect was irreversible. We speculate that the flat nanotube Raman response to low

hydrostatic pressures with Hexane and Butanol (Figure 6-1) could be explained by the large

molecular size of the solvents preventing their adsorption onto the surface of the nanotubes at

lower hydrostatic pressures or even it is hard for them to penetrate the interstitial spaces in

the bundle, between the tubes.
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Chapter 7: Transition Frequency

A. Experimental procedure

In the previous chapter, (chapter 6), we have studied the effect of the pressure transmitting

media (PTM) on CarboLex SWNTs using the same excitation energy (2.41 eV for all  PTM

except liquid argon). We observed a variation in the value of the transition pressure (± 0.4

GPa)  and  the  rate  of  shift  (±  2 ) in the higher pressure regime from the same

sample  examined  with  different  PTM.  These  differences  showed  no  apparent  coloration  to

the molecular volume or molecular weight. In contrast, Gao et al. [84],  using  the  same di-

ameter range and loading under the same excitation (2.41 eV), found that the rates of shifts

vary linearly with the molecular weight of the PTM, before and after transition. Due to the

large diameter of the examined tubes in both studies ( = 1.4 ; chapter 3) and the differ-

ent resonant tubes (different in diameter; ± 0.2 nm), it is hard to distinguish any possible ef-

fect/s from the PTM on their rate of shift; particularly before transition. Hence, in order to

examine any possible effect/s from the PTM on the readings of a high pressure experiment,

we have used the HiPCO SWNTs sample under the 1.96 eV excitation, so that smaller diame-

ter tubes will be in resonance ( = 0.9 ; chapter 3); hence, a wider region before transi-

tion could be examined; in addition, any change in the diameter of the resonant tubes will be

easily deflected through the induced dispersion of the radial breathing mode†.

All Raman spectra were recorded at room temperature using a 632.8 nm (1.96 eV) He-Ne la-

ser in QMUL.

High-pressure Raman measurements were performed in a miniature-cryogenic diamond an-

vil cell. Three different pressure transmitting media are used: Hexane, Butanol and 1:1 Wa-

ter-Methanol (W-M) mixture.

†  ~ 1⁄  ⟹  ~ 1⁄



Transition Frequency

90

B. Results

In Figure 7-1,  we  present  the  tangential  Raman  mode  (GM)  spectra  under  pressure  from

different PTM. At ambient pressure, we can distinguish two Lorentzian bands ( and ) in

the GM spectra from all PTM. Under pressure both bands are blue shifted and broadened

with different rates under each PTM.

Figure 7-1: GM spectra under pressure from different PTM. Each pack of spectra (green,
white and grey) corresponds to a spectrum collected from each of the PTM (1:1 W-M, Butanol
and Hexane, respectively) at the same pressure. The second pack of spectra from top, are col-
lected at the transition pressure within each medium. The red rectangle represents the transi-
tion frequency (to be discussed at the end of this chapter).
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The pressure response of both the frequency ( ) and the full width at half maxima

(FWHM)  of  the  most  intense  band are plotted in Figure 7-2.  From  the  figure,  while  an

insignificant difference is recorded from the frequency behaviour observed in Butanol (red,

5.8 ± 0.2 ) and W-M (blue, 5.3 ± 0.2 ), in Hexane, an increase in the

rate of shift (green, 8 ± 0.5 ) is recorded up to 6.2 GPa after which a break in this

rate is associated with a change in the pressure response of the corresponding FWHM (Figure

7-2.a).

Figure 7-2: Plot for the FWHM (“a”, “c” and “d”) and the frequency (b) response to pressure
from the most intense peak . Green, red and blue data are collected using Hexane, Butanol
and W-M, respectively. The variation in the transition pressures, 6.2 GPa in Hexane and 9 GPa
in Butanol and W-M, is associated with a fixed frequency around 1640  (horizontal red
line).
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As sudden changes in the FWHM response occur due to structural transitions in the tubes

[49], we have used such changes in the case of Butanol (Figure 7-2.c) and 1:1 W-M (Figure

7-2.d)  in  order  to  confirm  the  point  of  transition  (~  9  GPa)  which  was  unclear  in  the  fre-

quency response in Figure 7-2.b.

In the case of Hexane, the FWHM starts to increase at a much lower pressure than that at

which the tubes collapse (as indicated by the peak position in Figure 7-2.b).  We can at-

tribute this to the presence of minor non-hydrostatic stresses since the slight deformation of

the tubes from a circular to an elliptical cross-section that this would induce, would be ex-

pected to increase the FWHM.  Such changes in the hydrostatic conditions could be under-

stood in terms of solidification of the hexane at lower pressures. Although, the value of this

freezing pressure is not yet available, but we expect this to be around 1.8 GPa as n-pentane

has been shown to solidify at such pressure [85]. Since we do not observe a significant

broadening of the Ruby PL line-width we know that the non-hydrostatic stresses present are

small.

C. Discussion

Although, both theoretical and experimental work showed that the transition pressure is

inversely proportional to the cube of the tubes’ diameter and the rate of shift is directly

proportional to this diameter [60-66], suggesting any variation in the values of these pa-

rameters to be a result of a change in the diameter of the resonant tubes, as we have used

the same bulk sample while loading with different PTM, we expect to eliminate any effect

of the diameter on the observed variation. However, changes in the diameter of the reso-

nant tubes may occur under pressure, due to a possible red shift in the inter-band energy

transitions of the tubes ( ) [50-52]; but if these changes were to occur, then it should be

independent of the PTM, unless the later affects on the rate of shift of these transitions.
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Whether this is the case or not, we could not judge, since the RM could not be collected

under higher pressure in the used system. Future work is needed to examine this point.

Another important fact should be considered, apart from the diameter effect; the envi-

ronmental effect. As mentioned before (chapter  4), the surrounding of the tubes could

highly affect the stability of the tubes to withstand under pressure, hence, increasing the

transition pressure [65] and/or decreasing the rate of shift as endorsed by Puech et al.

[67]. If we consider that - in contrast to Hexane - the arrangement of the Butanol or 1:1

W-M around the tubes is serving the “good matching conditions” suggested by Zhang et

al., then we would be able to understand the higher stability showed by these tubes under

the two alcoholic mediums. In addition, thinking about this matching as a shell formed

around the tubes (as suggested by Longhurst et al. [86, 87]), which will serve as an outer

wall of a DWNT shielding the inner wall [67], would also help in understanding the lower

rate of shift recorded from Butanol and 1:1 W-M compared to the higher one recorded in

Hexane.

However, it is important to notice here the positions of the GM spectra within each PTM at

the transition pressures (Figure 7-1, marked yellow). Using the frequency versus pressure plot

in Figure 7-2.b, we can see at the transition pressure that these peaks are at the same position

(the solid horizontal red line is plotted for guiding the eye, also could be noticed from the red

rectangle in Figure 7-1).  This observation can be explained as follows:

· Theoretically, it is suggested that for each tube there is a transition pressure which de-

pends on the diameter of the tube; these studies ignored any effect of the PTM, hence al-

though such a pressure exist, it is a function of both, tube diameter ( )  and PTM (i.e.

