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Abstract
The production of iron-filled multi- and single-walled carbon nanotubes (FeMWNTs and
FeSWNTs) by experimental process has been explored. Partial Fe-filling of CNTs was achieved
by the pyrolysis of C60 and ferrocene. The optimum fractional volume filling with ferromagnetic
phase iron was studied by adjusting the experimental parameters and by seeding the nanotube
growth with catalyst particles, although no significant improvements were found. Iron-filling of
FeSWNTs via a wet chemistry method was inconclusive.
Characterisation of FeMWNTs was performed via XRD, EDS, SEM, TEM, Mössbauer
spectroscopy and electrical break-junction measurement. The results reveal that the FeMWNTs
produced here were between 10-20µm in length and 40-60nm in diameter with well-crystalline
graphitic walls and three iron phases (α-Fe (20%), Fe3C (34%) and γ-Fe (46%)) which are
protected from oxidation via carbon encapsulation. I find evidence to support the work of
Ruskov et. al. who suggests that the three phases of iron are likely to be randomly distributed
throughout the nanotube core.
FeMWNTs exhibited ferromagnetic behaviour with a high coercivity (2500 Oe) due to the
encapsulated iron. Magnetotransport measurements on FeMWNT systems at low temperature
and high magnetic field were performed to probe Kondo-like phenomena. Results show a
temperature dependant magnetoresistance of approximately -10% for filled- and unfilledMWNTs and +30% for SWNTs dominated by a combination of 2-D weak localisation and 2-D
variable range hopping, but no Kondo-like behaviour was observed. Individual aligned bundles
of FeMWNTs were also investigated but results were inconclusive.
FeMWNT-based magnetic force microscopy probes were prepared using a simple method of
attachment onto atomic force microscopy tips, but did not prove robust enough for
measurements. A second application revealed that above percolation-threshold loaded
FeMWNTs/polyurethane-urea composites demonstrated DC magnetoresistance effects. A large
magnetoresistance of ±100 % was observed in a magnetic field of 300 mT. A phenomenological
model, derived from the resistance relaxation for axial strain is proposed.
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and C60 in a 1:1 ratio at 1100 oC. The dimensions of the CNTs imaged were
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Figure 3.4: Schematic diagram for possible FeMWNTs growth mechanism. 61
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with near identical results.
Fig. 3.8:

Examples of (a) VDSO and (b) the corresponding conductance 67
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Figure 3.9: Conductance histogram data for a network of FeMWNTs 67
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Fig. 3.10: The break-junction experiment al seta-up (left) and conductance 68
data (right) of Frank et al.
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various liquid metals; mercury, liquid cerrolow and gallium.
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Figure 3.13: XRD data of FeMWNT sample before and after annealing, with 70
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size
Figure 3.14: Diagram showing locations of silicon substrates inside the 1 m 72
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substrates labelled 1, 6 and 10.
Figure 3.15: Non-contact mode AFM image of an uncoated silicon substrate, 73
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synthesised on their surface by pyrolysis (Figure 3.16).
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Figure 3.16: SEM images of CNTs grown on uncoated silicon; a) substrate 1 74
from near the reactants, b) substrate 6 at the midpoint, and c) substrate 10 at
the far end of the tube. All substrates show columnular growth with thick
arrays of CNTs, however only the tops of the arrays are visible showing a
carbonaceous crust at the apex of each tip.
Figure 3.17: Non-contact mode AFM of surface of silicon coated with 10 nm 75
of iron after annealing at 900 oC. Large particles, approximately 1-3 µm in
diameter can be clearly seen on the surface.
Figure 3.18: SEM images of FeMWNTs grown on a 10 nm iron film; a) is 76
substrate 1, showing large nodules of iron with some tube like structures
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about 500 nm in diameter and c) substrate 10 showing what appears to be
columnular growth with thick arrays of FeMWNTs.
Figure 3.19: Non-contact mode AFM of surface of silicon coated with 100 nm 77
of iron after annealing at 900 oC, the image shows nodules, suspected to be
iron, with 200 nm diameters. Similar structures were also seen in SEM
micrographs in Figure 3.13 b).
Figure 3.20: SEM images of FeMWNTs grown on 100 nm iron film; a) 78
substrate 1 showing a dense network of long, thin needle like structure with a
random orientation, b) substrate 6 with iron nodules ~1 µm in diameter, no
nanotubes were found this region and c) substrate 10 showing large clusters of
needle-like structures resembling sea urchins protruding from the surface of
iron particles.
Figure 3.21: SEM image of SWNTs grown via CVD in direction [1101] on R- 80
plane sapphire substrates as shown by arrow. The SWNTs, which can be seen
lining up in the same direction as the crystal plane, were seeded by a Fe:Mo
catalyst precursor.
Figure 3.22: SEM images of FeMWNTs grown on untreated silicon 81
substrates. Images show tops of vertically aligned FeMWNT, scale bars are all
1 µm.
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Figure 3.23: SEM images of FeMWNTs grown on Si substrates treated with 82
the Fe:Mo catalyst and reduced in H2 gas for 10 minutes. Images a) and b)
show tops of vertically aligned FeMWNT, c) shows slightly damaged area,
scale bars are all 1 µm.
Figure 3.24: SEM images of FeMWNTs grown on Si substrates treated with 83
the Fe:Mo catalyst without reduction in H2 atmosphere. Images a) b) and c)
show damaged areas with aligned FeMWNTs, d) show the tops of the arrays,
scale bars are all 10 µm (a) and c)) and 1 µm (b) and d)).
Figure 3.25: SEM images of FeMWNTs grown on sapphire substrates. Image 84
a) shows the arrays as seen from above, while b), c) and d) show damaged
areas with aligned FeMWNTs. Long looped CNTs can be seen growing on the
surface of the FeMWNT arrays in a) to c). Scale bars are all 10 µm except in
d) where the scale bar is 1 µm.
Figure 3.26: SEM images of FeMWNTs grown on sapphire substrates treated 85
with the Fe:Mo catalyst and reduced in H2 gas for 10 minutes. a) Shows the
top of the arrays, images b) c) and d) show damaged areas with aligned
FeMWNTs. All scale bars are 1 µm.
Figure 3.27: SEM images of FeMWNTs grown on sapphire substrates treated 86
with the Fe:Mo catalyst without reduction in H2 atmosphere. a) Shows the top
of the arrays, images b) c) and d) show damaged areas with aligned
FeMWNTs. Scale bars are 1 µm (a) - c)) and 10 µm (d).
Figure 3.28: XRD of FeMWNTs grown on sapphire compared with a 87
powdered FeMWNT sample. Several common reflections can be seen with
Fe3C and α-Fe labelled. XRD of a sapphire substrate is also shown and
accounts for the additional reflections not usually observed in the XRD of
FeMWNTs. Scherrer analyses indicate that the graphitic walls of the sapphire
grown FeMWNTs are 10.54nm with α-Fe and γ-Fe crystals of 36.4nm and
23.6nm respectively.
Figure 3.29: Hystereisis loops for FeMWNTs grown on sapphire with B-field 88
parallel to the sample surface. The samples were anisotropic and did not
exhibit noticeable temperature dependence within the measured range.
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Figure 3.30: Magnetisation vs. temperature with an applied field of 100 Oe for 89
FeMWNTs grown on sapphire showing a small decrease with temperature.
Two inflection points are clearly visible, one at around 27 K and one at 5 K.
Figure 3.31: HR-TEM Micrographs of HiPCO SWNTs after an attempt to fill 91
them with iron. It is not clear if iron particles are present inside the nanotube.
Image d) shows a large black artefact that could be carbon-encapsulated iron
since carbon appears transparent under TEM however, it was not possible to
check this with elemental analysis.
Figure 3.32: TEM micrographs showing more SWNT bundles. The resolution 92
is not sufficient to observe any encapsulated iron particles, which would
appear dark black.
Figure 4.1: I(B) of a randomly orientated MWNT network with B-field 102
perpendicular to sample. A constant 0.2 V was applied for this measurement.
Figure 4.2: MR of a randomly orientated MWNT network calculated from 103
Figure4.1. The MR is initially negative but becomes positive at lower T and
high B.
Figure 4.3: Low B-field data from Figure 4.2 showing a B2 dependence for the 104
MWNT network. The solid black line has a gradient of 2.
Figure 4.4: MR data taken from Figure 4.2 between 1-2 T showing a √B 104
dependence for the MWNT network. The solid black line has a gradient of
0.5.
Figure 4.5: Zero B-field relationship between I and T for the MWNT network 105
with an applied voltage of 0.2 V.
Figure 4.6: The zero B-field data from Figure 4.5 with linear fit for lnG vs. 105
1/T1/3 associated with higher 2D VRH.
Figure 4.7: I(B) of a randomly orientated FeMWNT network with an applied 107
voltage of 0.2 V. The plots show the results with B-field parallel top) and
perpendicular (bottom).
Figure 4.8: MR characteristics from Figure 4.7 of a FeMWNT randomly 108
orientated network with B-field perpendicular and parallel (insert).
Figure 4.9: MR from Figure 4.8 of FeMWNT sample at low B-field (top) and 109
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between 1-2 T (bottom), the solid black lines have gradients of 1.8 and 0.5
indicating B2 and √B dependences respectively.
Figure 4.10: Zero B-field relationship between G and T for B parallel (red) and 110
perpendicular (black) with an applied voltage of 0.2 V.
Figure 4.11: The zero B-field data from Figure 4.5 with linear fit for G vs. 110
1/T1/3 associated with higher 2D VRH.
Figure 4.12: Two I(B)s of randomly orientated FeSWNT network (top) and 112
unfilled-SWNT network (bottom), both with B-field parallel to sample surface
and an applied voltage of 0.2 V.
Figure 4.13: MR curves from Figure 4.12 for Fe-filled (top) and unfilled 113
(bottom) SWNTs, these appear very similar to previously reported work in
which proved to be the result of 2-D, spin-dependant VRH and 2-D weak
localisation.
Figure 4.14: Ln-ln plot of the conductance of the FeSWNT network showing a 114
linear dependence between G and B, the solid black line has a gradient of 1.
Figure 4.15: Low B-field data between 1-2 T showing a B2 dependence for 115
the FeSWNT network. The zero B-field data fits optimally with 2-D VRH
theory following a G~1/T1/3 relationship as shown in Figure 4.16 which is
consistent with the other samples.
Figure 4.16: The zero B-field lnG vs. 1/T1/3 with linear fit associated with 116
higher 2D VRH for the SWNT network (top) and FeSWNT network (bottom).
The applied voltage was 0.2 V.
Figure 4.17: SEM images the FeMWNT bundle contacted using focused ion 117
beam (FIB) lithography. The gold contacts (Au) and the tungsten wires (W)
are labelled.
Figure 4.18: I(B) for the two-contact FeMWNT bundle with magnetic field 118
parallel (top) and perpendicular (bottom) to the sample both with an applied
voltage of 0.2 V.
Figure 4.19: MR curves for FeMWNT bundle shown in Figure 4.18. The 119
sudden increase in MR below 5 K is indicative of a superconducting transition
caused by the carbide containing tungsten contacts.
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Figure 4.20: Temperature dependence of the resistivity of tungsten carbide 119
films in varying magnetic fields with superconductivity occurring at 4.2K. We
can conclude from this that our observed MR of FeMWNT bundles is
dominated by a superconducting transition of our FIB deposited tungsten
contacts.
Figure 4.21: Temperature dependence of resistance for the two-contact 120
FeMWNT bundle with an applied voltage of 0.2 V. These data do not fit with
the disordered transport mechanisms observed in randomly orientated
networks of FeMWNTs, the inflection point may indicate that a transition
below 10 K is occurring.
Figure 4.22: SEM images of the two FeMWNT bundles contacted using FIB 121
lithography. The numbers represent labels corresponding to which pins each
contact lead to.
Figure 4.23: Higher resolution SEM images of an FeMWNT bundle contacted 121
with four tungsten contacts using FIB deposition.
Figure 4.24: T vs. I(V) at low values of T (10 K<) showing some temperature 122
dependence below 10 K.
Figure 4.25: T vs. R showing significant temperature dependence. The data 123
flattens below 50 K and unlike the previous two-contact measurement there is
no downward turn below 10 K.
Figure 4.26: B vs. I(V) , no B dependence was observed therefore no further 123
measurements could be performed with these samples inside the magnet.
Figure 4.27: Zero-bias anomaly observed from the differential I(V) of 125
FeMWNT bundles
Figure 5.1: Experimental set-up for attaching FeMWNTs to AFM tips, the 129
bias between the cathode and anode was always set to 25 V and the tip could
be brought closer to the FeMWNTs by use of a manual micro stage controller.
Figure 5.2: SEM images showing examples of FeMWNT tip attachment 130
attempts. From top to bottom; AFM tip covered in amorphous carbon
material, clean AFM tip with no signs of nanotubes and finally, an AFM tip
completely covered in FeMWNTs, all scale bars are 10 µm.

18

Figure 5.3: Successful tip attachment. The FeMWNT can be seen to protrude 131
less than 2 µm above the tip. To test the strength of the FeMWNT-to-tip bond
the AFM tip was moved around for two weeks including being shaken and
lightly dropped in the box and imaged again revealing that the nanotube was
still present.
Figure 5.4: A second tip with FeMWNTs attached to the surface, one single 131
nanotube is protruding from the very tip.
Figure 5.5: AFM image showing the topography of a hard drive surface as 133
image using an FeMWNT probe (top) and a conventional MFM probe
(bottom). The size of the image area is 20 µm x 20 µm.
Figure 5.6: MFM image showing the magnetic phase change of hard drive 134
surface imaged with a FeMWNT probe (top) compared with a conventional
probe (bottom). Scan size is 20 µm x 20 µm.
Figure 5.7: AFM image showing the topography of 100 nm of iron deposited 135
on sapphire using an FeMWNT probe (top) and a conventional MFM probe
(bottom). The size of the image area is 20 µm x 20 µm.
Figure 5.8: MFM image showing the phase change of 100 nm of iron 136
deposited on sapphire as imaged with a FeMWNT probe (top) compared with
a conventional probe (bottom). Scan size is 4 µm x 4 µm.
Figure

5.9:

Photograph

illustrating

the

ferromagnetic

nature

of 138

FeMWNT/polyurethane-urea composite. The composite film here was cut into
5 mm x 30 mm strips for further measurements.
Figure 5.10: SEM images of MWNT composite films. Bright spots indicate 139
conductive areas. Percolation pathways made of randomly orientated
FeMWNT bundles can be seen in the top two images. The top image shows an
unstrained sample, the second image is under a small strain. The bottom
image shows several aligned bundles after the sample has experienced
significant strain. All scale bars are 10 µm.
Figure 5.11: Histogram showing the preferred angle to the horizontal axis of 140
FeMWNTs within the polymer matrix, showing some preferential alignment.
These measurements were taken from the strained sample in Figure 5.10.
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Figure 5.12: The Maxwell model for viscoelasticity. Under a constant strain, 140
the stresses within the polymer gradually relax. Under a constant stress, the
strain has two components; an elastic component that occurs instantaneously
and relaxes immediately upon release of the stress (spring) and a viscous
component that grows with time as long as the stress is applied (damper).
Figure 5.13: The Generalized Maxwell-Weichert model of a polymer 141
undergoing strain. A viscoelastic material may be represented by a series of n
Maxwell elements (springs and dampers) with spring constant kn and viscosity
ηn.
Figure 5.14: The Instron 5584 universal test machine used for measuring the 142
stress/strain of all MWNT composite strips.
Figure 5.15: Stress/Strain curves for MWNT/polyurethane-urea composites 143
with different loads, the breaking point occurs between 600% and 800%.
Figure 5.16: The Stress/Strain curves from Figure 5.15 at low strain; the 10% 143
FeMWNT composite has a much higher Young’s modulus than the unfilled
MWNT composites.
Figure 5.17: Resistivity as a function of strain for the MWNT/polymer 145
composites based on instantaneous values. Each curve has two distinct regions
the first between 0 % and ~ 15 % being due to CNT sliding which decreases
the contact area between nanotubes, and the second is due to a separation of
CNTs, decreasing electron hoping transport.
Figure 5.18: Time dependence of resistance relaxation of 10% FeMWNT 146
composite, top, with an applied B-field of 300 mT, and bottom, showing how
the resistance, R0(t), decreases with time without an applied field. Above 16%
strain the resistance begins to increase by as much as 80%.
Figure 5.19: Schematic to describe the effect observed in Figure 5.18. The 147
networks of black lines represent CNTs in the polymer matrix.
Figure 5.20: Set-up of FeMWNT composite (black) when held in frame with 148
an insulated grip. The frame is 5 cm across and 15 cm long.
Figure 5.21: MR versus strain for 10% FeMWNT composite showing both the 149
spontaneous MR from ±100% and the MR after 60 seconds. Not plotted are
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the results of the MWNT/polymer composite since no MR was observed. The
magnetic field strength was 300mT.
Figure 5.22: Component A of the Zheng MR equation (analogous to the 150
Burgers equation) plotted against strain. There is some variation after 70 %
which may account for the fluctuations in MR above 40%.
Figure 5.23: Component B of the Zheng MR equation plotted against strain 151
showing similar variation as A.
Figure 5.24: Component C of the Zheng MR equation plotted against strain 151
with some more striking differences.
Figure 5.25: The relaxation time τC plotted against strain. There is a clear 152
difference between the zero B-field and B=300 mT curves at a strain
consistent with the observed MR effects.
Figure 5.26: Schematic to describe the large MR effects observed in Figure 153
5.19. The torque experienced by the FeMWNTs can be clearly seen and acts
to build new electrical contacts within the composites material.
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Chapter 1