= ( , )).

· In addition the shell formed by the PTM around the tubes [86-87] will affect on the rate

of  shift  ( ⁄ )  under  pressure  which  also  means  that = ( , )⁄ . Hence
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instead of having an % volume deformation due to a pressure = , we will have

a %  < % .

· As the  structural  transition  occurs  after  the  volume is  deformed by %, then, with the

formation of shell around the tubes, we will need a higher value of pressure > .

· However, a Raman measured parameter which is directly related to the volume (the

bonds) of the tube, will be independent of all the changes caused by any variation in the

environmental condition; such a parameter is the frequency of the bonds.

D. Conclusion

These new findings, suggest that the PTM has an effect on the tubes’ response to pressure,

but again showed no apparent relation between this effect and either the molecular weight or

the molecular volume of the used solvents.

On the other hand, we have deduced that it is not the transition pressure which should be

considered as a function of tube diameter but the product “ × ( )⁄ ”, proposing that for

each tube diameter we should have a constant transition frequency:

= × + ; ℎ ℎ = ( )

Note: In our study we have only examined the GM of SWNTs, hence our conclusions are

consistent with this mode; however, the experimental values recorded by Merlen et al.

[88] showed that for the same radial breathing mode, around 185 , the product

× =  (considering  the  experimental  error)  in  three  different  pressure  me-

dia.
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Chapter 8: Intermediate Plateau

A. Aim and Method

In chapter 6, we have recorded a large up-shift (~ 5.5 – 7 ) in the GM frequency from

the value recorded in air upon immersion in any of the PTM used. A similar shift had been

observed by Teredesai et al. [89] when SWNT bundle were immersed in either alcohol or wa-

ter at ambient pressures. Merlen et al. [88] results also showed a shift in the frequency of the

GM while changing the PTM from paraffin oil to 4:1 methanol-ethanol mixture. While Izard

et al. [90] suggested that these shift could result from the CED acting as a pressure, our re-

sults (chapter 6) showed no apparent correlation between the CED and the recorded shift.

Here we may cite the study of Shim et al. [91] concerning the effect of n-doping on the be-

haviour of the GM from semi-conducting tubes. They observed a red shift in the frequency of

the GM peaks when doped. They attributed this to an expected expansion in the C-C bond

length upon electron injection. Added to that, they found the larger diameter tubes to follow a

significantly larger downshift than the smaller ones.

Building on the results of Shim et al., we expect that a possible p-doping, would have a re-

versible effect on this mode. Electron removal from these tubes may lead to a contraction and

thus hardening the C-C bond, which will up-shift the peaks of the GM. Hence, using two dif-

ferent  solvents  in  such  a  way  that  only  one  can  produce  a  p-doping  effect  (O bearing sol-

vent) whiles the other cannot, will do the work.

On the other hand, while neither the results of Amer et al. [70], nor the results of Yao et al.

[72] fully contribute to the explanation of the intermediate plateau, which is observed in some

high pressure experiments and modified under different PTM, we will try in this chapter to

explain this phenomenon through two sets of experiments.
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We think that this plateau could be explained in terms of either different tubes getting in

resonance at some higher pressure, particularly smaller diameter tubes, or the contribution

from these tubes to the GM spectrum is increased due to some modifications in the experi-

mental conditions. In both cases, the rate of shift will decrease ( ⁄ ~ ), and as we are

looking for the sum of all these changes, we deduce the plateau.

Hence we need to perform an experiment in which we are able to notice any change in the

diameter of the resonant tubes. This would have been easy if we were able to collect the RM

under pressure; however, as this mode could not be collected, then we need a different plan.

Notice that in chapter 5, the changes in the GM profile were associated to the metallic tubes

( ~ 1.3 nm) getting out of resonance while the semi-conducting ( ~ 1.6 nm) still in reso-

nance. Building on this observation, similar sets of experiments would serve in this case.

Hence, our experiments are classified into two sets:

Set A: we have used the CarboLex SWNTs, with 1.96 eV excitation and two different

PTM: Hexane and 1:1 W-M mixture.

Set  B:  we  have  used  the  CarboLex  SWNTs,  with  2.41  eV  excitation  and  two  different

PTM: Hexane and 1:1 W-M mixture.

B. Fitting procedure

Before we go through the results, we will state the curve fitting procedure followed in fit-

ting the spectra collected in these experiments.

As been found by Jorio et al. [41], at ambient pressure, the semi-conducting tubes give con-

tribution to four Lorentzian peaks, G1 at 1590 , G2 at 1567 , G3 at 1549 and

G4 at 1607 (Figure 8-1.b). While the two lower energy peaks (G2 and G3), forming the

lower energy band, are a contribution of vibrations across the circumference of these tubes,

the higher energy ones (G1 and G4), forming the higher energy band, are due to vibrations

parallel to the axis of the same tubes. The difference between the peaks of each band was as-
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sociated to the difference in the chirality of the tubes. While applying pressure, tubes of dif-

ferent chirality come in and out of resonance, which, in addition to broadening of the peaks,

makes it hard to – unambiguous – distinguish between the peaks of each band. Based on that,

we will fit each of the bands using a single lorentzian. Thus in order to fit the full GM spec-

trum from semi-conducting tubes, we will use only two lorentzian lines, and , account-

ing for the lower and higher energy bands, respectively (Figure 8-1.c). At ambient pressure,

in air, these lorentzians are found around 1565 and 1592 .

Figure 8-1: In red are the normalized GM spectra at ambient pressure from: (a) Metallic, (b)
and (c) Semi-conducting and (d) Metallic + semi-conducting SWNTs. “a” is simulated in accor-
dance with the data of Rao et al. [38]. In black are the peaks used to fit each of the spectra.
The dotted blue lines in (c) and (d) are the fitting lines of the associated spectra.
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With respect to the metallic tubes (Figure 8-1.a), we kept on the two peaks, at

1580 (Figure 8-1.a, solid black) and BWF at 1543 (Figure 8-1.a, dashed black),

which were used to fit the two bands as already discussed in chapter 3.

In the case of both metallic and semi-conducting tubes in resonance, it was also hard to dis-

tinguish between the from each of the metallic and the semi-conducting tubes (1580

and 1590 ); hence we assigned only one lorentzian peak ( ∗) to account for the new

band arising from the combination of both peaks.  As a result,  a total  of three peaks will

account for the full GM spectrum of both metallic and semi-conducting resonant tubes; two

with a lorentzian nature, and ∗ (Figure 8-1.d, solid black), and one with a “BWF” nature

(Figure 8-1.d, dashed black).