Introduction

1.1. History
In 1985, whilst attempting to understand how long carbon chains are formed in interstellar
space and circumstellar shells, Kroto and Smalley vaporized graphite via laser ablation and
discovered a new allotrope of carbon. Mass spectra of evaporated carbon samples revealed
the presence of stable clusters consisting of sixty carbon atoms with a spherical structure
[1]. It was called Buckminsterfullerene or C60, a quasi-zero-dimensional allotrope of
carbon [2]. In 1991, several years after Kroto’s discovery while studying electron
micrographs, Iijima identified carbon nanotubes (CNTs) produced by Ando using an arcdischarge technique similar to that used for fullerene synthesis [3]. One-dimensional CNTs
filled the gap between zero-dimensional C60 and two-dimensional graphene.
Ando and Iijima had discovered multi-walled CNTs (MWNTs) with two or more
concentric graphitic cylinders ranging from 4-30 nm in diameter and about 1 µm in length.
It was not until 1993 that single-walled CNTs (SWNTs) were successfully identified. It is
now possible to grow SWNTs, MWNTs or double-walled CNTs (DWNTs) by a wide
variety of techniques. Non-carbon nanotubes such as boron nitride nanotubes [4], copper
nanotubes [5], molybdenum sulphur iodide nanotubes (Mo6S9-xIx) [6] and those of several
other compounds have been also discovered.
SWNTs are typically in the region of a few nanometres thick and several micrometers long,
this high aspect ratio combined with a high Young’s modulus make them extremely useful
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in composite materials and their electronic properties make them potentially useful as onedimensional nanowires. CNTs can be tailored to have specific properties by controlling the
growth conditions, but doping or filling of the CNT internal capillary has been shown to be
an easier route to controlling both their structural and electrical properties, for future
applications.
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1.2. Structural Properties of Carbon Nanotubes
CNTs are a fullerene-like allotrope of carbon; several other allotropes are shown in Figure
1.1. SWNT structure is analogous to a single graphene sheet rolled up into a cylinder with
a nanometre-size diameter; each end is capped by a half-spherical structure similar to that
of C60. MWNTs comprise many concentric graphitic layers. The properties of a CNT are
determined by the geometry, number of layers or walls, diameter, length, defectiveness,
and the chirality; three structural types of CNT are shown in Figure 1.2.

Figure 1.1: Allotropes of carbon; a) diamond, b) graphite showing four graphene sheets, c) lonsdaleite , d)
C60, e) C540, f) C70, g) amorphous carbon and h) the SWNT. The fullerenes are represented by d)-f) and h).
Each allotrope has a different bonding angle and hence a different electronic structure.
(Image courtesy of Michael Ströck under the GNU Free Documentation License)
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Armchair

(n,n)

Zig-zag

(n,0)

Chiral

(n,m)

Figure 1.2: The three structural types of CNT; armchair zigzag and chiral, classified by the respective
graphitic edge structure at 90 degree to the axis of the tube [7].

The lattice configuration of a CNT is described with reference to Figure 1.3. The graphitic
Bravais lattice vectors a1 and a2 define the chiral and translational vectors C and T
respectively, where C can be described by the equation:
C = na1+ma2

1.1

n and m are integers [8], T is parallel to the axis, and the chiral angle θ is that between a1
and C. The Chiral vector C forms the circumference of the nanotube and different values
of n and m lead to the different nanotube structures. For zigzag tubes θ = 0o and for
armchair tubes θ = 30o. Diameter, dt and the chiral angle, θ are given by:
dt =

C

π

cos(θ ) =

C = a n 2 + m 2 + mn
C.a 1
2n + m
=
C a1
2 n 2 + m 2 + mn

where a=2.46 Å is the lattice constant of two-dimensional graphite.
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y
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Figure 1.3: The construction of a CNT by rolling a graphene sheet along the chiral vector C. The
translational vector T, chiral angle θ, and the unit vectors a1 and a2 are also shown. The unit cell in red maps
out a (5,0) nanotube, armchair and zigzag nanotubes are formed as indicated.

The strong sp2 hybridised carbon bonding of CNTs give rise to a high Young’s modulus
and high chemical stability which are ideal properties for subsequent applications. Coupled
with their low density, CNTs have been successfully used in new composite materials to
enhance both the strength and conductivity of a supporting polymer matrix.
The hollow centre of a CNT allows for a unique application for inserting small molecules
and compounds, and there has been a great deal of research on the filling of nanotubes
which is the focus of this thesis. Depending on the material filling the nanotube, it will
have several potential applications including drug delivery systems, CNT-based
thermometers, nanoscale test tubes and nanoscale oxygen generators [9].
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1.3. Electronic Properties of Carbon Nanotubes
Structurally the hexagonal lattice of a graphene sheet approximates to that of a SWNT; this
allows comparison of the first Brillouin zone with reciprocal space basis vectors (b1, b2)
and its corresponding real space lattice vectors (a1, a2), Figure 1.4(a) and (b). This is
convenient for analysis since the unit cell of a CNT may contain thousands of atoms, but
graphene contains just two.

( 3,1)

a1 =

a
2

b1 =

2π
a

 1 

,1
 3 

(a)

(

a2 =

a
2

b2 =

2π
a

)

3 ,−1

 1


,−1
 3


1.4

(b)

K’
a1

b1
A

B

K
Γ

b2

a2
y

ky

x

kx

Figure 1.4: (a) The unit cell and (b) the first Brillouin zone for graphene, represented by a shaded rhombus
and hexagon respectively. A and B are two carbons in the graphene lattice and. a1, a2, b1 and b2 are the basis
vectors of the real and the reciprocal lattice.

Each carbon atom in a CNT has four valance electrons, three make sp2 bonds forming σ
orbitals; the remaining electron forms a pz bond or π orbital. It is the π band that is most
important for determining the transport properties of the nanotube. In a tight binding
approximation, the energy dispersion relation for a 2D graphene sheet is given by:

E2D


 3k x a   k y a 
 k a 
 cos
 + 4 cos 2  y 
= ±γ 0 1 + 4 cos
 2 
 2   2 





 

1

2

[10]

1.5

where γo is the nearest-neighbour transfer integral. The resulting energy dispersion
relations of 2D graphene are shown in Figure 1.5. The conduction and valance bands meet
at the six Fermi points located at the Fermi energy.
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K
K

Figure 1.5.: Band structure of graphene, the π and π* bands meet at the Fermi points coinciding with the six
corners of the first Brillouin zone [8].

Since a SWNT is analogous to a sheet of graphene rolled along the chiral vector C its band
structure may be more accurately approximated from zone-folding of the graphene π and
π* states. The values of the electron wave vector in a SWNT in the C direction will
therefore be restricted by a quantized rotational boundary condition k·C=2πl, where
l=0,1,2,3… The wave vector associated with the T direction will remain continuous. The
electronic band structure of a CNT therefore consists of 1-D sub-bands. Whether a CNT is
metallic or semiconducting depends on whether the Fermi points coincide with the allowed
k-lines (Figure 1.6). The quantized condition for armchair CNTs is √3nakx = 2πl and
naky = 2πq applies for zigzag nanotubes. The dispersion relations for armchair and zigzag
nanotubes can be obtained by inserting these quantization conditions into Equation 1.5 to
yield:
1

E armchair ( ky )


 k y a 
 πl   k y a 

= ±γ 0 1 + 4 cos  cos
+ 4 cos 2 


n  2 
 2 


E zig − zag ( kx )



 3k x a   πl 
 cos  + 4 cos 2  πl 
= ±γ 0 1 + 4 cos
 2  n
 n 




a = √3ac-c is the lattice constant.
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(b)

(a)

Figure 1.6.: In a CNT, the periodic boundary conditions quantize the allowed k-values. The nanotube may
be insulating (a) or metallic (b) depending on whether the Fermi points coincide with an allowed k-value.

Electronic band structure calculations predict that the metallic or semiconducting nature of
CNTs is determined by the (n,m) indices. When n=m or n-m=3l (where l is an integer) the
nanotube will be metallic, only when n-m≠3l are they semiconducting. Figure 1.7 indicates
which (n,m) CNTs are metallic and which are semiconducting according to the chirality;
two-thirds of the possible structures are semiconducting. The normalised energy dispersion
relation for a (5,5) armchair, and (9,0) and (10,0) zig-zag nanotubes are shown in Figure
1.8, there are six dispersions for both the conduction and valance bands. Each band has
two non-degenerate levels and four doubly degenerate levels, hence there are ten levels,
one for each of the carbon atoms making up the diameter of the (5,5) nanotube.
The density of states for the (9,0) and (10,0) nanotubes are derived from Figure 1.8, and
shown in Figure 1.9. We see a finite density of states at the Fermi level for the (9,0)
nanotube and a vanishing density of states for (10,0) nanotube, consistent with metallic
nature of the (9,0) nanotube and the semiconducting nature of the (10,0) zigzag nanotube.
Of particular interest are the singularities in the 1D density of states due to the contribution
from each energy band to the density of states as a function of energy.
The energy separation (Egap) of a particular nanotube is inversely proportional to its
diameter (dt):
E gap ( d t ) =
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2γac −c
dt

1.8

Where |γ0|~3eV and ac-c In general we can group all nanotubes together in a Kataura plot
(Figure 1.10) [11] by plotting the diameter against the energy separation.
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Figure 1.7.: A map showing the possible (n,m) chiral vectors for a CNT. Those that are metallic are
indicated by a closed red circle, all others are semiconducting.

Figure 1.8.: 1D energy dispersion relation of a (5,5) armchair, (9,0) zig-zag and (10,0) zig-zag nanotube.
The bands of the (5,5) armchair nanotube cross at k=2 π/3a, at the Fermi level. For the (9,0) zig-zag nanotube
the bands cross at k=0 therefore there is no energy gap for this nanotube. The (10,0) nanotubes does show an
energy gap and is therefore semiconducting [10].
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Figure 1.9: Electronic 1D density of states per unit cell for a (9, 0) and (10, 0) zigzag nanotube. Dotted lines
correspond to the density of states of a 2D graphene sheet [12].

Figure 1.10: A Kataura plot. The red dots denote metallic nanotubes, all others are semiconducting. The
calculation of the energy difference are based on the tight-binding approximation for the energy bands [11].
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1.4. Magnetic Properties of Carbon Nanotubes
Recent studies however have predicted that all CNTs will experience a magnetic field
induced metal-insulator transition [13] and may have a very small ferromagnetic
component [14]. The latter is caused by contact-induced magnetism due to spin-polarised
charge transfer at a contact with a ferromagnet. This makes it possible to combine spin
effects with molecular electronics [14]. In weak magnetic fields, nanotubes exhibit both
large diamagnetic and paramagnetic responses depending on the direction of the applied
field, the Fermi energy, chirality and diameter of the nanotubes. Early measurements
indicated a small coercivity in some CNT bundles; however this is due to magnetic
impurities, usually as a result of iron-based catalysts used during synthesis.
When iron is inserted inside a CNT it becomes ferromagnetic [15]. Images of iron-filled
CNTs (FeCNTs) have shown that some CNTs contain single crystals of iron and
magnetisation measurements have revealed that these have coercivities 2-3 orders of
magnitude greater than bulk iron [15]. The electron transport through such a system is
unknown, and is therefore of great interest. Measuring the electronic transport properties
of a FeSWNT may give clues to a possible interaction between the iron and the π electrons.
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1.5. Review of Iron-Filled Carbon Nanotubes
In 1998 Sloan et al. had published ‘The opening and filling of Single-Walled Carbon
Nanotubes’ reporting on the filling of SWNTs with ruthenium and cobalt [16]. In 1999
Grobert et al. produced FeMWNTs by the pyrolysis of ferrocene (Fe(C5H5)2) and C60 [15].
Magnetisation measurements performer by Grobert revealed the coercivity of FeMWNTs
(hundreds of Oersteds) was greater than that for bulk iron (tenths of Oersteds).
Since the topic of this thesis is to explore the synthesis, characterisation and applications of
FeMWNT and FeSWNTs. This literature review is intended to support the aims of this
research by first discussing the synthesis techniques used to produce FeMWNTs and
FeSWNTs, the subsequent characterisation of the product and the theoretical modelling of
FeCNTs as justification for their eventual applications.

1.5.1. Synthesis and Characterisation Techniques
Groberts pyrolysis method for synthesising FeMWNTs was reproduced by Leonhardt et al.
who conducted XRD studies to determine the distribution and phase of the encapsulated
iron [17]. They concluded that the FeMWNTs contained γ-Fe (fcc) near tips and FeC and
magnetic α-Fe (bcc) near substrate. Leonhardt also noted that by annealing at temperatures
of 675 oC and 645 oC in an Ar/H2 atmosphere for 20 hours just α-Fe and graphitic
nanotube walls remained. Annealing at 645 oC also doubled the magnetic moment per
mm2. Leonhardt concluded that the high coercivities and hystereisis of the filled nanotubes
depend highly on the alignment of the deposited and annealed samples. The group has
since gone on to produce nickel- and cobalt-filled CNTs by the pyrolysis of nickelocene
and cobaltocene respectively [18] and emphasises the application of such materials as
magnetic recording media. This was exciting work, not only for exploring the distribution
of iron phases encapsulated within the CNTs but for presenting a simple method of
changing these iron phases and for demonstrating that the Grobert technique was easily
modified to produce a variety of CNT encapsulated metal nanowires.
Karmaker et al. has shown that the Grobert growth method can produce FeMWNTs by
pyrolysis of just ferrocene alone using acetylene as a carrier gas and additional carbon
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source [19]. Using XRD and dc magnetisation measurements they conclude that the
presence of γ-Fe is negligible and that nanowires encapsulated by the MWNTs form a onedimensional exchange-coupled ferromagnetic system. The saturation magnetization (Ms)
of the nanowires was found to be 85 emu/g, which is much less than the expected bulk
value of 210 emu/g thus producing inferior FeMWNTs to Grobert et. al.
With the addition of electron holography to characterise the encapsulated α-Fe
nanoparticles Fujita et. al. found that they were single crystals with a preferential growth
direction of <2,0,0> α-Fe oriented along the FeMWNTs. Fujita had used the Karmaker
technique (ferrocene with an acetylene atmosphere) and found that the saturated
magnetisation for these α-Fe nanorods was close to, but not greater than, that for bulk iron
[20]. Clearly there must be a variation of the structural quality of FeMWNTs produced in
different laboratories, despite replicating the growth methods; therefore it is worth
exploring different methods and variations on the Grobert method to produce FeMWNTs.
Recently Cheng et. al. used a floating catalyst CVD process to synthesise FeMWNTs
10µm in length with an average diameter of 70nm [21]. Ethanol was used as the carbon
source, with ferrocene used as both a catalyst precursor and source of iron. A mixture of
N2, H2 and Ar acted as the carrier gas. XRD and EDS analysis reveal the presence of α-Fe,
γ-Fe and Fe3C, but the α-Fe phase iron dominates. Cheng measured an average coercivity
of 257.05 G via vibrating sample magnetometry.
Mühl et al. used catalyst precursor particles to control the production of aligned metalfilled nanotube bundles (length, width and yield) using pyrolysis.