C. Results

Ø Set “A” (1.96 eV)
In Figure 8-2, we present the GM response to pressure from CarboLex SWNTs loaded with

either Hexane (brown data) or 1:1 W-M (blue data) under the 1.96 eV excitation. We have

shown in chapter 3 that the combination of the 1.96 eV excitation with the CarboLex sample

will result with both metallic (with  ~ 1.3 nm) and semi-conducting (with  ~ 1.6 nm)

tubes in resonance at ambient pressure. Hence, following the preceded fitting procedure, we

shall fit the GM spectrum at ambient pressure using the three bands (Figure 8-1.d):  BWF ~

1540 (total contribution from metallic tubes), ~ 1565 (total contribution from

semi-conducting tubes) and ∗ ~ 1590 (contributions from both metallic and semi-

conducting tubes). At ambient pressure, the GM recorded while using 1:1 W-M is blue

shifted by ~ 4 from the one recorded while using Hexane. This is very clear in the plot

of the ∗ frequency (Figure 8-2.b); in addition, the normalized BWF intensity is more pro-

nounced in Hexane than the one recorded within 1:1 W-M (Figure 8-2.a, 0.1 GPa).
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Figure 8-2: All Brown and blue data are collected using Hexane and 1:1 W-M respectively,
under the 1.96 excitation energy. (a) GM spectra evolution under pressure. (B) Frequency shift
under pressure for the most intense peak ∗.  (c)  and  (d)  are  the  behaviour  of  the  FWHM
of ∗ under pressure using Hexane and W-M respectively. The intermediate plateau in the
frequency response between 1.5 and 3.5 GPa within W-M is associated with a sudden increase
followed by a sudden drop in the associated FWHM (vertical blue lines). This phenomenon is
less prominent within Hexane (vertical brown lines).

Under pressure, and based on the changes in both frequency and full width at half maxima

(FWHM) of the ∗, three regions could be identified from each PTM.

These are listed in Table 8-1.

In region one, both modes are blue shifted and the rate of shift within Hexane (~ 12 ±

0.5 )  is  observed  to  be  higher  than  the  one  within  1:1  W-M  (~  7  ±

0.5 ), as could be seen from the ∗ frequency plot in Figure 8-2.b.
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Hexane 1:1 W-M

Region
Range

(GPa)
∗

( )

FWHM
Range

(GPa)
∗

( )

FWHM

Region 1 0 – 1.2 11 ± 0.5 constant 0 – 1.8 7.5 ± 0.5 constant

Region 2 1.2 – 3 9 ± 0.3

Broadening

-

narrowing

1.8 – 3.5 2.5 ± 1.4

Broadening

-

narrowing

Region 3 3 – 9 5.5 ± 0.3
Linear

increase
3.5 – 9 4.8 ± 0.4

Linear

increase

Table 8-1: With each PTM, three regions are identified under pressure based on the changes
in both frequency (columns two and five) and FWHM (columns three and six) of ∗.

The GMs with both Hexane and 1:1 W-M are shown to undergo a dramatic change in their

parameters in region two (between the vertical lines, brown or blue).

With Hexane, a small drop in the ∗ frequency of ~ 3 followed by a new rate of shift

of ~ 9.5 ± 0.5  and an increase in its FWHM is recorded. While in 1:1 W-M, we

have recorded a no frequency response associated with broadening of the ∗,  followed by  a

sudden narrowing and a frequency jump around 3.5 GPa. In the third region, with both medi-

ums, the GM followed another different behaviour; a linear frequency to pressure response

(very  clear  for ∗ in Figure 8-2.b), a new systematic broadening in ∗ and a change in the

profile shape particularly with W-M at earlier stages (around 3.8 GPa, Figure 8-2.a). In addi-

tion, once again the GM recorded within Hexane is overcoming the corresponding mode re-

corded within 1:1 W-M.
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Ø Set “B” (2.41 eV)

Figure 8-3: (a) GM spectra from CarboLex SWNTs under pressure, in Hexane (brown spectra)
and 1:1 W-M (blue spectra), using 2.41 eV excitation energy. (b) Frequency to pressure re-
sponse of the most intense peak , from Hexane (brown data) and 1:1 W-M (blue data). Un-
der pressure, both spectra (from Hexane and 1:1 W-M) are blue shifted. The rate of shift with
Hexane is higher than the one with 1:1 W-M. Under pressure, we can easily distinguish the
transition from the FWHM at: 1.5 GPa in Hexane (c) and 2.2 GPa in 1:1 W-M (d).

Figure 8-3.a presents the GM spectra collected from CarboLex SWNTs under pressure, us-

ing Hexane (Brown spectra) and 1:1 W-M (blue spectra) as PTM and 2.41 eV laser energy

for excitation. With 2.41 eV excitation energy, only semi-conducting tubes with  ~ 1.4 nm

are in resonance from the CarboLex sample, hence, we shall fit the GM spectrum at ambient

pressure using the two bands: ~ 1565 and ~ 1592 (Figure 8-1.c).
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In Figure 8-3.b we have plotted the frequency to pressure response of the most intense

peak up to  9  GPa.  This  response  is  found to  follow a  polynomial  growth,  with  no  clear

transition. However, the associated with each medium, Hexane and W-M, starts to

broaden around 1.5 and 2.2 GPa, respectively. This is very clear in Figure 8-3.c and d. We

associate this broadening to the transitions at these tubes. In addition, although the transition

pressure is changed when swapping between Hexane and 1:1 W-M, it is important to notice

that both were recorded at the same frequency (~ 1608 ; Figure 8-3.b, green line).

Ø Comparison
In Figure 8-4 we compare the collected spectra and the FWHM from both sets of experi-

ments “A” and “B”, in each PTM. At initial pressure the GMs (red and green) collected under

different excitation (1.96 and 2.41 eV, respectively), are totally different within any of the

two mediums. While at higher pressures (as shown above 3.8 GPa), the profiles of these spec-

tra are similar. We associate the similarity in the profile at higher pressures to a similarity be-

tween the nature (and could be the diameter) of the resonant tubes. As the resonant tubes un-

der the 1.96 eV are the metallic and the semi-conducting, while under the 2.41 eV we have

only semi-conducting, we think that at higher pressures the metallic tubes are either getting

out of resonance as explained in chapter 5, or are weakly contributing to the GM due to de-

formation under pressure. This is confirmed from the appearance of the low energy lorentzian

at higher pressures in W-M, which we associate to the peak of the semi-conducting tubes

(notice a same lorentzian is collected in each corresponding spectra under 2.41 eV in panel

“a”). After the transition, in either Hexane or W-M, the behaviour of the FWHM of the most

intense peak in the GM collected using the 1.96 eV excitation, is observed to follow the same

procedure as the corresponding one recorded under the 2.41 eV excitation (“b” and “d” lower

panels).



Intermediate Plateau

103

Figure 8-4: (a) and (c); GM spectra under pressure using W-M and Hexane respectively. (b)
and (d); FWHM response to pressure from the most intense peak in the GM using W-M and
Hexane respectively. All red spectra and data are collected using the 1.96 eV excitation (from
set A), while the green ones are collected using the 2.41 eV excitation (from set B). While the
difference between the corresponding profiles in each panel is clear at initial pressures, the
similarity between these profiles is achieved at higher pressures (above 3.8 GPa). In addition
while the green spectrum overcomes the red one in Hexane at initial pressures, the red spec-
trum is to overcome the green one at higher pressures.
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Above all we may also cite on the position of the GM with Hexane under both excitations.