Mühl synthesied

FeMWNTs on Si substrates coated with 2 nm of cobalt producing aligned FeMWNT
arrays and concluding that ‘the coexistence of γ-Fe and α-Fe does not lead to exchange
bias effects in field cooling experiments due to a possibly low mixing of the two iron
phases’. The group found very similar results when using thin films of Ni80Fe20 and pure
iron as catalysts [22].
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Pichot et al. pyrolysed metalocene aerosol (2.5 % wrt of ferrocene in solution with
cyclohexane) carried by argon gas for 15 minutes at 850 oC to produce FeMWNT
deposited on the reactor walls. SEM and X-ray scattering measurements showed a very
high degree of alignment (±5o with nearest neighbour FeMWNTs) and that the
encapsulated iron was predominantly of the γ-phase (~90%) [23].
Mönch et al. were able to control the selective growth of FeMWNTs on silicon substrates
by using standard lithography techniques to pre-pattern the substrate with 1 µm of SiO2.
FeMWNTs were then synthesised upon the substrates by the pyrolysis of ferrocene in
argon at 900 oC, the resulting nanotubes grew only on the SiO2. This process produced a
high filling yield, complex architecture of FeMWNTs with diameters between 10-20 nm
which, according to Mönch, would be ideal for use as sensors and other functional
elements [24].
By pyrolysis of ferrocene/acetonitrile and ferrocene/xylene mixtures, Che et. al. report
high yields of iron-filled carbon-nitrogen CNTs (CNx) and FeMWNTs respectively [25].
Using TEM and EELS to investigate the differences in structure they found that the CNx
nanotubes were more corrugated due to the pyridinic bonding of the nitrogen. Che et al.
suggest that this bonding may also affect the electronic structure of the encapsulated iron.
Iron II phthalocyanine (FePc) was pyrolysed under Ar/H2 mixtures to produce MWNTs
with iron in the tips only. Zhang et al. showed that such nanotubes do not have any
magnetic anisotropy when compared to FeMWNTs with 40% or more filling. The
magnetisation proved to be directly dependant to the temperature when the MWNTs were
cooled in the absence of an applied magnetic field [26].
Lv et al. found that they could improve the magnetic performance of their FeMWNTs by
adding water vapour into the reactor. 0.02, 0.04, 0.06 and 0.08 ml/min of deionised water
vapour was added to the pyrolysis of ferrocene, reducing the number of walls and amount
of amorphous carbon due to its weakly oxidising quality. Optimum FeMWNT samples
were obtained by adding 0.04 ml/min of water, increasing the saturation magnetization by
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a factor of 3 and reducing the coercivity to 25% of its value without water assistance.
These results are favourable to magnetic fluid and electromagnetic wave absorbing
applications in the future [27].
Several research groups have developed vapour phase and CVD synthesis techniques to
produce FeMWNTs with great success. Jang et al. used CVD of CO, Ar and ferrocene in
its vapour phase. By varying the CO flow rate they were able to change the size of the iron
particles present and magnetisation measurements showed that the saturation and remanent
magnetisation was directly related to the Ar/CO ratio [28]. Geng et al. used a similar CVD
technique to produce arrays of vertically aligned FeMWNTs 80 µm in length and 20-50
nm in diameter with high coercivities in agreement with the range measured by Grobert et
al. [15] and suggest such arrays may be used as novel memory storage devices [29].
Continuous growth of transition metal-filled MWNTs has been achieved via CVD of
cyclohexane and a mixture of Ferrocene and nickelocene introduced sequentially during
the reaction process. In their electron microscopy studies Xiang et al. discovered that they
could produce arrays of MWNTs up to 2 mm in length. The capillaries of the nanotubes
were filled by both iron and nickel, though no magnetic measurements were performed.
Xiang et al. then studied the reaction time with the length of the synthesised nanotubes and
found that the optimum length of 2.0 mm occurred after a reaction time of 180 minutes
[30].
CVD of ferrocene and cyclopentadienyl-iron dicarbonyl dimer on catalyst films of iron,
Au/Fe or Au/Al/Fe has been shown to be of a higher purity than FeMWNTs produced by
pyrolysis by Müller et al. Synthesis in this way significantly reduced the diameters of
FeMWNTs to 25 nm when a 10 nm aluminium film was deposited between the iron and
gold films [31]. Further work by Müller et al. uses a technique similar to pyrolysis;
ferrocene is injected into a furnace at 830 oC via an argon gas flow and the products later
annealed at 630 oC in an argon atmosphere to reduce Fe3C into α–Fe and graphite. The
annealing has the effect of increasing the saturation magnetisation of the material whilst
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decreasing the coercivity [32]. It is suggested that this is caused by changes in the shape of
the iron, giving a variation of diameter along the length of the nanowires.
Fujiwara et al. Used microwave plasma enhanced CVD to grow FeMWNTs on 70 nm
films of iron on silicon substrates [33]. TEM shows conical iron particles in tips of
FeMWNTs grown for longer than 2 min. The effect of growth time was investigated by
SEM and the results show, as expected, that the nanotube length increases with growth
time. Magnetisation measurements of FeMWNTs grown between 1-10 minutes were also
performed, the results indicate that there is a perpendicular magnetic anisotropy possibly
due to the shape of the encapsulated iron particles [33].
Iron-containing carbon nanostructures were synthesised by Che et al. It was found that
both the shape and the phase of the nano-scale carbon capsulate may be controlled during
the growth. Al2O3–SiO2 and Fe2(SO4)3.5H2O in an alcohol solution in a ratio of Fe:Al:Si
of 1:3.8:6.5 was used along with methane gas in a CVD type reaction. By varying the
cooling rates, very straight FeMWNTs containing only α-Fe were synthesised, suggesting
that it is possible to construct confined magnetic heterostructures within a single CNT [34].
Five different magnetic materials; Fe–Pt, Co–Pt, Nd2Fe14B Fe and Fe–Ni, were deposited
on silicon wafers by a physical vapour deposition (PVD) method, with subsequent plasma
treatment for nanoparticle transformation by Kuo et al. These magnetic catalysts were then
used in the production of dense arrays of FeMWNTs by electron cyclotron resonance CVD.
Kuo highlights the use of such structures for higher-area-density magnetic recording media
for memory storage >40 Gbit/inch2 [35].
Lifeng Liu et al. produced amorphous FeMWNTs by first electrodeposition of iron
nanowires into nanopores of a porous anodic alumina (PAA) template with a pore diameter
of about 70±5 nm and thickness of 50 µm followed by 15 sccm of C2H2 gas at 680 oC for 1
hour. SEM, XRD, elemental mapping, HRTEM and Raman scattering were carried out to
characterise the as-prepared heterostructures. Magnetic measurements show that the
material exhibits obvious anisotropic behaviour [36].
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Liu et al. produced iron-filled carbon nanotubes by catalytic decomposition of
cyclohexane over Fe2O3/SiO2-Al2O3 catalyst. The cyclohexane was introduced during
CVD by carrier a gas, N2/Ar which passed through the cyclohexane solution. SEM and
TEM images show an abundance of MWNTs most of which are filled with iron nanorods
or nanoparticles [37].
M. Monthioux wrote a general overview of the filling of SWNTs in 2002 with various
different materials including C60 and various halides [38]. He discussed methods of
opening and filling via gas phase diffusion or liquid phase capillarity filling and described
their potential properties, electronically and mechanically. Monthioux discussed how
SWNTs were first filled by Sloan et al. with RuCl3 and heat treated to give rubidium-filled
SWNTs, Monthioux criticises Sloan’s conclusions that the SWNTs are filled with
elemental rubidium atoms and questions whether there actually is a lack of chlorine since
the characteristic lines of rubidium and chlorine overlap in X-ray-EDS.
The production of FeSWNTs was first realised by E. Borowiak-Palen et al. in 2006 [39] by
the heat treatment of iron III chloride (FeCl3) encapsulated within SWNTs. FeCl3 was
inserted into SWNTs capillaries by first opening the ends by acid treatment and then
mixing in a saturated solution of FeCl3 for >48 hours, the nanotubes are then dried and
annealed for 1 hour to reduce the salt into iron. The end results were iron-filled SWNTs as
confirmed by TEM, EDS and magnetisation measurements.
Li et al. performed magnetic characterisation of iron-nanoparticles encapsulated in
SWNTs. SWNTs were made by arc-discharge and opened then filled with ferrocene. Heat
treatment of the SWNTs with encapsulated ferrocene was used to decompose the ferrocene
into pure iron; the remaining carbon reinforced the existing carbon in the nanotube. SEM,
TEM and magnetisation measurements of SWNTs and FeSWNTs at 5K-300K were then
performed and it was found that the encapsulated iron particles are small enough (1nm) to
act as single domains, giving rise to a superparamagnetic behaviour [40].
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The review of the literature so far has alluded to several variations of CVD and pyrolysis
as well as post synthesis techniques to produce FeMWNTs and FeSWNTs. Each variant is
reliant on ferrocene, as both carbon source and a catalyst, using different methods of
introducing the ferrocene into the furnace and using different carrier gases/atmospheres
and catalysts. A wide range of characterisation techniques have revealed the presence of
one or more of up to four different iron phases encapsulated by the carbon nanotube. From
the results of these characterisation techniques we can start to predict the possible
applications that FeMWNTs and FeSWNTs may be used for.

1.5.2. Theoretical Modelling
López-Urías et al. performed studies of hystereisis loops from FeMWNTs and used a
variety of theoretical techniques to explain their cause. Calculations on aligned nanowire
arrays indicated the creation of helical spins in the presence of a magnetic field caused by
the presence of strong dipolar interactions among neighbouring FeMWNTs. High
magnetic storage densities in the TB/inch2 range are suggested in the conclusion by using
closed-packed pellet-like 2D nanowire arrays with aspect ratios varying from 0.5 to 1.5
[41], this is supportive to Groberts original FeMWNT paper [15].
Jo et al. performed ab initio spin-polarised electronic structure calculations on iron
nanowires encapsulated in CNTs and demonstrated that freestanding iron nanowires have a
higher magnet moment than encapsulated iron, a result that supports many of the previous
experimental reports. The differences were due to the iron-carbon interaction, therefore
they suggest that a larger Fe-C distance means a higher degree of magnetisation and hence
would be more beneficial for further applications [42].
Ivanovskaya et al. studied 3-D metal nanowires and clusters inside carbon nanotubes
concentrating on their structural, electronic, and magnetic properties. Theoretical models
of 3-D nanowires titanium, iron and zinc were compared with FeMWNT composites and
freestanding iron wires and clusters. They found that introducing metals into carbon nanostructures leads to essential changes of the structural, magnetic, and electronic properties
of these systems. Filling with iron enhances the magnetisation of MWNTs and all
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structures studied had metallic properties [43]. Investigating the electronic properties of
FeMWNTs in detail experimentally is explored later in this thesis.
To realize spintronic devices, which utilize both electron spin and charge for transport, [44]
it is necessary to develop low dimensional magnetic materials with large magnetic
moments and high spin polarization near the Fermi level. It is a difficult task to fabricate
low dimensional homogeneous systems such as ferromagnetic nanowires due to effect
such as oxidation. Carbon nanotubes, as one-dimensional conductors, are very
mechanically robust and have an extremely long scattering length. Experiments have
demonstrated that when spin polarized electrons from ferromagnetic contacts are injected
into carbon nanotubes, electron spins are coherently transported, i.e., not flipped for long
distances [45]. Theoretical modelling based on first principle calculations of FeSWNTs
was performed by Yong-Ju Kang et al. who found that the iron in FeSWNTs are in a
ferromagnetic state and that the electron transport occurs mainly along these encapsulated
iron nanowires [46].
Shiroishi et al. investigated the electronic structures of CNTs containing iron atoms using
first principle molecular dynamics. Two stable geometries were found in which the iron
atoms formed straight and zigzag nanowires respectively. By assuming that iron atoms in
the zigzag configuration sit beneath the centre of the graphitic rings when encapsulated,
they find that this should result in a ferromagnetic system. On the other hand the straight
configuration, with iron atoms located at the mid point of carbon-carbon bonds will
represent an antiferromagnetic phase [47].

1.5.3. Mössbauer Studies of Iron-Filled Carbon nanotubes
In addition to the previous articles which discuss experimental techniques, characterisation
methods and theoretical modelling of FeMWNTs, Mössbauer spectroscopy has been
utilised to produce different structural models of the encapsulated iron phases. Marco et al.
performed Mössbauer studies of FeMWNTs produced by pyrolysis and found three phases
of iron to be present; α-Fe, γ-Fe and Fe3C, consistent with previous XRD studies. By
taking a series of measurements at different temperatures they concluded that the magnetic
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moments of the iron are randomly orientated within the CNT and propose a model for the
structure of an individual FeMWNT; an α-Fe core surrounded by γ-Fe with an Fe3C
interface layer between the iron and carbon. In addition they report on the thermal
variation of the magnetisation of the FeMWNTs [48]. Prados et al. go on to publish this
data on two more occasions, this time highlighting the proposed structure of the FeMWNT
[49, 50].
Ruskov et al. also performed Mössbauer morphological analysis of FeMWNT samples.
The nanotubes were synthesised by the pyrolysis of ferrocene only and
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Fe was used as

the γ-radiation source for all Mössbauer measurements. They found that the Fe present
inside their nanotubes was predominantly α-Fe and strongly disagreed with the model
proposed by Marco and Prados et al. [51] since the method of transmission Mössbauer
spectroscopy by itself cannot provide information about the spatial distribution of iron
phases. The investigation of individual FeMWNTs, by means of selected area electron
diffraction analysis, revealed that the nanotubes contain single crystal grains having either
the γ-Fe or α-Fe structure. Another investigation of individual FeMWNTs using electron
holography shows that the tubes are filled with a chain of iron particles of different shapes;
part of them being in ferromagnetic and another part in paramagnetic state.