While the frequency rate of shift under pressure is directly proportional to the cube diameter

of  the  resonant  tube  [61],  we  may expect  an  overcoming from the  red  spectra  with  1.6  nm

semi-conducting tubes in resonance over the green spectra which have the 1.4 nm tubes in

resonance. But as the metallic tubes with 1.2 - 1.3 nm diameter are also contributing to the

red  spectra,  this  may explain  the  lack  of  the  red  spectra  behind  the  green  one  as  shown in

panel “c”. After the second transition under the 1.96 eV excitation, the red spectrum over-

comes the green one, which again we associate here to a very week contribution from metal-

lic tubes.

D. Discussion and Conclusions

Ø GM Frequency shift at ambient pressure
The observed shift in the frequency of ∗ at ambient pressure is associated with both a de-

crease in the intensity and an increase in the frequency of the BWF peak. Such modifications

in the parameters of the BWF peak were associated by Gaur et al. [92] to a p-doping effect

resulting from the adsorption of molecules on the surface of the tubes. The p-doping effect

would explain the observed phenomena in the BWF peak, since changes in the parameters of

this peak were only recorded while loading with the oxygen bearing mixture, 1:1 W-M, and

not with Hexane. In addition, as n-doping will decrease the frequency of in semi-

conducting tubes as indicated by Shim et al. [91], we think that the p-doping will increase the

frequency of this peak, hence partially contributing to the blue shift recorded with 1:1 W-M

in comparison to Hexane.

On the other hand, the intensity of the G’-mode (second order Raman mode, presented

around 2630 ) collapses at ambient pressure when loaded with 1:1 W-M compared to

the more intense one with Hexane (Figure 8-5). According to Kim et al. [93] this is due to a

decrease in the metallicity of the resonant tubes; less metallic tubes are in resonance.
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Figure 8-5: Normalized GM and G’-mode of CarboLex SWNTs collected at ambient pressure,
using 1.96 eV excitation, before adding the PTM (red) and after adding 1:1 W-M mixture
(blue). The decrease in the intensity rate of the G’-mode to the GM, due to addition of W-M
mixture, is observed.

This would highly affect on the position of the ∗ at ambient pressure, since it is a combina-

tion of both peaks from metallic and semi-conducting tube (~ 1580 and 1592 , re-

spectively). A reduce in the metallicity, means a decrease in the contribution of the from

the metallic tubes, hence ∗ tends to the value of from the semi-conducting tubes. This

tendency in addition to the doping effect, explains the total 4 shift observed under the

1.96 eV laser. In addition, as the doping effect is diameter dependent [91], with the fact that

only semi-conducting tubes, with smaller diameter than those under 1.96 eV excitation, are in

resonance under the 2.41 eV excitation, explains the small shift (± 2 ) recorded in set of

experiments B.

Ø Plateau presented in Set A
When transition occurs (at ; deformation of the tubes) the intensity of the deformed tubes

will collapse. In set “A”, the resonant tubes are the metallic around 1.3 nm and the semi-

conducting around 1.6 nm (refer to chapter 3). As ~ 1⁄ , then the semi-conducting tubes
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will deform before the metallic. But, as was discussed earlier, the semi-conducting tubes are

the prominent tubes in the contribution for the GM spectrum at initial pressures in W-M

mixture; hence, the broadening of this mode around 1.5 GPa is due to deformation of these

tubes. In addition once deformed,  the  intensity  of  the  semi-conducting  tubes  will  collapse;

so, the less prominent metallic tubes are more prominent. As the diameter of the metallic

tubes (~ 1.3 nm) is smaller than the diameter of the semi-conducting (~ 1.6 nm) then these

tubes will shift with a lower rate than the semi-conducting [60, 61]. Added to that, the of

the metallic tubes is presented around 1580 at  ambient  pressure;  hence  the  shift  will

start from 1580 and not 1592 as for the semi-conducting. Based on this discussion we present

our model in Figure 8-6. From the figure, we can notice theoretically the difference between

the frequency behaviour of from both semi-conducting and metallic tubes (black and red

solid line, respectively). In the left panel we present the experimental data of the most intense

peak ∗ from Hexane while in the right one we present those collected using W-M.

Figure 8-6: Brown and blue data are the frequency evolution under pressure of the most in-
tense peak ∗ collected experimentally from CarboLex SWNTs using the 1.96 eV excitation
and either Hexane or W-M respectively. The black and red solid lines are the theoretical be-
haviour of the frequency of the most intense peaks from the GMs of semi-conducting (1.6 nm)
and metallic tubes (1.3 nm) under pressure.
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At  initial  pressures,  within  both  mediums,  the ∗ followed the behaviour of the semi-

conducting (black line) up to around 1.1 and 1.5 GPa (black arrows), which are the transi-

tion pressures of the 1.6 nm semiconducting tubes in Hexane and W-M respectively (as

shown theoretically). After transition, the frequency of ∗ is dropped due to the increased ef-

fect of the frequency from the metallic tubes after the deformation of the semi-conducting

tubes. A new shift is then followed by ∗ reflecting the effect of both from metallic and

semi-conducting tubes. This is followed up to the transition pressure of the metallic tubes

which is found theoretically to be around 2.2 and 3.2 GPa in Hexane and W-M respectively

(red  arrows).  Following  the  transition  pressure  of  the  metallic  tubes,  the  frequency  of ∗

achieves nearly the value of from the semi-conducting tubes, reflecting the increased ef-

fect  of  the  deformed  semi-conducting  tubes  after  the  deformation  of  the  metallic.  Here  we

should focus at these intermediate regions between the transition pressures with each PTM.

With W-M the rate of shift of the same resonant tubes will decrease from the one recorded

with Hexane and the transition pressure will increase (as shown in chapter 7). As the transi-

tion pressure is inversely proportional to the cube diameter of the tubes and the rate of shift of

the GM is directly proportional to the diameter, this makes the transition region wider in W-

M (1.5 – 3.2 GPa) than the one in hexane (1.1 – 2.2). Hence, as shown Figure 8-6, the transi-

tion would be smother in Hexane than the one in W-M, in addition at the point of recovering

from metallic to semi-conducting, and as the frequency difference between the metallic and

the semi-conducting is large, we see the jump in the frequency recorded around 3.5 GPa with

W-M in our experiments.
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PPaarrtt IIIIII:: CCOONNCCLLUUSSIIOONNSS

It is only in the last year that we have found the interpretation of

the high-pressure data which largely clears up the confusions ad-

dressed in Part II. In this, Part III, we describe this interpretation

more succinctly and detail future experiments that are needed to

put it beyond doubt.

We propose that the key aspect not adequately considered previ-

ously is the changing resonances during any high-pressure run.