1.5.4. Iron-Filled Carbon Nanotubes/Polymer Composites and
other applications
Watts et al. working with at the University of Sussex and Cambridge University were the
first to report on composite materials made using FeMWNTs. They synthesised
FeMWNT-polystyrene RCL (resistive (R), capacitive (C), inductive (L)) composites with
a high loading of 1:2-1:6 by weight using FeMWNTs produced by pyrolysis. I(V) curves
and AC impedance measurements showed evidence that FeMWNTs act as tiny solenoids
with electrons following spiral pathways through the nanotubes. They also found that
FeMWNTs exhibit R–R, R–C and R–L phases [52].
Further measurements performed by Watts et al. find that FeMWNT composites act as
inductors, however, the induction effect is not attributed to the iron core but to the carbon
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walls only [53]. In a third publication on the subject of FeMWNT composite materials,
Watts compared the electrical conductance of FeMWNT composites to CNT/Fe or Fe3O4
composites and found that the FeMWNT composites had a higher conductivity. Fe or
Fe3O4 particles increased the tube-tube contact and become insulators once inserted into
the composite. In addition they measured an inductance of 0.3 µH in FeMWNT
composites and by performing ac impedance spectroscopy, found that the current through
the FeMWNTs does indeed follow a spiral pathway [54].
Yi-Chun Su et al. investigated the spiral current in FeMWNTs calling them ‘nanoelectromagnets’ since the chiral currents in the FeMWNTs produced electromagnet type
effects [55]. By varying the frequency of the applied ac field the inductance of FeMWNTs
was measured to be up to 6.7mH, four orders of magnitude higher than that measured by
Watts et al. [54].
Cava et al. investigated the electrical and morphological properties of iron and iron oxide
containing nanotubes when inserted into a polymer matrix [56]. In particular they
discovered that the electrical properties of the FeMWNTs changed significantly when
exposed to different atmospheres. Their FeMWNTs were produced by the pyrolysis of
ferrocene in argon atmospheres and dispersed in poly(3-hexyl-thiophene) (P3HT). They
report that the iron oxide-filling is important to improve the yield of device compared to
unfilled CNTs.
Carbon nanotubes are commercially available as tips for high resolution atomic force
microscopy (AFM), and FeMWNTs may also be considered for magnetic force
microscopy (MFM). Kuramochi et al. fabricated CoFe coated CNT probes for MFM and
found them to be comparable with conventional probes with particular suitability for
studying soft magnetic materials such as permalloy [57]. This is an example of a proof of
principle that FeMWNTs may be used in much the same way.
FeMWNTs grown by CVD of a ferrocene/gas mixture were isolated and fabricated into
atomically sharp iron based tips suitable for use as high resolution probes by Misra et al.
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using high energy electron beam machining with a spot size of 8 nm [58]. They found that
such a technique may also be used as a ‘nano-soldering iron’ to fuse two nanotubes
together after they observed severed nanotubes healing under prolonged electron
irradiation.
Wolney et al. were able to synthesise FeMWNTs on silicon substrates via the pyrolysis of
ferrocene in a argon gas flow of 150 sccm by subliming the ferrocene at 150 oC and
increasing the temperature to 800 oC at the rate of 0.6 oC/s [59]. The FeMWNTs are
attached to AFM cantilevers in an SEM equipped with nanomanipulation. Once attached
the nanotubes may be cut shorter and defects removed using an electron-beam induced
oxidation technique. FeMWNTs up to 20 µm long are attached in this way and are found
to be very robust and since the iron is coated with carbon it is protected from oxidation.
Results indicate that FeMWNT MFM probes have a magnetic moment comparable to
conventional thin film tips. Although these tips can be used to measure magnetic phase
shift, so far no quantitative analysis has been performed; the next step would be to
calibrate the tips so that such measurements can be performed.
Müller et. al. have successfully encapsulated FeMWNTs arrays in SiO2 layers via thermal
CVD [32]. After encapsulation the saturation magnetization moment rises due to the
transformation of Fe3C into α-Fe and graphite, this then decreases when mechanical
polishing is applied to decrease the thickness of the SiO2. Müller highlights the use of such
materials as future magnetic memory storage devices with a potential capacity of 65 Gb/
inch2.

43

1.6. This Thesis
Based on the review of FeMWNT and FeSWNT synthesis in the literature I have
attempted to produce both single- and multi-walled carbon nanotubes with a low defect
number and 100% ferromagnetic α-Fe filling using the method proposed by Grobert et.al.
[15]. The various experimental parameters explored in the literature and investigated here
are: temperature of furnace, ratio of reactants, gas flow rate, and choice of substrate and
inclusion of catalyst precursor particles. The FeMWNTs and FeSWNTs are then
extensively characterised using a combination of XRD, EDS, SEM, TEM, Mössbauer
spectroscopy, magnetisation, and break-junction measurements and look for agreement
with the work, both experimental and theoretical, previously discussed. Details of all these
techniques are explained in the following chapter and the results further discussed in
Chapter 3.
In Chapter 4 I look at the interaction of conduction electrons and the magnetic moments
within FeMWNT and FeSWNT systems via high magnetic field electron transport
measurements on two- and four-contacted FeMWNT bundles to support the theoretical
work as discussed by Ivanovskaya and Yong-Ju Kang [43, 46]. The transport properties
through several networks of randomly orientated nanotubes, both iron-filled and unfilled
are also studied and compared to Kondo, weak localisation, variable range hopping and
electron-electron interactions.
Finally in Chapter 5 I have studied two novel applications of FeMWNTs discussed in the
literature. Firstly I present an attempt to increase the resolution of magnetic force
microscopy (MFM) probes by incorporating a single FeMWNT at the end of the tips. The
FeMWNT-tip attachment is performed via a simple arc-discharge technique with a 1 in 10
success rate and the results of MFM are compared to a conventional probe. I then
investigate the structural, electrical and magnetic properties of FeMWNT/polyurethaneurea composite materials and propose a phenomenological model to describe these results.
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Chapter 2

Experimental Systems
This chapter aims to introduce the different techniques used in this thesis. First a
description of the apparatus and methods for FeMWNTs and FeSWNTs sysnthesis will be
discussed, then an overview of all the characterisation techniques used will follow. Where
appropriate, details of sample preparation are also included. The results of synthesis and
characterisation will follow in Chapter 3.

2.1. Iron-Filled Carbon Nanotube Synthesis
2.1.1. FeMWNT Synthesis
I synthesised FeMWNTs by the pyrolysis of C60 and ferrocene ((C5H5)2Fe) in a 1:1 ratio
by weight (100 mgs of each) according to the method proposed by Grobert et. Al. [15], the
apparatus for this procedure can be seen in Figure 2.1. Several substrates (silicon
wafer/sapphire) were placed inside a Lenton tube furnace, with a heated length of 250 mm,
at 1200 oC and the reactants in cooler region at around 600 oC, the substrates were easily
removed for further inspection. The sublimed reactants were introduced into the hot,
central part of furnace via inert argon gas flow, although gases such as acetylene have been
previously used as an additional carbon feedstock and carrier gas [60]. The mixture of
ferrocene and C60 was allowed to react for 15 minutes and the whole system left to cool in
an argon environment for 1 hour until the temperature was safe to handle. Nanotubes
produced from each reaction were removed from the quartz reactor tube by brushing out
with a long, very clean brush. This self-organised growth process typically yields arrays of
closely packed, vertically grown FeMWNTs with a significant amount of the central
capillary filled with iron. The FeMWNTs were deposited on the inner wall of the quartz
tube as well as on substrates placed within the reactor perpendicular to the surface.
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Figure 2.1: The experimental apparatus used for the synthesis of FeMWNTs via pyrolysis.

2.1.2. FeSWNT Synthesis
FeSWNTs were produced by post-synthesis opening of SWNTs by acid treatment
followed by impregnation of FeCl3 and high temperature heat treatment [39]. 100 mg of
HiPCO produced SWNTs were opened and purified by refluxing in 2M NHO3 for 30
hours. The CNT/acid solution was then filtered and washed with distilled water to remove
all trace of the acid, resulting in a buckypaper which was mechanically removed from the
filter paper with a pair of tweezers. The buckypaper was then sonicated in a saturated
solution of FeCl3 and subsequently stirred for 48 hours. The remaining FeCl3 was removed
by washing with concentrated HCl and centrifugation for 30 mins at 2500 rpm; this step
was repeated until the solution became completely transparent. To remove the acid, the
solution was diluted with distilled water and centrifuged again, repeating this step a
multitude of times and testing the solution with litmus paper until a pH of 7 was obtained.
The final product was achieved by heat treatment in air at 593 K for 1 hour which should
result in the reduction of FeCl3 into encapsulated iron and chlorine gas.

46

2.2. Structural Characterisation
2.2.1. Electron Microscopy
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were
used to capture high resolution images of the samples. Using the SEM, images of
nanotubes containing information about their length, approximate diameter and alignment
was seen. TEM was used rarely but produced much higher resolution images giving the
dimensions of the FeMWNT and FeSWNTs with far greater accuracy. The microscopes
used were the JEOL JSM 6300 SEM, the JEOL JSM 6300F Field Emission SEM and the
JEM 2010 TEM. Electron microscopes accelerate electrons through a potential of 0.2-30
kV for SEM and up to 200 kV for TEM. The maximum possible resolution available from
the TEM was 0.2 nm. Figure 2.2 shows how the electrons are focused with magnetic fields.

Figure 2.2: Schematic diagrams of the SEM (left) and TEM (right).

In addition to taking images, the JEOL JSM 6300 uses electron dispersive X-ray
spectroscopy (EDS) to analyse the chemical composition of the samples. The X-rays are
produced when high energy electrons bombard the sample and are detected by a solid state
device which can determine which elements are present. At rest, an atom within the
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sample contains ground state (or unexcited) electrons in discrete energy levels or electron
shells bound to the nucleus. The incident beam may excite an electron in an inner shell,
ejecting it from the shell while creating an electron hole where the electron was. An
electron from an outer, higher-energy shell then fills the hole, and the difference in energy
between the higher-energy shell and the lower energy shell may be released in the form of
an X-ray. The number and energy of the X-rays emitted from a specimen can be measured
by an energy dispersive spectrometer. As the energy of the X-rays is characteristic of the
difference in energy between the two shells, and of the atomic structure of the element
from which they were emitted, this allows the elemental composition of the specimen to be
measured. All samples must be conductive in order to capture an SEM image. The
FeMWNTs and the silicon substrates that they are grown on are conductive so no special
treatment is required, however samples of FeMWNT grown on sapphire did require
coating with a thin layer of gold, this was done using a gold sputter coater.
TEM can only be used to image extremely thin samples, it was therefore necessary to
disperse the FeMWNTs and FeSWNTs for this purpose. Concentrations of 1.36 mg per
100 ml of FeMWNTs in N-Methyl Pyrolidone (NMP) were sonicated for 10 minutes to
ensure proper dispersion. The solution was dropped onto a carbon film, which is
transparent to the electron beam, and supported on a copper grid. Dispersion in this way
was found to be stable for days to weeks. The copper grids were then mounted and placed
into the TEM for imaging.

2.2.3. X-ray Diffraction
X-ray diffraction (XRD) was used to determine the crystal ordering of the samples. All
measurements were performed using a Siemens/Brüker AXS Diffractometer D5000
capable of measuring diffraction of powders and thin film. XRD analysis allowed the
determination of phase composition and identification in solid materials. The synthesised
powder material was filled in a small disc within an amorphous plastic sample holder and
carefully flattened. The disc sample holder was then placed on the goniometer and rotated
by an angle θ while the scintillation counter rotated around it on an arm at 2θ (Figure 2.3).
Ideally every possible crystal orientation was present in equal amounts in the powder, the
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resulting orientational averaging causes the 3-D reciprocal space to be projected in a single
dimension.
X-ray detector

2θ

Incident X-rays
θ

Crystal

Figure 2.3: X-rays incident on the crystalline sample are Bragg reflected. The sample is rotated by θ on a
goniometer and detected by the detector at 2θ.

In order to obtain a diffraction pattern the Bragg condition must be satisfied:

2d sin θ = nλ

2.1

Where n is an integer and the other terms are represented in Figure 2.4. The phases may
then be identified from the known values in the powder diffraction file.

d

θ

d sin θ

Figure 2.4: Bragg diffraction. Incoming photons with incident angle θ and wavelength λ are reflected off
different lattice planes, with lattice spacing d, and undergo constructive interference.

2.2.4. Mössbauer Spectroscopy
Mössbauer spectroscopy is a useful tool for a small number of elements in the periodic
table that can provide information about the chemical environment of the absorbing nuclei
and can be used to characterise the sample. Mössbauer spectroscopy was used alongside
XRD to gather information concerning the iron phases present in the sample. Powdered
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samples were exposed to a beam of γ-rays from a

60

Co source. Some γ-rays where then

absorbed by the iron nuclei and a drop in intensity was measured by a detector. Mössbauer
spectroscopy requires that the energy of the emitted rays is the same as that for the
resonant energy of the target (Figure 2.5). An energy spectrum is accumulated by
oscillating the source; γ-rays of varying energy are the result of Doppler shifting due to
this motion:

 v

E = E 1 − cos θ 
2.1
0 c
γ

Where Eγ is the measured energy of the photon, E0 is the energy of the emitted photon, v is
the velocity of the oscillating source and c the speed of light. The results are normally
plotted as intensity of versus velocity of target.
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Figure 2.5: Schematic of Mössbauer spectroscopy set-up. An oscillating source produces γ-rays with a range
of energies. When γ-rays are absorbed they lead to a drop in the intensity of radiation detected. Only photons
with the same resonance energy as the target nuclei are absorbed.
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2.2.5. Break-Junction Measurements
Previous studies have shown that CNT electron transport can be ballistic at room
temperature [61]; i.e. the electron mean free path is greater than the nanotube length (~1
µm) compared to typically ~10 nm in metal nanowires [62]. The observation of room
temperature ballistic transport is therefore a good indication of high crystallinity in the
graphitic walls of nanotube systems. A mechanical controllable break-junction technique
in which current flows through a self-selecting path of least resistance in a separating
network of FeMWNTs was used to test for ballistic transport. Figure 2.6 shows the set-up
for this experiment as described by Handen et al. [63].

R1
Nanotube
coated RC
ER

DSO

R2

PC

SG

Figure 2.6: Set-up of mechanical controllable break-junction experiment centred on a commercial
electrochemical relay under ambient conditions and potential divider with the potential across R2 sensed by
an 8 bit digital storage oscilloscope (DSO). Set-up shows the PC, electromagnetic relay (ER), signal
generator (SG) and relay contacts (RC) which are coated in the nanotube material [64].

The conductance of nanowires bridging the relay contacts is related to the voltage
measured by the DSO VDSO via:
G=

 1
1 V0
1 
 [65]
−  +
R2 V DSO  R1 R2 

2.2

where V0 is the supply voltage and R1 and R2 are the resistances in the potential divider
(here, R1=98800 Ω and R2=9930 Ω). To minimise instrumentation error, the DSO analogto-digital converter (ADC) was linearized and two-channel measurements were performed,
as described by Hansen et al. [66] The system samples voltage 1000 times during the
acquisition of a single closed-open trace. The ADC 8-bit resolution using two-input
channels offer a total of 2 x 28=512 bins in which to distribute the input voltage VDSO. A

51

computerised data acquisition system was used to synchronise the experiment and process
data (Figure 2.5) [64]. Closed-open voltage traces were converted into conductance
histogram values H(Gi) corresponding to the conductance values Gi by
H (Gt ) =

Ni
N∆Gi

(2.3)

where Ni is the number of data points in voltage-bin number i accumulated from all traces
in a single experiment, N is the total number of data points, and ∆Gi is the conductance
bin-width determined by replacing the voltage bin-width ∆Vi for VDSO in Eqn.(2.2).

2.2.6. Magnetisation Measurements
The magnetisation of thin films of FeMWNTs was measured in a cryogenic magnetometer
with a superconducting quantum interference device (SQUID) for analysing the inclination
and declination of remanent magnetization. Measurements down to 4 K were possible in
magnetic fields of up to 5 T. The SQUID is able to detect magnetic fields as low as 10-9 T
by using a series of Josephson junctions. Room temperature measurements were not
performed since the SQUID only remains superconductive at low temperatures (<100 K).
The thin films were mounted inside plastic tubes (straws) such that the orientation of each
one can be parallel or perpendicular to the applied field and the anisotropy, if any, revealed
(Figure 2.7).
Perpendicular to field

Parallel to field

Small Straws

B-Field

SQUID placed directly
next to sample

Samples

Large Straws

Figure 2.7: Schematic showing thin films of FeMWNTs mounted both perpendicular and parallel to an
applied field for magnetisation measurements.
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2.2.7. Magnetotransport Measurements
Following the synthesis and characterisation techniques, I performed further magnetic and
electronic measurements. Samples of randomly orientated and aligned bundles of
FeMWNTs and FeSWNTs were placed in fields of up to 11 T to study magnetotransport
properties.

Sample Preparation
Nanotubes were dispersed in methanol to a concentration of 0.05 mg/ml and sonicated at 2
kJ for one hour. Most dispersions were stable for only 1-2 hours after sonication but
further sonicating for 15 minutes was enough to re-disperse the tubes. By spin-coating the
methanol dispersed FeMWNTs and FeSWNTs onto small glass slides, I was able to
produce a conductive network of nanotubes. Four samples were made in this way; an ironfilled and unfilled MWNT network and an iron-filled and unfilled SWNT network. Each
network was produced by mechanically scrapping the sample leaving a 4 x 4 mm square,
and two gold wires were contacted to opposite corners for the magnetotransport
measurements. Figure 2.8 shows a diagram of a typical sample when fully mounted.

Figure 2.8: 14-pin sample holder with mounted glass slide. The FeMWNTs and FeSWNTs were dispersed
onto the glass and mechanically removed to leave a square, two gold wires were then connected to opposite
corners using silver paint. Two-contact measurements were sufficient for the networks since they
exhibited >MΩ resistance.

Focused Ion Beam
Contacted bundles of nanotubes were fabricated by depositing 10 drops of the methanol
dispersed FeMWNTs onto a silicon wafer pre-patterned with gold arrays. FeMWNTs were
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imaged between arrays of gold contacts using SEM and contacted with tungsten using a
Carl Zeiss XB1540 cross-beam focused ion beam (FIB) SEM. A tungsten carbonyl
(W(CO)6) gas precursor was introduced into the vacuum chamber and allowed to
chemisorb onto the sample surface. The SEM then scans across the surface with a typical
beam size of 4-6nm and dwell time of ~100ns which decomposes the W(CO)6 into volatile
and non-volatile components; the non-volatile tungsten remains deposited on the surface.
In this way individual bundles of a few FeMWNTs were contacted with 200nm wide strips
of tungsten in both two and four contact configurations and mounted similar to that of
Figure 2.8.

Magnetotransport measurements
Measurements were performed by applying a constant voltage of 0.2 V and measuring the
corresponding current at various temperatures and in the presence of a variable magnetic
field. Each sample was inserted separately along the axis of a superconducting solenoid
with the current flow perpendicular to the applied field (Figure 2.9). The I(V)
characteristics and differential resistance dV/dI as functions of V were measured using
phase-sensitive detection techniques. The dc current was provided by a Keithley 2400
source meter; the dc voltage across the sample was measured using a 2001 Keithley
voltmeter. The whole system was cooled down to as low as 1.2 K using pumped liquid
helium.
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Figure 2.9: Basic set-up for measuring the magnetotransport properties of dispersed FeMWNT networks in a
two-contact mode. The diagram shows the sample in a configuration parallel to the magnetic field with
simplified schematic of phase sensitive circuit.
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2.2.8. Atomic and Magnetic Force Microscopy
I used a Veeco Explorer SPM system to take several atomic force microscopy (AFM),
images. The AFM consists of a micro-scale cantilever with an atomically sharp tip used to
scan sample surfaces (Figure 2.10). In contact mode the tip is brought close to the sample
surface and experiences a Van der Waals force from the surface atoms; this leads to a
deflection of the cantilever, the variation of force with tip-to-surface distance (z) is shown
in Figure 2.11. The size of the deflection is measured using a laser spot reflected from the
top of the cantilever into an array of four photodiodes. A feedback mechanism is employed
to adjust the tip-to-sample distance to maintain a constant force between the tip and the
sample. The sample is mounted on a piezoelectric tube that can move the sample in the z
direction for maintaining a constant force, and the x and y directions for scanning the
sample. Alternatively a 'tripod' configuration of three piezoelectric crystals may be
employed, with each responsible for scanning in the x, y and z directions. This eliminates
some of the distortion effects seen with a tube scanner. The resulting map of the area may
be represented as the 3D topography of the sample [67].

La
se

r

Detector and
Feedback
Electronics

Photodiode

Cantilever & Tip

Sample Surface

PZT Scanner

Figure 2.10: Schematic showing the basic principles of behind AFM. Deflections of the cantilever are
detected by the photodiode and converted into images by the feedback electronics.
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Figure 2.11: Force diagram illustrating how force varies with z. When the tip nears the surface the force
becomes attractive, repulsion occurs when the tip comes into direct contact with the surface. There is no
force at large z.

For some measurements the microscope was used in non-contact or tapping mode. The
cantilever was forced to oscillate at resonant frequency and brought close to the sample.
The repulsive forces near the surface dampen the oscillations, as the tip scanned above the
surface topographical features caused fluctuations in the dampening, this was then
computed into a 3-D topographical image. The advantage of tapping mode over contact
mode is that any small, weakly adhered particle on the substrate surface can be imaged
without being disturbed; in contact mode the tip may force these nanoscale particles across
the surface making it extremely difficult to image them.
I also performed AFM in magnetic force mode (MFM), illustrated in Figure 2.12. When
using MFM the microscope first scans the surface topography in tapping mode, the tip then
lifts just above the sample and the surface topography is added to the lift height as it scans
to maintain a constant separation. The magnetic force is measured as a change in the
resonant frequency of the cantilever. The resulting images show the topography and the
magnetic force gradient respectively.
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Figure 2.12: Principle of MFM: 1) the cantilever traces the surface topography in tapping mode, 2) the
cantilever lifts to scan height, 3) the lifted cantilever scans for a second time, profiling the topography and
responding to magnetic fields. N and S signs indicate north and south poles respectively.
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Chapter 3

Synthesis and Characterisation
In this chapter I have investigated the structural properties of FeMWNTs produced from
the pyrolysis of C60 and ferrocene (described in Chapter 2) by using the characterisation
techniques previously discussed. Some electrical properties of the graphitic walls and the
magnetic properties of the iron core are also investigated. The growth parameters which
affect the FeMWNTs produced are also studied here and the results of a post synthesis
route to FeSWNT production are discussed at the end.

3.1. FeMWNT Synthesis
The pyrolysis of C60 and ferrocene produced vertically aligned FeMWNT bundles with
diameter 100 nm - 150 nm and length 10 µm – 20 µm. The reaction products were imaged
using a JEOL JSM 6300 SEM (Figure 3.1), EDS analysis revealed major iron and carbon
peaks (Figure 3.2).
Individual FeMWNTs produced by pyrolysis were imaged using a JEOL JEM 2010 TEM;
nanotubes with an average diameter of 50 nm were observed (Figure 3.3). The contrast
between the walls and the encapsulated iron, 20 – 25 nm in diameter was clearly visible
with the iron typically filling 40-70% of the MWNT.
.
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Figure 3.1: SEM micrograph, imaged ex-situ, of FeMWNTs grown on the internal walls of the quartz tube.
The FeMWNTs grow vertically aligned in large arrays; in the above micrograph the arrays have been broken
into a powder during removal from the quartz tube, a few remaining aligned regions are highlighted.
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Figure 3.2: EDS of FeMWNTs using the JEOL JSM 6300 SEM with peaks labelled. The EDS spectra

clearly show that only iron and carbon were present.
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Figure 3.3: TEM images of FeMWNTs produced by the pyrolysis of ferrocene and C60 in a 1:1 ratio at 1100
o

C. The dimensions of the FeMWNT imaged were approximately 40-60 nm in diameter and 20 µm in length.

All scale bars, shown in black, are 50 nm.
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The FeMWNT growth process is self-organised: the exact details of the carbonaceous and
ferrous components of the feedstock are unknown. Nevertheless, the role of the C60 is
likely to be the supply of graphitic fragments to nucleate the MWNT walls and the Fe core
to catalyse graphitisation: a process that has been explored in some detail due to its
importance in CNT growth from surface-supported d-metal catalysts [68] The dimensions
of bundles and individual FeMWNTs observed by SEM and TEM suggest that the bundles
comprise several uniaxial FeMWNTs, which implies a benefit from a near-neighbour in
the growth process (Figure 3.4).
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Figure 3.4: Schematic diagram for possible FeMWNTs growth mechanism. Iron deposits on to the reactor
walls or substrate surface allowing carbon shells to form around them, each supporting its nearest neighbour
during growth.

61

3.2. Structural Characterisation
3.2.1. X-ray Diffraction
XRD data for two FeMWNT powder samples are shown in Figure 3.5. By comparing
these results with those listed in the powder diffraction file [69] I were able to correctly
identify each peak in the data, corresponding to the constructive interference of the Bragg
reflected x-rays. The observed diffraction pattern indicated that my FeMWNTs contained
three phases of crystalline iron (α-Fe, Fe3C and γ-Fe) and graphitic walls comparable to
filled and unfilled MWNTs produced by other methods [17, 19, 22, 29, 70]. MWNTs show
a diffraction peak around 2θ = 25.9° which is near the (002) peak of crystalline graphite at
2θ = 26.6° [69], labelled A* in Figure 3.5. The peak labelled Si arises from silicon
fragments from the quartz tube used in the pyrolysis process.
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Figure 3.5: XRD of two FeMWNT samples with the main peaks of interest labelled. Scherrer analysis
indicate that the graphitic walls are 10.23nm (top) and 10.43nm (bottom) with α-Fe and γ-Fe crystals of
23.1nm - 40.7nm and 26.1nm - 35.2nm respectively.
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3.2.2. Mössbauer Spectroscopy
I performed Mössbauer spectroscopy studies on the as-produced FeMWNTs to further
investigate the phase of the encapsulated iron. The relative abundances of the three iron
phases discovered with XRD were confirmed using transmission Mössbauer spectroscopy
(TMS) at 289 K. The spectrum was recorded in transmission mode with a conventional
constant acceleration spectrometer and a 57Co(Rh) source with an oscillating velocity of –
amplitude 12 mms-1. Details of the apparatus can be viewed in Chapter 2.
Peaks in the absorption spectra show the presence of three components; two sextets (S1
and S2) and one singlet (L1), which correspond to features of the α-Fe, Fe3C [71] and γ-Fe
phases respectively [72]. The absence of additional components indicated that no oxides
were present meaning that the iron is completely encapsulated by the carbon shells since
nano-scale iron exposed to air will quickly become covered by a layer of iron III
oxyhydroxides [49]. Figure 3.6 shows the Mössbauer spectrum obtained and Table 3.1
summarises the Mössbauer parameters from the deconvolution of experimental data.
Table 3.1: Mössbauer parameters and relative intensities of the iron content of the three nano-crystalline
phases obtained from the analysis of the spectra in Figure 3.7. δ and E correspond to the hyperfine line
splitting which are respectively proportional to the s electronic density at the nucleus and to the main
component of the electric field gradient.

δ (mms-1)

Ε (mms-1)

S1

-0.003 ± 0.004

0.001 ± 0.001

330 ± 0.5

20 ± 0.4

S2

0.193 ± 0.07

0.018 ± 0.01

206 ± 0.3

34 ± 0.8

L1

-0.052 ± 0.02

---

---

46 ± 0.9

Component

H (kOe)

Arearel (%)

The detector was left running for several days to gather enough data counts to build a
reliable spectrum. The relative peak area for each of the sextets and singlet represent the
relative abundance of each iron phase to a first approximation; 20% ferromagnetic α-Fe,
34% Fe3C and 46% antiferromagnetic γ-Fe. A similar study by Prado et. al. [49, 50] and
Marco et. al. [73] of FeMWNTs produced by the Grobert method reveals a relative
abundance of 55% α-Fe, 23% Fe3C and 22% γ-Fe at room temperature and 48% α-Fe, 20%
Fe3C and 32% γ-Fe at 18 K. From these results they deduce that the iron core of a
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FeMWNT is made up of α-Fe surrounded by γ-Fe with Fe3C at the interface between the
iron and graphitic walls of the nanotube. This model is supported by a temperature
dependant shift in the hystereisis which is indicative of an α-Fe/γ-Fe interface, however
data presented by Ruskov et. al. [51] does not support this model. They too use the Grobert
method to synthesise their FeMWNTs but have performed a more thorough method of
TMS and backscattered conversion electron Mössbauer spectroscopy (CEM) in order to
distinguish different Fe phases and their spatial distribution within the whole sample and
along the tubes’ height. The Ruskov model suggests that the three iron phases are
randomly distributed throughout the core of the MWNT and that individual nanoparticles
of γ-Fe surrounding an α-Fe core is a more likely model. Ruskov also reports that the Fe3C
phase is present in greater numbers at the base of the FeMWNTs when seeded by a thin Fe
film.
γ-Fe
Fe3C

Absorption (%)

α-Fe

Figure 3.6:
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V (mms-1)
Fe Mössbauer transmission spectra for FeMWNTs. The blue line represents the smoothed

experimental absorption spectra; the three pink lines represent the deconvolved absorption spectra of the γ-Fe
singlet and the two sextets for α-Fe and Fe3C as shown in the key above the plot. The reduced Χ2 for the
fitted data are 0.691531.
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3.2.3. Magnetisation of Randomly Orientated FeMWNTs
The magnetisation of a thin film of randomly orientated bundles of FeMWNTs was
measured at 5 K using a SQUID detector able to detect magnetic fields down to the femto
Tesla range. The magnetisation (M) in emu/g was plotted against the applied field (B),
(Figure 3.7) and exhibits a saturation field of approximately 7 emu/g (comparable to bulk
Fe) and a coercive field of approximately 2500 Oe. The magnetisation was measured with
the samples both parallel and perpendicular to the applied B-field with no observed
anisotropy.
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Figure 3.7: Hystereisis loop for a thin film of randomly orientated FeMWNTs at 5 K. The B-field was
applied both parallel and perpendicular to the sample with near identical results.

Previous magnetisation studies [15, 17, 49] have revealed anisotropy between parallel and
perpendicular orientations of FeMWNTs to the field. Since my FeMWNTs were randomly
orientated this may have contributed to the lack of this anisotropy, however when I
consider the results of Mössbauer spectroscopy the two measurements suggest that the iron
encapsulate is randomly orientated and gives evidence to support the Ruskov model [51].
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3.2.4. Break-Junction Characterisation
I were able to test the quality of the crystalline structure of the FeMWNT graphitic walls
indirectly via the observation of room temperature ballistic electron transport [61]. The
ballistic transport regime is characterised by electron mean free paths greater than the
sample dimensions in contrast to the diffusive regime in which scattering is such that the
mean free path is much less than the sample dimensions [74]. The observation of room
temperature ballistic transport is therefore a good indication of crystalline nanotube
systems.
The ballistic transport regime is governed by the Landauer-Büttiker equation [75];

G = G 0 ∑αβ T

3.1

αβ

where G0=2e2/h (G0−1=12900 Ω) is the conductance quantum and Tαβ is the transmission
probability of an electron going from channel α to channel β, with α and β representing the
excited bands involved in the transport. A simple series ballistic wire model in which the
total conductance can be expressed as

G=G0 (∑ (nj)-1))-1

3.2

where the summation is over the number of wires in series and nj is the number of
channels in wire j, assuming unity transmission probabilities for all wire, was used to
interpret conductance data from nanotube networks [76].
Examples of raw data obtained from the break-junction measurement (see Section 2.2.5)
on a FeMWNT sample are given in Fig. 3.8. In Fig 3.8(a) VDSO versus time data displays
plateau voltages between the contact-closed and fully-open limits (0 V and 0.091 V,
respectively, for V0=1 V). The voltage plateaus correspond to moments in the closed -open
cycle when contacts are bridged by low numbers of FeMWNTs; the corresponding
conductance data therefore displays quantization in units of G0. Conduction histograms
were obtained from 30 closed-open cycles with 2500 data points obtained per cycle. The
conductance histogram obtained from FeMWNT sample (Figure 3.9) shows one broad
peak centered at 1G0,
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Fig. 3.8: Examples of (a) VDSO and (b) the corresponding conductance plateaus expressed in units of G0 via

Eqn. 2.2.
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Figure 3.9: Conductance histogram data for a network of FeMWNTs accumulated from 30 measurement
cycles with bin size 0.01G0. The Histogram shows a large, broad peak at 1 conductance quantum.
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This outcome is in agreement with the original reporting of unfilled MWNT ballistic
transport by Frank et. al. [61]. Fig. 3.10 shows the break-junction setup and conductance
data of Frank et al. In this variation of the measurement contact was made between a liquid
metal contact and a MWNT bundle so the conductance variation is expressed in terms of
displacement rather than time. Frank et al. concluded that one channel of conductance with
transmission coefficient equal to one in the outer MWNT wall contributes to MWNT
conductance with no apparent contribution from inner walls. This conflicts with the
theoretical expectation of two conductance channels per SWNT [77]; several publications
have subsequently addressed this issue [1]

Fig. 3.10: The break-junction experimental set-up (left) and conductance data (right) of Frank et al. [61]

The conductance histograms of Frank et al. are given in Fig. 3.11. The essential feature is
the peak at 1G0 as observed in the FeMWNT data presented here; the higher integer G0
peaks arise from multiple MWNT connections in the break-junction experiment. Arcgrown, unfilled MWNTs were tested in the break-junction method employed here using
the same conditions of bias and data acquisition as above.