The key experiments require tunable excitation and near-

excitation Raman to track the RM and GM of a chosen set of tubes-

a chosen resonance- as pressure is increased.
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Chapter 9: Conclusions and Future Work

A. Conclusions

In chapter five we examined the response of the first inter-band transition energies from the

metallic tubes ( ) under pressure. We deduced that these transitions will follow a red shift

pressure response, of several meV/GPa. However, using the profile of the GM to detect the

shift in the metallic tube does not allow to calculate the rate of this shift from a single tube,

since the Raman signal is a contribution of several tubes - with different diameters and chiral-

ity - in resonance. In addition, although literature suggests that the third and forth

transitions in semi-conducting tubes will also follow a red shift under pressure, it did not

give any values concerning these transitions. We think that these values can be easily de-

duced with a tunable laser; slightly tuning the wavelength we can get the signal from one tube

at a specific diameter value under each pressure.

On the other hand, in chapters six and seven we have noticed an effect of the PTM on the

response of the tubes under pressure; while neither cohesive energy density nor the molecular

weight of the solvent appears to fully (or partially) contribute to the observed effect, we think

that the electrochemical reaction between the solvent and the nanotube could be the reason

for the observed changes. Different solvents may serve in the favour of different nature tubes,

metallic or semi-conducting, thus the observed signal is dominated with different tubes under

different PTM although the excitation energy is unchanged and the tubes origin from the

same bulk sample.

Finally, in chapter eight we found that the behaviour of the Kataura plot under pressure is a

key to understanding the data. We suggested that the observed results (Figure 9-1, is an ex-

ample) are due to carbon nanotubes of different diameters moving in and out of resonance

with laser excitation energy on pressure increase.
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Figure 9-1: The main diagram shows a very typical high pressure data set.  CarboLex SWNTs
with a range of diameters from 1.2 nm to 1.6 nm are dispersed in an ethanol-methanol pres-
sure medium.  The four small diagrams are the relevant parts of the Kataura plot modified for
the different pressures. Raman is excited using a 632 nm He-Ne laser. The most intense peak
of the G-band is plotted against pressure. The horizontal solid (red) line in the insets repre-
sents our laser energy and the broken lines either side express the width of the resonances.
The Kataura points within this band are expected to dominate the Raman signal. The black
points in the bottom left are for metallic nanotubes, while the green points to the top and
right are for semi-conducting tubes. When semiconducting tubes are in resonance they domi-
nate the signal. The first part of the experiment thus observes 1.6 nm diameter tubes, with a
relatively high pressure coefficient.  At 1.3 GPa they attain an oval cross section, which weak-
ens their Raman signal very much. The spectrum is then dominated successively by 1.4 – 1.3
nm metallic tubes, and then 1.2 nm metallic tubes, with successively smaller pressure coeffi-
cients and with successively higher transition pressures. At 3.3 GPa, the metallic tubes have all
shifted out of resonance, and the spectrum is then dominated by the 1.5 – 1.6 nm semicon-
ducting tubes giving the clean data up to 7GPa.
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B. Future Work

Ø Objective
The purpose of this work is to test the idea that puzzling variations in behaviour of carbon

nanotubes under high pressure observed by different research groups around the world are

due to Raman resonance effects. What follows is an outline proposal for testing this idea.

While tracking tubes of a particular diameter and chirality by following their Raman excita-

tion spectra, we will:

· Determine reliable pressure coefficients and breakpoints for metallic and semiconduct-

ing tubes.

· Find how the pressure-transmitting medium affects these data.

· Analyse the data to distinguish mechanical from electronic effects.

We propose to take experimental precision to entirely new level and this is intimately re-

lated to the latest advances in experimental methods. Renishaw now offers a tunable near-

excitation (NExT) filter that removes restrictions placed by use of notch-filters and double-

(triple-) spectrometers on high pressure work. The flexible microscope sampling arm makes

it much easier to mate the high-pressure systems to a Raman microscope. The miniature

cryogenic diamond-anvil cell [26, 27] works well with recent modification of the diamond-

anvil cell concept for good control at low pressures (the Zen cell).

Ø Methodology
· Installation: Installing the NExT filter into a Renishaw Raman microscope and commis-

sion it in conjunction with a tunable laser, to do low wavenumber Raman at any excita-

tion wavelength from UV to IR.

· Characterising the SWNTs: Obtaining the Raman excitation spectra for the RBM and

the GM and identifying the resonances. This shall be done in air, dispersed in water, and

unbundled in water with surfactant.
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· Checking the solvent effects: This shall be done at ambient pressure, by adding as much

alcohol (methanol, ethanol, butanol) or other co-solvent as the surfactant will tolerate.

The key issue here is the comparison of solvent shift in bundled tubes without surfac-

tant,  and unbundled tubes with surfactant.  A careful study of the RBM and GM shifts

and the shifts in the associated resonances in the excitation spectra will reveal the best

conditions for high-pressure experiments.

· The high-pressure experiments will centre on tracking the resonances as the pressure in-

creases.  This  will  ensure  that  we  study  the  same  nanotubes,  rather  than  shifting  reso-

nances at fixed excitation wavelength resulting in different nanotubes coming in and out

of resonance with pressure. In this way, we expect to obtain a conclusive pressure coef-

ficient for a set of tubes, and by changing to a different resonance, for another set of

tubes.

· These experiments will be repeated with the range of co-solvents established in (3)
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APPENDIX A: DAC Technique

The technique used in this work are those leant by my supervisor from Prof. Ian Spain in

the 1980’s published in ref. [26-28], and evolved by a succession of HP research students at

Surrey and at QMUL [94, 95, 96].

A. Diamonds

Diamond anvils are used to generate very high pressures because diamond is the hardest

substance known and transparent to photons over a wide energy range (infrared, visible, near-

ultraviolet).

Ø Diamond Selection
In earlier high pressure experiments, brilliant cut diamonds with anvil culets (Figure 9-1

(a)) were extensively used. However, this was largely dictated by their availability from the

gemstone market, with correspondingly low prices. More recently different designs have be-

come available, which are more suited to the specific DAC application; the Drukker Dubble-

dee (Figure 9-1 (b)) and the Boehler-Almax anvils (Figure 9-1 (c)) [97].

Figure 9-1: Diamond anvils: (a) the brilliant cut; (b) the Drukker Dubbledee design and (C)
the Boehler-Almax design (“a” and “b” are reproduced from ref. [26], while “c” from ref. [97]).
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For the Drukker Dubbledee design, the table area is increased over that of the brilliant cut

diamond for the same weight, and the increased anvil angle and waist of this design allow it

to be used to higher pressures. While for the Boehler-Almax, a new anvil shape with cup-

shaped culets to further increase the cell volume and gasket stability is introduced. Compared

to previous anvils the Boehler-Almax design offers superior alignment stability, larger aper-

ture, and reduced cost owing to significantly smaller anvil diameters. Their conical support

prevents seat damage upon diamond failure.

Diamonds  are  sold  by  weight  in  carats  (1  carat  ~  0.2  g),  and  typical  diamonds  for  use  in

semiconductor studies are ~ 1/3 carat giving a table diameter “D” ~ 3 mm. This size is partly

dictated by cost, but also because the larger the diamond, the higher the probability that a

fault,  of  sufficient  size  to  elongate  and  lead  to  failure,  may  exist  in  the  anvil.  In  addition,

those with 16 sides withstand higher stresses than those with 8 sides; hence it is preferable to

use the 16 side diamond although they are a bit more expensive.