The final conductance

histogram is shown in Fig. 3.12; it shows the close to 1G0 feature common to the
FeMWNT and Frank et al. data.
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Fig. 3.11: Example histograms taken from Frank et al. [61] of nanotube contacts in various liquid metals;
mercury, liquid cerrolow and gallium.
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Figure 3.12: Conductance histogram data for a network of arc-grown unfilled MWNTs showing a peak near
1G0.
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3.3. Enhancing the Structural Quality of FeMWNTs
3.3.1. Heat Treatment of FeMWNTs
The first attempt to improve the structural quality of FeMWNTs was by post-synthesis
heat treatment. Annealing FeMWNTs has been shown to reduce the encapsulated iron to a
single phase (α-Fe), increase the volume of the MWNT filled with iron, and remove a
number of defects present in the graphitic walls [17]. Leonhardt et. al. reported that
FeMWNTs annealed in this way contained encapsulated single phase α-Fe with a magnetic
moment per mm2 twice that of unannealed samples [17]. Following this method I annealed
100 mg of FeMWNT powder at 645 oC for 20 hours in an argon gas flow of 40 sccm. Care
was taken to prevent damage occurring to the FeMWNTs from excessive heating (>675 oC)
therefore the furnace temperature was monitored for 24 hours before annealing to ensure
that a stable temperature could be achieved.
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Figure 3.13: XRD data of FeMWNT sample before and after annealing, with reflections labelled. Scherrer
analysis indicates no significant change in crystal size
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XRD spectra taken before and after annealing show a reduction in relative intensities of
the Fe3C and γ-Fe reflections and the presence of C60 which was likely a remnant of
production (Figure 3.13)., however new peaks in the annealed sample show that magnetite
(Fe3O4) was now present. Nanocrystals of magnetite are the result of decomposition of
ferrous material, [78] annealing under these conditions therefore had no obvious benefits
since the original three iron phases were still present and new phases were being produced.
These results may indicate that oxygen was present during annealing, either in the furnace
or absorbed onto the nanotubes. Since earlier measurements do not show the presence of
any oxides in the nanotubes, I conclude that the furnace was not suitable for use in this
configuration despite being purged with Argon gas.

3.3.2. Seeding Growth Using Annealed Iron Films on Silicon
The effect of seeding FeMWNT growth was investigated by introducing localised
micrometer-scale iron particles onto substrates. Iron particles were produced by first
coating silicon substrates with directly evaporated thin films and subsequent annealing at
900 oC in argon. The thicknesses of deposited iron films were 10 nm and 100 nm, with an
uncoated silicon substrate used as a control. The resulting reaction products were
compared to FeMWNTs grown on the uncoated silicon substrate.
The silicon substrates were cut to approximately 5 x 5 mm in size and placed along the
inside of the quartz tube at 3 cm intervals from 35–65 cm from the left hand side of tube
where the reactants were placed. FeMWNT synthesis was achieved by pyrolysis as
previously described. The substrates became covered in a thin black coating which
increased their weight by up to 0.7 ± 0.1 mg. The iron-coated silicon substrates were
imaged using AFM before each experiment and further studied post-synthesis using SEM.
Three substrates from each trial were imaged, one each from either end of the furnace
(substrates 1 and 10) and one from the centre (substrate 6) as shown in Figure 3.14. The
temperatures at each substrate are shown in Table 3.2.
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Table 3.2: Approximate temperature (± 1

Substrate

1

Temperature (oC) 886

o

C) inside the furnace at the position of each Si Substrate.

2

3

4

5

6
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Figure 3.14: Diagram showing locations of silicon substrates inside the 1 m long quartz tube used for
pyrolysis. SEM micrographs were taken of substrates labelled 1, 6 and 10.

Uncoated Substrates
FeMWNTs were grown on silicon substrates for several reasons; silicon is a readily
available material, the <1, 0, 0> plane is topologically very flat, it is chemically nonvolatile, and can withstand the high temperatures required for pyrolysis. The silicon
substrates were cleaned by 10 minute sonication in acetone and allowed to dry in air. AFM
images of uncoated silicon were topographically flat (Figure 3.15) on a scale of a few
micrometres. After pyrolysis the substrates placed at positions 1, 6 and 10 reveal a very
similar FeMWNT yield when viewed in the JEOL JSM 6300 SEM (Figure 3.16.).
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Figure 3.15: Non-contact mode AFM image of an uncoated silicon substrate, no significant topographical
features are present in this or other images. 10 substrates were distributed evenly inside the reaction furnace
and FeMWNTs synthesised on their surface by pyrolysis (Figure 3.16).
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Figure 3.16: SEM images of FeMWNTs grown on uncoated silicon; a) substrate 1 placed near the reactants,
b) substrate 6 at the midpoint, and c) substrate 10 at the far end of the tube. All substrates show columnular
growth with thick arrays of FeMWNTs, however only the tops of the arrays are visible showing a
carbonaceous crust at the apex of each tip.
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10 nm Layer of Iron
The silicon with a 10 nm thick film of iron deposited onto its surface produced a very
different topography compared to the uncoated substrate after annealing at 900 oC. The
AFM image in Figure 3.17 shows areas containing what can only be iron particles
approximately 3 µm in diameter and with heights of over 1 µm.
SEM images in Figure 3.18 taken after pyrolysis show a range of different growth patterns.
The micrograph of substrate 1 shows that long FeMWNTs are growing from one iron
particle with some terminating on another, while substrate 10 resembles columnular
growth as seen before (Figure 3.16). Substrate 6 shows disorganised growth of nanostructures interspersed with iron particles.

Figure 3.17: Non-contact mode AFM of surface of silicon coated with 10 nm of iron after annealing at 900
o

C. Large particles, approximately 1-3 µm in diameter can be clearly seen on the surface.
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Figure 3.18: SEM images of FeMWNTs grown on a 10 nm iron film; a) is substrate 1, showing large
nodules of iron with some tube like structures observed appearing to grow from one nodule and terminate at
another, b) substrate 6 with random needles on close packed iron nodules. Nodules are about 500 nm in
diameter and c) substrate 10 showing what appears to be columnular growth with thick arrays of FeMWNTs.
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100 nm Layer of Iron
AFM images of the silicon substrates with 100 nm of iron deposited on the surface show
large iron particles separated by approximately 50 nm and with a diameter of ~ 800 nm as
shown in Figure 3.19. SEM micrographs (Figure 3.20), taken after pyrolysis, show needlelike artefacts up to 10 µm in length growing from particles with a diameter of
approximately 2-4 µm, several CNT like structure can also be observed. The needle-like
structures have lengths that are consistent with previous results; however the thickness of
each needle varies considerably across its length. It seems that this method has not
produced regular FeMWNT arrays or uniform growth along the reaction chamber but there
are some interesting results and does demonstrate that varying the conditions of pyrolysis
can have an affect on the material produced.

Figure 3.19: Non-contact mode AFM of surface of silicon coated with 100 nm of iron after annealing at 900
o

C, the image shows nodules, suspected to be iron, with 200 nm diameters. Similar structures were also seen

in SEM micrographs in Figure 3.13 b).
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Figure 3.20: SEM images of FeMWNTs grown on 100 nm iron film; a) substrate 1 showing a dense network
of long, thin needle like structure with a random orientation, b) substrate 6 with iron nodules ~1 µm in
diameter, no nanotubes were found this region and c) substrate 10 showing large clusters of needle-like
structures resembling sea urchins protruding from the surface of iron particles.
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3.4. Towards Horizontally Aligned FeSWNTs on R-Plane
Sapphire
Previous work has shown that SWNTs can be grown horizontally along R-face planes of
sapphire, dispersed with Fe:Mo catalyst particles, by CVD (Figure 3.21) [79]. Following
this method we prepared a catalyst by dissolving 75.95 mg of ferric nitrate (Fe(NO3)3) and
3.94 mg of (C5H8O2)2MoO2 in 20 ml of high grade ethanol. The solution was further
diluted with ethanol to give a Fe:Mo ratio of 94:6, resulting in a 10-5 M solution.. Sapphire
and silicon substrates were cleaned by sonicating for 10 minutes in acetone, followed by
10 minutes in propan-2-ol. After annealing the substrates at 900 oC for 1 hour in argon gas
they were dipped in the catalyst solution for 10 minutes and left to dry in air.
Synthesis of FeMWNTs on catalyst coated sapphire and silicon substrates was done via
pyrolysis at 900 oC, however, it is not known whether the catalyst particles survive
temperatures higher than the 800 oC needed for CVD [79]. Some of the substrates were
reduced in hydrogen gas at 900 oC for 10 minutes although the results do not seem to show
any significant effect of this step. After synthesis the nanotube coatings on each substrate
were scratched to reveal more detail of the growth and then imaged using the field
emission SEM.
Due to the highly dominating effect of pyrolysis it was not possible to reproduce the
horizontally aligned growth of SWNTs seen previously [79]. The result was densely
packed mats of vertically aligned FeMWNTs (Figures 3.22 – 3.27) in all cases. The
FeMWNTs grown on sapphire substrates treated with the catalyst appear straighter and
perhaps less densely packed when compared to previous attempts and the silicon grown
nanotubes. SEM micrographs indicate a reduced number of defects in the graphitic walls
(Figures 3.25-3.27) which may suggest a higher electrical conductivity through the
FeMWNTs. Additionally all samples showed ferromagnetic behaviour.
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Figure 3.21: SEM image of SWNTs grown via CVD in direction [1101] on R-plane sapphire substrates as
shown by arrow. The SWNTs, which can be seen lining up in the same direction as the crystal plane, were
seeded by a Fe:Mo catalyst precursor [79].
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3.4.1. Growth on Untreated Silicon Substrates
Results show that FeMWNT growth was homogenous throughout the silicon substrates.
SEM images in Figure 3.22 show the tops of what are likely to be closely packed vertically
aligned FeMWNTs. This was not unexpected since silicon was used as a substrate for most
of the synthesis throughout this investigation therefore images like these have been seen
before (see Figure 3.16 for previous examples).

Figure 3.22: SEM images of FeMWNTs grown on untreated silicon substrates. Images show tops of
vertically aligned FeMWNT, scale bars are all 1 µm.
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3.4.2. Growth on Silicon Substrates With Fe:Mo Catalyst Particles
Reduced in H2 Gas
The results of adding a catalyst precursor to the silicon substrates show FeMWNT growth
that is very similar to untreated samples. SEM micrographs in Figure 3.23 show the tops of
closely packed vertically aligned FeMWNTs as with the untreated substrates. The JEOL
JSM 6300 SEM does not have the ability to tilt the samples and therefore it was not
possible to measure the depths of these arrays. Figure 3.23 c) shows the side view of a
damaged area clearly showing aligned FeMWNTs with length of approximately 20 µm.

Figure 3.23: SEM images of FeMWNTs grown on Si substrates treated with the Fe:Mo catalyst and reduced
in H2 gas for 10 minutes. Images a) and b) show tops of vertically aligned FeMWNT, c) shows slightly
damaged area, scale bars are all 1 µm.
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3.4.3. Growth on Silicon Substrates With Fe:Mo Catalyst Particles
When substrates were dipped in the catalyst solution but were not reduced in hydrogen gas,
FeMWNTs grew arrays, very tightly packed, straight and very well aligned (Figure 3.24).
The tops of the arrays appear very similar to the previous experiments; however, the
FeMWNTs seem to have very consistent lengths of approximately 10 µm, not 20 µm as
previously. The sides of the arrays can be seen in damaged areas in a), b) and c) of Figure
3.24.

Figure 3.24: SEM images of FeMWNTs grown on Si substrates treated with the Fe:Mo catalyst without
reduction in H2 atmosphere. Images a) b) and c) show damaged areas with aligned FeMWNTs, d) show the
tops of the arrays, scale bars are all 10 µm (a) and c)) and 1 µm (b) and d)).
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3.4.4. Growth of FeMWNTs on Untreated Sapphire Substrates
FeMWNTs grown on untreated sapphire produced mats of vertically aligned nanotubes,
Figure 3.25. It was not expected that there would be any significant differences between
this substrate and the untreated silicon, however the nanotubes were much shorter than
usual, typically only about 3-5 µm long approximately. The areas damaged by scratching
the substrates are ideal for viewing the nanotube arrays.

Figure 3.25: SEM images of FeMWNTs grown on sapphire substrates. Image a) shows the arrays as seen
from above, while b) c) and d) show damaged areas with aligned FeMWNTs. Long looped FeMWNTs can
be seen growing on the surface of the FeMWNT arrays in a) to c). Scale bars are all 10 µm except in d)
where the scale bar is 1 µm.
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3.4.5. Growth of FeMWNTs on Sapphire Substrates With Fe:Mo
Catalyst Particles Reduced in H2 Gas
With the introduction of the catalyst precursor to the sapphire substrate, it was hoped that
nanotubes would start to grow on a Fe:Mo catalyst particle along the [1101] direction on
the R-plane sapphire. SEM results show mats of vertically aligned of FeMWNTs (Figure
3.26) very similar to untreated sapphire except slightly longer, typically about 10 µm.
These nanotubes may also be packed more tightly together on average than those grown in
the absence of a catalyst.

Figure 3.26: SEM images of FeMWNTs grown on sapphire substrates treated with the Fe:Mo catalyst and
reduced in H2 gas for 10 minutes. a) Shows the top of the arrays, images b) c) and d) show damaged areas
with aligned FeMWNTs. All scale bars are 1 µm.
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3.4.6. Growth of FeMWNTs on Sapphire Substrates With Fe:Mo
Catalyst Particles
When the catalyst precursor was not reduced in H2 gas, vertically aligned bundles of
FeMWNTs were still produced (Figure 3.27), similar to the H2 reduced sapphire substrate
product but straighter in appearance. The FeMWNTs are also slightly further apart and
fewer extra-tubular impurities are present. The lengths of these nanotubes vary from
approximately 8-10 µm.

Figure 3.27: SEM images of FeMWNTs grown on sapphire substrates treated with the Fe:Mo catalyst
without reduction in H2 atmosphere. a) Shows the top of the arrays, images b) c) and d) show damaged areas
with aligned FeMWNTs. Scale bars are 1 µm (a) - c)) and 10 µm (d).
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3.4.6. Analysis of FeMWNTs Grown on R-Plane Sapphire
The FeMWNTs produced in this study do appear shorter (5-10 µm) than FeMWNTs
produced under previous conditions (10-20 µm). XRD analyses of FeMWNTs grown on
sapphire are shown in Figure 3.28. Comparing this data with previously grown powdered
FeMWNT samples I observed several common reflections indicating the presence of
multiple iron phases.
α-Fe

Fe3C

I (a.u)

FeMWNT (Fig.6)

Sapphire substrate

FeMWNT on sapphire

20

30

40

50

2θ

60

70

80

Figure 3.28: XRD of FeMWNTs grown on sapphire compared with a powdered FeMWNT sample. Several
common reflections can be seen with Fe3C and α-Fe labelled. XRD of a sapphire substrate is also shown and
accounts for the additional reflections not usually observed in the XRD of FeMWNTs. Scherrer analyses
indicate that the graphitic walls of the sapphire grown FeMWNTs are 10.54nm with α-Fe and γ-Fe crystals
of 36.4nm and 23.6nm respectively.

I repeated magnetisation measurements on the vertically aligned bundles of FeMWNTs
grown on sapphire substrates and at different temperatures from 5 – 20 K (Figure 3.29).
There was little variation observed between the hysteresis loops at the temperatures
measured and a distinct lack of anisotropy with respect to the orientation of the B-field. A
constant B-field of 100 Oe was applied perpendicular to the sample and the magnetisation
measured in a temperature range of 2 - 30 K (Figure 3.30), the observed magnetisation
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decreasing by a total of 0.7% within this range. Small fluctuations were observed near 5 K
and 27 K, the cause of which is unknown but may be evidence for a magnetic ordering
transition at these temperatures. Mössbauer data could not be included for the sapphire
grown FeMWNTs since there was insufficient material to gather a spectrum.
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Figure 3.29: Hystereisis loops for FeMWNTs grown on sapphire with B-field parallel to the sample surface.
The samples were anisotropic and did not exhibit noticeable temperature dependence within the measured
range.
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Figure 3.30: Magnetisation vs. temperature with an applied field of 100 Oe for FeMWNTs grown on
sapphire showing a small decrease with temperature. Two inflection points are clearly visible, one at around
27 K and one at 5 K.

3.5. The Opening and Filling of SWNTs
Attempts to control the growth of the FeMWNTs directly using catalyst precursors showed
some promising results, however synthesis via pyrolysis could not produce FeSWNTs or
significantly decrease the number of walls. It has previously been shown by BorowiakPalen, et al. that it is possible to produce FeSWNTs using a highly efficient and simple
methodology based on wet chemistry methods [39]. Here HiPCO produced SWNTs
supplied by Carbon Nanotechnologies, Inc. were used in an attempt to produce FeSWNTs
using the same method.
The SWNTs were first purified and opened by refluxing 100 mg of HiPCO nanotubes in 2
M NHO3 for 30 hours. The CNT/acid solution was then filtered and washed with distilled
water to remove all trace of the acid with the pH measured using litmus paper to ensure
that the nanotubes solution was neutral. After filtering several times a buckypaper was
produced, this was easily removed from the filter paper using tweezers. The buckypaper
was then sonicated in an over saturated solution of iron III chloride (FeCl3) and then stirred
on a magnetic stirrer for 48 hours. The remaining FeCl3 was removed by washing with
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concentrated HCl and centrifuging for 30 minutes; the HCl was then carefully pipetted off
and replaced with water. This step was repeated until the solution became transparent, and
the acid was diluted with enough water so that the pH was neutral. The final step was to
decompose the FeCl3 into iron and chlorine, close the nanotubes and remove any
impurities by oxidising. Decomposition was achieved by annealing the final product in air
at 593 K for 1 hour.
This process was repeated only twice due to the amount of time required (typically twothree weeks) to produce a very small amount of SWNT material (<10 mg). After annealing,
the SWNTs were weakly attracted to a small magnet indicating a paramagnetic or
ferromagnetic behaviour. It was therefore assumed that the SWNTs were at least partially
filled with iron since they retained a small attraction to a magnet. HR-TEM micrographs
do not show clearly whether or not there was iron present at all (Figures 3.31 and 3.32).
Due to the small amounts of the samples produced, no other structural measurements could
be performed, therefore this investigation was inconclusive.
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Figure 3.31: HR-TEM Micrographs of HiPCO SWNT bundles after an attempt to fill them with iron. It is
not clear if iron particles are present inside the nanotube. Image d) shows a large black artefact that could be
carbon-encapsulated iron since carbon appears transparent under TEM, however it was not possible to check
this with elemental analysis.
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Figure 3.32: TEM micrographs showing more SWNT bundles. The resolution is not sufficient to observe
any encapsulated iron particles, which would appear dark black.
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3.6. Summary and Conclusions of FeMWNT Characterisation
I successfully synthesised FeMWNTs by the pyrolysis of ferrocene and C60. A variety of
different conditions were attempted in order to control the structural quality of the
FeMWNTs. Electron micrographs show that all nanotubes produced were comparable in
size and shape with an average diameter of approximately 50nm and length between 10-20
µm. Characterisation of these FeMWNTs via XRD, Mössbauer spectroscopy,
magnetisation and electrical break-junction measurements reveal that the FeMWNTs
produced by the pyrolysis of C60 and ferrocene contain graphitic carbon which is
electrically and structurally comparable to unfilled MWNTs. The FeMWNTs produced
here have similar lengths and diameters as those produced by Marco/Prados et al. [49, 50,
73] and Ruskov et al. [51] and the same three phases of iron present in similar relative
abundances. The three phases of encapsulated iron that make up 40-70% of the nanotubes
core is most likely randomly distributed within the nanotube, in agreement with the
Ruskov [51] model, as supported by Mössbauer, XRD and magnetisation results. I could
find no data to support the coaxial model as suggested by Marco/Prados et. al. [49, 50, 73].
From the electrical break-junction measurements I conclude that the conductance of
FeMWNT structures is dominated by a 1G0 contribution indicating a single excited band
with a transmission coefficient of one contributing to ballistic electron transport at room
temperature. This finding is in agreement with previous studies on unfilled, arc-grown
MWNTs and similar measurements performed using the break-junction method employed
in this study. FeMWNT ballistic conductance therefore resembles unfilled MWNT
conductance in that injected current is apparently confined to the outer graphitic wall. The
band gap of semiconducting nanotubes is given by Eg=0.9/d eV (with diameter d expressed
in nanometers) [80]. The outer diameter of FeMWNTs synthesised in this study are in the
range 40 – 60 nm (Fig.3.3) so the semiconducting graphitic walls are expected to exhibit
band-gaps comparable to kBT at room temperature therefore significant thermal excitation
to the conduction band is expected. The FeWNTS graphitic shells probed by the breakjunction experiment are all, therefore, effectively metallic; consequently current injection
is limited to the outer wall. This conclusion is in agreement with that of Frank et al. for
unfilled MWNTs [61]. The observation of room temperature ballistic conductance in
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FeMWNT structures confirms the electrical quality of the graphitic walls is comparable to
arc-produced, unfilled MWNTs.
FeSWNTs could not be produced by pyrolysis and the production of FeSWNTs by liquid
phase capillarity filling of FeCl3 resulted in an extremely low yield, insufficient to study
further with the characterisation techniques previously discussed, and the process was too
long to repeat more than twice. I conclude from this that it is not possible to combine the
Yu technique [79] with the pyrolysis of C60 and ferrocene to produce horizontally aligned
FeSWNTs. FeSWNTs, or FeMWNTs with a reduced number of walls, may be produced
by seeding substrates with catalyst particles. I discovered that annealing substrates with
100nm iron films produced large iron particles which acted as growth sites. Seeding in this
way produced a mix of results but ultimately a lack of consistency and therefore reduction
in the control of the experimental process. The self-organised growth mechanism of
pyrolysis seems to completely dominate any additional conditions that we may impart on
the system. Table 3.3 highlights the results of the different synthesis methods
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Table 3.3: Summary of the results of FeMWNT and FeSWNT synthesis

Chapter 4
Magnetotransport in Iron-Filled Carbon
Nanotube Systems
Several samples were prepared (see 2.2.7) for high magnetic field electronic measurements;
one randomly dispersed FeMWNT network (Mat1), one randomly dispersed MWNT
network (Mat2), one randomly dispersed FeSWNT network (Mat3) and one randomly
dispersed SWNT network (Mat4). In addition the electron transport properties of one twocontact FeMWNT bundle (bundle1) and one four-contact FeMWNT bundle (bundle2)
were measured. The results of each sample are presented in this chapter. A summery of the
possible electron-transport mechanism are given below to aid the discussion of these
results.

4.1. Summary of Magnetotransport Effects
In an ideal CNT system, the electron path length is expected to be greater than its
scattering length, so they are free to move ballistically; however, electrons may experience
a resistance caused by scattering from defects in the CNT structure. Applying an external
magnetic field can increase the electrical resistance by increasing the interference of
interacting electrons and causing these electrons to undergo cyclotron motion, which can
increase their path length and hence increases the resistance by increasing the number of
scattering events. Here I have measured the electron transport through six CNT samples,
measuring the I(B), I(V) and I(T) characteristics in magnetic fields up to 11 T and in
temperatures below 2 K to screen out thermal effects. The data is presented as
magnetoresistance (MR) vs. applied B-field where the MR is defined as:

MR =

R − R0
R0
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4.1

Where R0 represents the zero field resistance and R is the resistance in the magnetic field.
Where present, it should be noted that B represents magnetic induction corresponding to an
observed effect whilst H refers to magnetic field intensity or magnetic field strength. The
six samples were: one unfilled and one iron-filled MWNT network randomly orientated on
glass, one unfilled and one iron-filled randomly orientated SWNT network on glass, A
contacts and one FeMWNT bundle contacted to gold pads by four FIB deposited tungsten
contacts. Details of how each sample was made and measured can be found in Chapter 2.
Previous electrical measurements performed on CNT networks in magnetic fields have
attributed the observed magnetoresistance to one of the following mechanisms; the Kondo
effect, weak localisation (WL), variable range hopping (VRH), or electron-electron
interaction (EEI). Each of these is discussed in the following sections along with the
corresponding signature behaviour, with and without the presence of an externally applied
magnetic field where applicable.

4.1.1 The Kondo Effect
The Kondo effect was discovered by Jun Kondo in the late 1950s. Kondo found that the
scattering probability of an electron from a localized magnetic spin within the metal
exhibits anomalous behaviour. It increases logarithmically with the inverse temperature
due to contributions from third-order perturbation theory in which the dynamical nature of
the spin was first taken into account. In combination with the scattering probability due to
phonons, which decreases with lowering temperature, this behaviour gives rise to a
minimum in the total scattering rate as the temperature varies. The low-temperature
variation of the resistivity is accurately reproduced. This work also explained the
anomalously large thermopower of materials having a minimum resistance, and predicted
anomalies in the spin susceptibility and specific heat. These were then verified
experimentally [81]. The Kondo effect can be observed in materials containing magnetic
impurities [82]. At zero B-field the resistivity, ρ, follows the general Kondo formula:
∆ρ =


3c
Ω  2
cos 4 η cos 2η
2
2
2 2
4
2
2 2
sin
−
2
J
S
(
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+
1
)
cos
sin
+
J
S
(
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+
1
)
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π
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η
η
π
ρ

 4.2
1
1
~
πe 2 v 2 F h N 
[1 − 2 J ρ1 ln(T D ε )]2 

Where η is the phase shift due to the potential scattering given as tan η =-πVρ1, ρ1 is the
carrier concentration per one spin degree of freedom near the Fermi energy and V the
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magnitude of the potential energy. Ω is the volume of the host metal, S the effective spin
angular moment of unpaired spin in the existing magnetic impurities, Dε the cut-off energy
~
which corresponds to the Fermi energy and J the effective exchange interaction integral
~
given by J =Jcos2η. The positive (negative) J value corresponds to the ferromagnetic
antiferromagnetic) s–d exchange coupling between the conduction electrons and the
localised moments [81].
In the presence of a small externally applied magnetic field (H<<1 T):
2

∆ρ ≅ −

3π m cv 0  gµ B H  2

 J S (S + 1)
2ε F e 2 h 9  k B T 


3 zJ
1 + 4S ( S + 1) +
εF


4.3



k BT
+ 6.27S (S + 1) + 1.11 
(1 + 4 S ( S + 1) ) ln
2ε F



i.e. ∆ρ ∝ H 2
And for H>>1 T:
∆ρ ≅ −

[


3π m
cv 0 V 2 + J 2 S (S + 1) − 4 S z
2
2ε F e h


2

]

 3zJ
− S z × 1 +
εF



gµ B H  
 2 + ln
 
k B T  


4.4

i.e. ∆ρ ∝ ln H
Where H is the magnetising field measured in Tesla, ν0 is the atomic volume of the host
metal, c the impurity concentration and z the number of conduction electrons per atom.
The ln H term reflects Kondo-type anomalous behaviour in the applied field when all the
spins are aligned by the magnetic field, so that <Sz> is constant. If the electron transport
were dominated by the Kondo effect we would expect to observe the resistance increasing,
initially following a H2 dependence below the 1 T regime and then as ln H above 1T

4.1.2. Weak Localisation
Weak localisation is a physical effect that occurs in disordered electronic systems at low T
manifesting itself as a positive correction to the resistivity of a metal or semiconductor.
The physical mechanism behind WL derives from the averaged quantum interference
terms as the electrons experience a ‘random walk’ due to scattering from impurities.
Pyrolytic graphite and other carbon-based materials generally show signs of WL at low T.
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At zero B-field the conductivity follows the general WL formula in two dimensions [81]:

σ 2 D (T ) = σ (T0 ) +

e2
2hπ 2


 3 ~   T 
αp + 1 − 4 Fσ  ln  T 

  0 


4.5

∴ σ ∝ ln T ,

~
For an orbitally non-degenerate free electron gas, α is close to 1, and F is the Hartree term

containing the electron screening length, σ is the conductivity. At high T a cross over to
three-dimensional weak localization (3DWL) is observed:
p
e2 1 p2
2
σ 3 D (T ) = σ (T0 ) +
T
σ
∝
T
hπ 3 a

4.6

And the magnetoconductance (MC) follows the general WL formula:
3/ 2


B2
e2
 1 B1  3  1 B2  1  1 B3 
∆σ =
− ψ  +  + ψ  +  − ψ  +  − ln
2
1/ 2 
2π hG(0,T ) 
B1 B3 
2 B  2 2 B  2 2 B 

4.7

Where ψ is the Digamma function and B1, B2(T) and B3(T) are defined by:

B1=B0+Bs.o+Bs,
B2(T)= Bi(T) +¾Bs.o+⅔Bs,
B3(T)= Bi(T) +2Bs
where the quantities Bk=ħ/4eDτk represent the characteristic magnetic fields associated
with the scattering mechanism, k: elastic scattering (0), inelastic scattering (i), magnetic
impurity scattering (s), or spin–orbit coupling (s.o); is the relaxation time corresponding to
the scattering type ‘k’ and D is the diffusion constant defined by D=½ ϑ F 2τk, where ϑ F is
the Fermi velocity [81]. In three-dimensions the MC is:
p

e2
3lH2
T 2
∆σ 3 D ( H , T ) =
F
(
δ
)
where
δ
=
∝
4llin
H
2π 2 hl H

4.8

For δ << 1 ∆σ 3D ( H , T ) ∝ H and for δ >> 1 ∆σ 3 D ( H , T ) ∝ H 2 where H is the applied
field. Since ∆σ ∝ R, we would expect the magnetoresistance curves to follow a

H or H2

trend, depending on the regime.
In addition, some studies of doped semiconductors have shown a combination of WL and
electron-electron interaction (EEI). EEI effects can dominate electron transport only in
high H-fields (>1T) and at low T (<4.2 K) causing a positive MR. Since low fields have a
minimal effect upon electron-electron interactions, EEI can be easily distinguished from
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other mechanisms. They arise from a modified screening of the Coulomb interaction of
interacting electrons due to diffuse scattering [83]. EEI is seen as the predominant electron
transport mechanism in ferromagnetic thin films. The component of magnetoconductance
due to EEI is given by:
∂σ I (B, T ) = ∂σ ' I (T ) + ∂σ " I (B, T )

4.9

In the presence of a magnetic field, ∂σ " I (B ) ∝ ln(B ) for H>>1T and ∂σ " I (B ) ∝ B 2 for
H<<1T

4.1.3. Variable Range Hopping
Variable range hopping describes the conduction of electrons through strongly
disorganised systems with localised states. At low T there is less kinetic energy available
for conduction electrons to move between localised states, however by hopping over larger
distances a lower energy state can be reached. As the temperature increases the hopping
effect becomes less noticeable, the result of an optimization is an activation energy that
decreases with decreasing T. Mott showed that in three dimensions and at a constant
density of states the optimization leads to a temperature dependent conductivity [84]:


x



σ (T ) = σ 0 (T0 ) exp −  T0 T  
 

4.10

 

Where T0 is some constant and the exponent x = 1/4. The MC due to VRH is given by:
2

2
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4.11

Where |½gµBH/(EC-EF)|«1 is assumed, i.e., the weak magnetic field limit. Here, β is
approximately 1, n is the dimensionality constant, g is the effective g-factor, µB is the Bohr
magneton, and EC is the mobility edge. For positive MR contributions, we can use the
magnetoconductance of a Kamimura-type spin-dependent VRH contribution in two
dimensions, as follows:
∆G
H2
= − AKK 2
G
H KK + H 2

4.12

 T 
T  3
0
= ak B T  0  , and T0 AKK = 1 − exp − b 
  T 
T 
1

where µ B H KK

100

1

3





HKK is the characteristic field for spin alignment, AKK the saturation value of the MC, and a
and b are constants. It is reasonable therefore to associate VRH to positive MR with a H2
dependence.
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4.2. Magnetisation Measurements: Results and
Discussions
4.2.1. MWNT Randomly Orientated Network
Previous electron-transport work has commented on the effects of a magnetic field on the
conduction through SWNT networks [81, 85]. MWNTs were used in this study as a
comparison to the FeMWNTs studied here. The MWNTs were synthesized by arc
discharge and supplied by Dynamic Enterprise.
The current variation with magnetic field strength for temperatures between 45-1.9 K
(Figure 4.1) reveal a temperature dependent component. When re-plotted as MR (Figure
4.2) the data shows a negative downturn with a maximum change in resistance of 12%.
The MR begins to increase at high B and low T with the positive MR becoming more
prominent at lower T.