The  anvil  culet  diameter  is  chosen  by  the  user,  and  750  μm is  recommended for  the  first

studies. This allows 10 GPa to be reached routinely, and 20 GPa without much difficulty. For

30 GPa, 500 μm culets would be used.

Diamond can luminesce, and as we are using light in the visible region, their luminescence

can mask the very week Raman signal, hence we need the diamonds to be less luminous. No

correlation exists between either colour or type of diamonds and their luminescence. Usually

they are tested by taking the ratio of the intensity of the second order Raman peak against the

intensity of the background signal to the high wavenumber (cm-1)  side  of  this  peak.  (To  be

examined under the same excitation Raman laser). A ratio of 10:1 or higher is good.

Ø Useful pressure range and maximum load
The DAC is designed to load the diamonds by rectilinear movement along the Z-axis. Any

other movement is likely to break a diamond. As the high pressure is attained while applying
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a large force to the small area of the diamond culet; the maximum pressure, and hence the

maximum load, is limited by breakage of the diamond culet; the maximum pressure depends

on the culet diameter. The limit is not well defined, but experimentalists suggest an inverse

square relationship:

( ) =
12.5
( )

The maximum pressure used in experiments should be somewhat lower than this, such as

0.8 Pmax.

The pressure varies across the diamond culet, but can be integrated to obtain the force that

must be applied to the diamonds; the result can be expressed conveniently in terms of a di-

mensionless parameter “β” as follows:

= 4 +

Analysis, result with β ~ 0.8. F0 is found to be ~ 3 kN for 750 μm culets, hence, applying

the maximum pressure formula in the force formula, we can see that the maximum force that

can usefully be applied to the diamonds is about 10 kN, or 1 tonne, independent of culet di-

ameter. We emphasise that for this pressure range, in a solid-state laboratory not specialising

in high-pressure research, a 'one-tonne cell' is quite adequate and will give routine, reliable

access to high pressure.

B. Design and construction

The heart of the DAC is the piston-cylinder assembly and the diamond seats. Around these

come the alignment mechanisms, and then a drive mechanism, to apply load to the piston.

The design is dominated throughout by two factors. The force to be applied to the diamonds

is up to 1 tonne and under this force the diamond alignment must be maintained to an accu-

racy of a few μm and a few mrad. Nevertheless, there are few areas of the diamond cell



116

where strong materials are required in order to avoid plastic deformation or breakage of com-

ponents. These areas are the diamonds and diamond backing plates.

Ø Piston-cylinder assembly
The principal dimensions of the piston and cylinder are determined primarily by the need to

accommodate components mounted in them (alignment mechanisms, diamond mounting fix-

tures, gasket guide pins, etc).

However, the piston length-to-diameter ratio should be greater than unity to ensure good

alignment. The piston diameter must be smaller than the cylinder bore as otherwise it will not

enter, or will jam solid if forced in. This piston-cylinder clearance is the most critical dimen-

sion in a DAC; it should be in the range of 5 - 10 μm.

The cylinder is usually drilled undersize and broached dead to size. The piston is machined

oversize and hardened (if the diamond is to be mounted directly on the piston) and then

turned and hand-lapped to size, using the cylinder as a gauge. The required fit is slightly stiff

(a hand push fit).

During alignment operations the quality of the piston-cylinder fit may be checked by ob-

serving the optical interference fringes formed between the diamond culets, while pushing the

piston gently sideways. A movement of a few fringes only is acceptable.

The piston is provided with a central hole for optical access to the diamond, which may be

coned. Some provision should be made to prevent the piston rotating in the bore. A “V”

groove may be used, engaged by a pointed screw.

Ø Backing plates
In theses plates strain is concentrated. If the stress ( ) in the backing plate exceeds that

needed  for  plastic  deformation,  then  the  diamond  alignment  can  be  upset,  and  diamond

breakage will result. For example, with a diamond table of 3 mm and an optical access hole

of 1 mm diameter, under a 10 kN load, the maximum stress (equal to the maximum force
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over the diamond table area) will be ~ 1.6 GPa; this calls for a strong material such as Cu-Be

(  ~ 1.2 ) or hardened steel ( > 1.5 ).

The optical access hole behind the diamonds should not have a diameter greater than D/3

and should not be less than the diamond culet to permit viewing for the alignment process.

Allowing for the refractive index of diamond (n = 2.4 at optical frequencies) the access hole

would  be  cut  with  a  cone  angle  of  ~  550 to give the maximum numerical aperture of 0.46.

However, this angle weakens the backing plate, and cone angles of 200 are often used (NA ~

0.17).  Note  that  with  these  reduced  cone  angles,  the  hole  could  be  made  smaller  than  D/3

without affecting optical access to the sample.

The limiting stress in the backing plate also provides a limit to the pressures at which the

DAC can be used. To avoid stress concentrations in the diamonds, the mounting surfaces

should be machined flat. If there is any doubt about the quality of the surface, or if a very

hard material (e.g. WC or sapphire) is used, it is good practice to put a layer of glue between

the diamond and the mounting surface; this operates in precisely the same way as the gasket,

and smoothes the pressure distribution under the diamond.

C. Diamond mounting and alignment

Warning: Care must be taken not to bang the two diamonds together, particularly while

the cell is out of alignment, as the point contact results in very high stress. Also any rotation

or twisting motion should be avoided while the diamonds are touching, as this induces tensile

and shear stress which can easily chip a corner off.

The initial, or coarse, alignment of the diamonds is best carried out by viewing transversely

through four side holes in the cell body. Axial alignment should be followed by that for paral-

lelism. The latter is best accomplished by gently moving the piston so that diamonds come
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into contact while viewing transversely through a monocular microscope with vertical mount-

ing.

The final adjustments are made viewing along the cell axis, in the order rotational, axial and

parallel alignment. The first two can be carried out with direct visual observation, and illumi-

nation through the side holes in the body is convenient. Final alignment for parallelism is

then carried out using optical interference fringes, using transmitted white light to about 2

fringes (Figure 2-2). It is important to note that optical fringes are often not observed initially

after coarse alignment. This is caused by the diamond surfaces being separated by lint parti-

cles, so fringes are in poor contrast. The culets should be cleaned thoroughly with a solvent

on a cotton tip, and the diamonds inspected to ensure that cotton fibres have not adhered to

the culets. After the cell is aligned, a gasket should be pre-indented with successively higher

force, and alignment checked after each pressing. If the diamonds remain well aligned (e.g. to

~ 2 fringe) after application of the highest rated force, then the cell is ready for use. If the cell

becomes misaligned, then the cause of the misalignment should be ascertained.

D. Gaskets

The purpose of the gasket is to provide a chamber in which a fluid-like substance can be

contained to apply approximately hydrostatic stresses to the sample. An additional purpose is

to provide support to the anvils.

Figure 1-2: The diamond anvil cell (ref. [28]).
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Ø Massive support and pre-indentation
The massive support is most effective if gaskets are prepared by pre-indentation. That is, if

a starting thickness of, e.g., 100 μm is desired, rather than cutting the gasket from 100-μm

material, drilling the sample hole and placing the gasket on the diamonds, it is preferable to

use, e.g., 500 μm material, indented in the cell to 100 μm thickness at the diamond culets, to

drill the sample hole centrally in the indentation and to replace the gasket on the diamonds in

its original position. It is also desirable to make the gasket large enough in its external dimen-

sions.

Ø Gasket initial thickness
As the pressure is increase, two cases are distinguished:

(a) When the gasket is at the maximum thickness for the pressure, the metal extrudes out-

wards everywhere; in this case the gasket hole enlarges as the pressure increases.

(b)  When the  gasket  is thinner,  the  metal  extrudes  inwards  near  the  sample  hole  and  the

sample hole gets smaller as the pressure is increased. In the latter regime the gasket is essen-

tially stable, while in the thick gasket regime (a) it is unstable.

The thick gasket regime may be detected by visual observation of the gasket hole or de-

duced from measurement of the gasket thickness after the run; once the hole begins to enlarge

you should stop the run.

In conclusion, the gasket should always be thin enough that the sample hole contracts as the

pressure is raised. If the hole expands at high pressure, the run should be terminated and a

thinner gasket used next time. The outside dimensions of the gasket are not critical. We note,

however, that the gasket should not be smaller than about five times the culet diameter as ex-

cessive distortion will occur.
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Ø Gasket preparation
There are two approaches to gasket preparation:

In one, shim steel of the required thickness is obtained and used directly (simple gasket).

In the other, much thicker stock is used, typically 0.5 mm, and the required thickness is ob-

tained by pre-indentation between the diamonds.

We strongly recommend the pre-indentation method, for the following reasons:

· Many different gasket thicknesses are routinely required, depending on the intended

pressure range, the sample, etc; but it is not always possible to obtain shim of the re-

quired thickness, while pre-indentation allows any thickness to be obtained from the

same stock thickness.

· A pre-indented gasket provides a thick belt of metal supporting the material between the

culets and also supporting the edges of the diamonds.

· Finally, pre-indentation allows the automatic selection of the correct gasket thickness,

by applying the same load to pre-indent as will later be used in the pressure run.

If the gasket is pre-indented, it is very convenient to provide guide pins. They allow the

gasket to be positioned correctly.

Very important: Load should always be applied in small steps with a reduction to zero

between them. Diamonds are more likely to break during pre-indentation than in a high-

pressure run. This is because the radial extrusion of the metal is entirely outwards, putting the

maximum tensile component of stress in the diamond tip. The risk may be reduced by drilling

a hole in the gasket so that much of the extrusion occurs inwards as the hole is closed up.

There are many possible approaches to preparing the sample cavity, using spark-cutting or

drilling with vertical drilling machines. For drilling, the gasket can be mounted sufficiently

firmly using guide pins and double-sided sticky tape; the problem is more to position it accu-

rately so that the drill enters the centre of the indentation, and to avoid breaking the very frag-
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ile small drills. Optical micro-translators should be mounted on the drill stage to allow for

fine adjustment of the gasket position and a microscope mounted to view the job. It is useful

to have the microscope mounted so that it  can view the gasket through an arc of 900. If the

correct drilling speed is used together with an appropriate cutting fluid, as recommended by

the drill or drilling machine manufacturers, no difficulty will be experienced.

We recommend that the sample hole should be made no larger than rg = r/2 and preferably

rg/3.
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APPENDIX B: MOLECULAR SPECTROSCOPY

A. Introduction

Molecular spectroscopy may be defined as the study of the interaction between the different

regions of electromagnetic radiations and the molecular energy.

Ø Regions of Electromagnetic radiation
Figure 1-1 illustrates graphically the various regions into which electromagnetic radiation

has been divided. The boundaries between the regions are by no means precise, although the

molecular processes associated with each region are quite different.

Figure 1-1: the regions of the electromagnetic spectrum.
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Ø Molecular energy
As the molecules are formed out of several atoms brought together, then the atomic orbitals

will split creating a number of molecular orbitals. When the number of atoms becomes very

large, then the number of orbitals will increase hence, reducing the energy difference between

the different levels, so the levels may be considered to form continuous bands of energy

rather than the discrete energy levels of the atoms in isolation. If at some intervals of energy

no orbitals are found, then band gaps are formed.

In addition to the electronic states, molecules purchase rotational and vibrational states;

these are due to the rotation and vibration of the molecule. A nonlinear molecule with  at-

oms is said to have 3  degrees  of  freedom;  three  of  which  are  possible  translations  (along

,  axis in the coordinates system), with another three representing the three possible

rotations around three perpendicular axis passing through its centre of gravity. The remaining

3 − 6  degrees of freedom describe the vibrational motions of the molecule (notice that in

case of a linear molecule we have 3 − 5 vibrations, as we only have two rotations).

In much the same way to electronic energy states, the rotational and vibrational energies of

the molecule are also quantized, with the least molecular energy corresponds to the rotational

energies of the molecule (later we will see that the rotational energies are studied in the mi-

crowave region, while the vibrational in the infrared-visible region).

Morse curve (states of a system)

Any molecule consists of a series of electronic states each of which contains a large number

of vibrational and rotational states. Figure 1-2 is  a  sketch  of  the  Morse  curve,  showing the

ground electronic state of a molecule. At large inter-nuclear separations, the atoms are essen-

tially free and as the distance decreases they are attracted to each other to form a bond.
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Figure 1-2: sketch of a typical ground electronic state of a molecule. This curve is referred to
as a Morse curve. The y-axis represents the energy of the system and the x-axis the inter-
nuclear separation. The curved line represents the electronic state.

If they approach too closely, the nuclear forces cause repulsion and the energy of the mole-

cule rises steeply as shown. Thus the lowest energy is at the bond length.

However, within the curve, not every energy is possible since the molecules will be vibrat-

ing and the vibrational energies, which are quantized, have to be taken into account. The bind

lines are the quantized vibrational states. A particular vibrational level of a particular elec-

tronic state is often called a vibronic level.

Notice that what is shown in the figure refers to one vibration, and other more complica-

tions (other vibrational or rotational states) are not added because the diagram gets too clut-

tered for use.

The first level ( = 0) is the ground state where the molecule is not vibrating and the sec-

ond level  ( = 1) is the state where one quantum of the correct energy is absorbed and the

molecule vibrates. The levels above this require energies of approximately but not exactly
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two times, three times, four times, etc., of the quanta required to move the molecule from the

ground state “0” to the first excited state “1”. Where a change of more than one quantum oc-

curs, the peak obtained is called an overtone.

To describe all the vibrations in a molecule such as in Figure 1-2, a similar set of tie lines

but at different energies is required for each vibration. Further, vibrations can combine so that

one quantum of one vibration and one of another vibration will give a new level. In the spec-

trum, peaks due to these combinations are called combination bands and like overtones ap-

pear only in certain circumstances.

The shape of the Morse curve makes it difficult, but not impossible, to calculate the energy

of vibronic levels and so simple theory uses the harmonic approximation. In this approach,

the Morse curve shown is replaced by a parabola calculated for a diatomic molecule by con-

sidering it as two masses connected by a vibrating spring. With this approach, Hooke’s law

gives the relationship between frequency, the mass of the atoms involved in the vibration and

the bond strength for a diatomic molecule:

=
1

2

where c is the velocity of light, K is the force constant of the bond between A and B, and is

the reduced mass of atoms A and B:

= +

Hooke’s law makes it easy to understand the approximate order of the energies of specific

vibrations.  The  lighter  the  atoms,  the  higher  the  frequency  will  be.  The  force  constant  is  a

measure of bond strength. The stronger the bond, the higher the frequency will be.
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B. Interaction of light with matter

After this brief introduction about the nature of electromagnetic radiations and the energy

levels of the molecule, we need to concern ourselves with the interaction resulting between

them. Based on the frequency of the incident light and the difference in the molecular energy

levels in the material, different phenomena could occur:

Ø Absorption
If the frequency of the incident radiation is at or near the vibration frequency of the elec-

trons in the material, then the radiation is absorbed and the electron is promoted to a higher

energy level. Mainly, if this occurs while using microwave radiation then the levels are rota-

tional; if it is infrared then the levels are vibrational and if it is visible or ultraviolet then the

levels are electronic. The gained energy will make the atoms speed up and collide with other

atoms in the material, which will lead to the dissipation of the energy as heat.

Ø Emission
Atoms or molecules that are excited to high energy levels can decay to lower levels by

emitting radiation.

For molecules this emission is called fluorescence if the transition is between states of the

same spin and phosphorescence if the transition occurs between states of different spin.

Fluorescence

Fluorescence is an optical phenomenon which involves the following:

· Light with a sufficient energy is absorbed by the molecule.

· This excites the molecule into an energetic electronic state.

· Often, though not always, the energy of the excited molecule is very rapidly redistrib-

uted to produce a lower energy state.
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· This lower energy state then emits a photon (fluoresces) to move to an even lower en-

ergy state (often the ground state -- usually the starting point for step 1).

Thus, the fluorescence wavelength depends on the particular molecule that is excited but it

is almost at a longer wavelength than the excitation light. The energy difference between the

absorbed and emitted photons ends up as molecular rotation, vibration or heat.

Phosphorescence

Unlike fluorescence, a phosphorescent material does not immediately re-emit the radiation

it absorbs. It is a process in which energy absorbed by a substance is released relatively

slowly in the form of light. The slower time scales of the re-emission are associated with

"forbidden" energy state transitions in quantum mechanics.

Figure 1-3: Sketch of the different phenomena, fluorescence and phosphorescence.
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Ø Scattering
When electromagnetic waves strike an object, the electron orbits within the constituent

molecules are perturbed periodically with the same frequency ( ) as the electric field of the

incident wave. This oscillation or perturbation of the electron cloud results in a periodic sepa-

ration of charge within the molecules, which is called an induced dipole moment. By the laws

of electromagnetism, when a charge changes its velocity, it emits radiation (according to

Maxwell equations). The oscillating induced dipole moment is evident as a source of EM ra-

diation, thereby resulting in scattered light. The scattered light is emitted uniformly in all di-

rections in the plane perpendicular to oscillation.

The majority of the scattered light is emitted with an identical frequency ( ) to the incident

light; this process is referred to as elastic scattering. However additional light is scattered at

different frequencies to the incident light; this process is referred to as inelastic scattering.

Elastic scattering of light is classified into two categories:  Rayleigh scattering or Mie Scat-

tering. This depends on the size of the object compared to the wavelength of the light.

If we are dealing with air molecules or any particle size up to about tenth of the wavelength

of the light, then it is a Rayleigh scattering. In this case, the scattering intensity is propor-

tional to the forth power of the frequency of the light, and it is this effect which gives the blue

colour to the sky.

On  the  other  hand,  if  the  particle  sizes  are  larger  than  a  wavelength,  then  Mie  scattering

predominates. This scattering produces a pattern like an antenna lobe, with a sharper and

more intense forward lobe for larger particles. Mie scattering is not strongly wavelength de-

pendent. It is this effect which produces the almost white glare around the sun, since a lot of

particulate material is present in the air; hence looking directly to the sun, we will be noticing

Mie scattering. However, in our study we are interested in Raman scattering which is an ine-

lastic process. Please refer to chapter 2 for more about this phenomenon.
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Ø Mechanism of interaction between light and matter:

Figure 1-4: Interaction of light at different energies with matter.

Here, we briefly explain the mechanism of interaction between electromagnetic wave and

molecules.

The different parts of the electromagnetic radiation have very different effects upon interac-

tion with matter. Each portion of the electromagnetic spectrum has quantum energies appro-

priate for the excitation of certain types of physical processes. In order for such interaction to

occur, there must be an induced electric or magnetic field which upon interaction with the

electric or magmatic field of the incident radiation would give rise to a spectrum. Several

possibilities may take place (The following part is taken from the book referenced [98]):

· In the microwave region: A molecule such as hydrogen chloride, HCl, in which one

atom (the hydrogen) carries a permanent net positive charge and the other a net negative

charge, is said to have a permanent electric dipole moment. If we consider the rotation

of HCl (Figure 1-5), we see that the plus and minus charges change places periodically,

and the component dipole moment in a given direction fluctuates regularly.



Appendix B: Molecular spectroscopy

130

Figure 1-5: The rotation of a diatomic molecule, HCL, showing the fluctuation in the dipole
moment measured in a particular direction.

This fluctuation is plotted in the lower half of Figure 1-5 and  it  is  seen  to  be  exactly

similar in form to the fluctuating electric field of radiation. Thus interaction can occur,

energy can be absorbed or emitted, and the rotation gives rise to a spectrum.

All molecules having a permanent moment are said to be microwave active. If there is

no dipole, as in H2 or Cl2, no interaction can take place and the molecule is microwave

inactive.

· In the infra-red region: Here it is a vibration, rather than a rotation, which must give rise

to a dipole change. Consider the carbon dioxide molecule as an example, in which the

three atoms are arranged linearly with a small net positive charge on the carbon and

small negative charges on the oxygen; during the mode of vibration known as the sym-

metric stretch, the molecule is alternately stretched and compressed, both C-O bonds

changing simultaneously, as in Figure 1-6.  Plainly  the  dipole  moment  remains  zero

throughout the whole of this motion, and this particular vibration is thus infra-red inac-

tive. However, there is another stretching vibration called the anti-symmetrical stretch,

depicted in Figure 1-7. Here one bond stretches while the other is compressed, and vice

versa.
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Figure 1-6: The symmetric stretching vibrations of the carbon dioxide molecule.

Figure 1-7: The asymmetric stretching vibration of the carbon dioxide molecule showing the
fluctuation in the dipole moment.

As the figure shows, there is a periodic alteration in the dipole moment, and the vibration is

thus 'infrared active'.

· In the visible-ultraviolet region: The excitation of a valance electron involves the mov-

ing of electronic charges in the molecule. This lead to changes in the electric dipole

which gives rise to a spectrum by its interaction with the electric field of radiation.
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