B perpendicular
to bundle

I (µA)

45.2 K
20.2 K
3.74 K
2.99 K
2.365 K
1.89 K

B (T)

Figure 4.1: I(B) of a randomly orientated MWNT network with B-field perpendicular to sample. A constant
0.2 V was applied for this measurement.
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Figure 4.2: MR of a randomly orientated MWNT network calculated from Figure 4.1. The MR is initially
negative but becomes positive at lower T and high B.

At low T the MR can be fitted to a B2 dependence (Figure 4.3), consistent with 2-D WL,
Kondo and EEI mechanisms, which is in agreement with the theory and previous
measurements performed on CNT material [81, 86]. At 1 K<T<2 K a √B dependence is
observed, this is only consistent with WL theories (Figure 4.4).
In the absence of any magnetic field the conductivity of the network increases with
increasing temperature (Figure 4.5) and fits optimally with 2-D VRH theory following a
G~1/T1/3 relationship as shown in Figure 4.6.
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MR ∝ B2
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2.37
2.99
3.74
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1e-4

0

0.1
B (T)

0.4

Figure 4.3: Low B-field data from Figure 4.2 showing a B2 dependence for the MWNT network. The solid
black line has a gradient of 2.
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Figure 4.4: MR data taken from Figure 4.2 between 1-2 T showing a √B dependence for the MWNT
network. The solid black line has a gradient of 0.5.

104

Figure 4.5: Zero B-field relationship between I and T for the MWNT network with an applied voltage of 0.2
V.

Figure 4.6: The zero B-field data from Figure 4.5 with linear fit for lnG vs. 1/T1/3 associated with higher 2D
VRH. The errors (not shown) are all within a data point.
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4.2.2. FeMWNT Randomly orientated Network
The I(B) characteristics of the FeMWNT sample with the B-field both parallel and
perpendicular to the surface at temperatures between 45-1.26 K are shown in Figure 4.7.
No anisotropy was observed in these measurements (Figure 4.8), therefore to save on
resources only one orientation (B parallel) was considered for further analysis. The MR
curves show a negative downturn with a maximum change in resistance of 7.5%. The MR
begins to increase at high B and low T with the positive upturn becoming more prominent
at lower T (Figure 4.8).
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bundle

I (µA)

45.2 K
20.34 K
2.92 K
2.37 K
1.89 K
1.45 K
1.265 K

B (T)
B perpendicular to
bundle

I (µA)

45 K
19.7 K
4.2 K
3.5 K
2.92 K
2.37 K
1.9 K

B (T)

Figure 4.7: I(B) of a randomly orientated FeMWNT network with an applied voltage of 0.2 V. The plots
show the results with B-field parallel (top) and perpendicular (bottom).
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Figure 4.8: MR characteristics from Figure 4.7 of a FeMWNT randomly orientated network with B-field
perpendicular and parallel (insert).

At low T the MR can be fitted to a B2 dependence and at 1 K<T<2 K I observed a √B
dependence, consistent with WL theories (Figure 4.9). The zero B-field data shows an
increasing conductance through the network as the temperature increases (Figure 4.10) and
fits very well with 2-D VRH theory, following a G~1/T1/3 relationship, as shown in Figure
4.11.
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Figure 4.9: MR from Figure 4.8 of FeMWNT sample at low B-field (top) and between 1-2 T (bottom), the
solid black lines have gradients of 1.8 and 0.5 indicating B2 and √B dependences respectively.
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Figure 4.10: Zero B-field relationship between G and T for B parallel (red) and perpendicular (black) with an
applied voltage of 0.2 V.
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Figure 4.11: The zero B-field data from Figure 4.5 with linear fit for lnG vs. 1/T1/3 associated with higher 2D
VRH. The errors (not shown) are all within a data point.

110

4.2.3. SWNT and FeSWNT Randomly Orientated Networks
Iron-filled and unfilled SWNTs were investigated to compare the transport properties of
the two systems. I(B)’s for the two samples with the B-field parallel to the surface and at
temperatures between 45-1.45 K are shown in Figure 4.12. The MR’s appear to be almost
identical and very similar to the MR of entangled SWNT networks measured elsewhere
[85] (Figure 4.13). This previous study by Kim et al. found that the MR could be explained
by a combination of 2-D WL and 2-D spin-dependant VRH. The MR of both the filled and
unfilled SWNTs has an initial negative downturn, Just like the MWNT samples however
the maximum change in resistance is around 1% compared to the 7.5% of the MWNT
samples. The MR becomes largely positive at high B and low T with the positive upturn
becoming more prominent at lower T and a maximum change of 38% and 26% for
FeSWNTs and SWNTs respectively.
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B parallel to
bundle

I (µA)

45.28 K
40.38 K
35.26 K
27.09 K
20.02 K
15.13 K
10.05 K
3.49 K
2.66 K
1.46 K

B (T)
B perpendicular
to bundle

I (µA)

20.2 K
10.15 K
3.05 K
2.66 K
2.09 K
1.45 K

B (T)

Figure 4.12: Two I(B)s of randomly orientated FeSWNT network (top) and unfilled-SWNT network
(bottom), both with B-field parallel to sample surface and an applied voltage of 0.2 V.
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Figure 4.13: MR curves from Figure 4.12 for Fe-filled (top) and unfilled (bottom) SWNTs, these appear
very similar to previously reported work in reference [84] which proved to be the result of 2-D, spindependant VRH and 2-D weak localisation.
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In low magnetic field (<1T) the logMR increases linearly with increasing B field, which is
a signature of Kondo and EEI mechanisms, but only in high B-fields (>1 T). It is most
likely that this is due to the competing, low temperature, regimes of 2-D WL and VRH. At
1 K<T<2 K a B2 dependence is observed, this is consistent with WL theories (Figure 4.14
and 4.15).
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Figure 4.14: Ln-ln plot of the conductance of the FeSWNT network showing a linear dependence between G
and B, the solid black line has a gradient of 1.
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Figure 4.15: Low B-field data between 1-2 T showing B2 dependence for the FeSWNT network. The zero Bfield data fits optimally with 2-D VRH theory following a G~1/T1/3 relationship as shown in Figure 4.16
which is consistent with the other samples.
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Figure 4.16: The zero B-field lnG vs. 1/T1/3 with linear fit associated with higher 2D VRH for the SWNT
network (top) and FeSWNT network (bottom). The applied voltage was 0.2 V. The errors (not shown) are all
within a data point.
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4.2.4. Aligned FeMWNT Bundle: Two-Terminal Measurements
Details of how individual FeMWNT bundles were contacted are given in Chapter 2. Figure
4.17 shows a detailed image of the two-contact FeMWNT bundle used here.

Figure 4.17: SEM images the FeMWNT bundle contacted using focused ion beam (FIB) lithography. The
gold contacts (Au) and the tungsten wires (W) are labelled.

Above 10 K there was no noticeable effect of magnetic field on the conductance. Figure
4.18 shows a flat response from 10-26 K, with a sudden positive increase of ~3% in the
MR at >5 K (Figure 4.19) before once again becoming flat. During FIB deposition the
tungsten is introduced into the vacuum chamber as a carbonyl (W(CO)6), the observed
transition at 5 K is likely to originate from the tungsten contacts undergoing a
superconducting transition, due to a small amount of carbon impurity. Similar studies of
FIB deposited tungsten wires containing carbon performed by Hiroyuki Miki et. al. have
revealed a Tc near 5 K, Figure 4.20 highlights this effect in films of tungsten with a
thickness of 500 nm, containing amorphous carbon, which demonstrate how such materials
behave in varying magnetic fields [87]. This allows for us to make a good comparison with
these results; at 0 T there is a transition at around 4K, this decreases with increasing B, we
would therefore expect that at lower T the observed downturn of MR would occur at
higher B and this is exactly what we observe in Figure 4.19.
The zero-field resistance does not fit any of the previously observed phenomena (Figure
4.21) but does show a change below 10 K. Magnetisation measurements of thin films and
powders in Chapter 3 (section 3.6) possibly indicates some form of phase transformation
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below 10 K, therefore it was necessary to perform further measurements, these are
discussed in the next section.
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Figure 4.18: I(B) for the two-contact FeMWNT bundle with magnetic field parallel (top) and perpendicular
(bottom) to the sample both with an applied voltage of 0.2 V.
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Figure 4.19: MR curves for FeMWNT bundle shown in Figure 4.18. The sudden increase in MR below 5 K
is indicative of a superconducting transition caused by the carbide containing tungsten contacts.
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Figure 4.20: Temperature dependence of the resistivity of tungsten carbide films in varying magnetic fields
with superconductivity occurring at 4.2K. I can conclude from this that the observed MR of FeMWNT
bundles is dominated by a superconducting transition of the FIB deposited tungsten contacts [87].
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Figure 4.21: Temperature dependence of resistance for the two-contact FeMWNT bundle with an applied
voltage of 0.2 V, the black line is a guide for the eye. These data do not fit with the disordered transport
mechanisms observed in randomly orientated networks of FeMWNTs, the inflection point may indicate that
a transition below 10 K is occurring. The curved line is meant as I guide to the eye.

4.2.5. Aligned FeMWNT Bundle: Four-Terminal Measurements
A further two aligned bundles were isolated, contacted and tested with the same techniques
described in Chapter 2, the two devices can be seen in figure 4.22 with a higher resolution
image of a contacted FeMWNT bundle shown in Figure 4.23. Applying a current across
the FeMWNT bundles with two contacts and measuring the voltage across with a second
set of contacts allows us to eliminate the resistance of the tungsten and the contact points
allowing for further investigation of the evidence for an ordering transition below 10 K.
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Figure 4.22: SEM images of the two FeMWNT bundles contacted using FIB lithography. The numbers
represent labels corresponding to which pins each contact lead to.

10 µm

Figure 4.23: Higher resolution SEM images of an FeMWNT bundle contacted with four tungsten contacts
using FIB deposition.
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The two samples shown in Figure’s 4.22 and 4.23 did not prove to be robust enough and
could only be measured in two-terminal configuration. Unfortunately due to time and
resource constraints it was not possible to attempt another four contacted aligned
FeMWNT bundle. The temperature dependence of the zero field conductivity and I(V)s at
different temperature and different magnetic field were obtained. Results show a
significant T dependence of both conductivity (G) and I(V) (Figures 4.24 and 4.25). The
I(V) show no B dependence, any small changes were most probably due to fluctuations in
temperature during the measurements. The I(B)'s at different temperatures were not
measured since the I(V), which cuts through the same phase space, showed no B
dependence (Figure 4.26).

Figure 4.24: T vs. I(V) at low values of T (10 K<) showing some temperature dependence below 10 K.
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Figure 4.25: T vs. R showing significant temperature dependence. The data flattens below 50 K and unlike
the previous two-contact measurement there is no downward turn below 10 K.

Figure 4.26: B vs. I(V) , no B dependence was observed therefore no further measurements could be
performed with these samples inside the magnet.
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4.3 Summary and Conclusions of Magnetotransport
Measurements
Past studies have shown that low temperature, zero B-field electronic measurements of
MWNT and SWNTs may reveal Kondo, VRH, WL or EEI behaviour or a combination of
these effects. I measured the magnetoresistance through networks of randomly orientated,
filled and un-filled, single- and multi-walled CNTs and discovered the signature behaviour
of a combination of 2D WL and 2D VRH in all cases. The zero-field data is clearly
dominated by the 2D VRH, which may still have an effect at low B, as was seen in the
SWNT case, but at higher B 2D WL takes over. The Kondo effect can be dominant when
magnetic impurities are present; I can conclude therefore that the volume of the
encapsulated iron in my FeMWNTs is significantly more than an impurity. Since both the
filled and unfilled CNT networks show evidence of the same transport regimes the results
of these measurements do not tell us anything about the iron cores of the FeMWNTs,
however there should be an effect upon the electrons due to the magnetic nature of the iron.
It was possible to fabricate several contacted bundles of aligned FeMWNTs in order to
further characterise them electronically and probe the interactions, if any, between the
magnetic iron and the graphitic walls of the FeMWNTs.
Individual bundles of FeMWNTs were electrically contacted via ion beam lithography,
however obtaining satisfactory results from the measurements proved to be very difficult.
The tungsten contacts that acted as a conductive interface for the FeMWNTs formed a
weak alloy with the carbonaceous material that acted as a carrier during the FIB deposition
(W(CO)6), this interfered with two-contact measurements giving us what appears to be the
transition temperature for a weak tungsten alloy. Four-contact Measurements eliminate the
contact resistances of the carbide containing tungsten, however the four-contact bundles
did not appear to be robust enough to be successfully measured in four contact
configuration. No B-dependence was observed at all when only two of the four contacts
were used; therefore I conclude that there was an improper contact with the FeMWNT
bundle. More time and resources are required in order to successfully perfect these
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measurements, which I could only perform once due to limited time at the Grenoble high
magnetic field laboratory.
The analysis of the data for electrical measurements of a two-contact FeMWNT bundle
showed low-temperature magnetotransport behaviour indicative of a superconducting
transition previously reported in carbide containing tungsten thin films and nanowires [87].
The differential zero B-field I(V) data (Figure 4.27) revealed an interesting anomaly which
I attribute to the tungsten contacts. It is pertinent therefore to consider that if such an
anomaly is present here, then perhaps similar measurements previously reported could
attribute their observations to the contact material other than their actual sample. For
example; Zhao et. al. reports a zero-bias anomaly and increased MR at 4.2 K in CNTs
contacted with Co pads fabricated with e-beam lithography [88] and Jørgensen et. al. uses
Ti contacts, observing a Tc of 750 mK [89]. Both have performed measurements in twocontact configuration which I have found to be unsuitable for my purposes. I propose that
such results may need to be reproduced under more ideal conditions as it would be
incorrect for us to state that these measurements were not accurate without first testing
their methods thoroughly..
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Figure 4.27: Zero-bias anomaly observed from the differential I(V) of FeMWNT bundles
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Table 4.1: Summary of MR results
Sample
Mat 1
Mat 2
Mat 3
Mat 4

Bundle1
Bundle2

Description
Randomly orientated
FeMWNT network
Randomly orientated
MWNT network
Randomly orientated
FeSWNT network
Randomly orientated
SWNT network

Zero B-field results

MR results

2D VRH

2D WL

2D VRH

2D WL

2D VRH

2D WL/VRH

2D VRH
Superconducting
2-contacted
FeMWNT transition at 10K due to
bundle
tungsten contacts
4-Contact FeMWNT
Contact resistance
bundle
dominant
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2D WL/VRH
Zero-bias
anomaly

Chapter 5

Applications
Large arrays of one-dimensional ferromagnetic wires have a theoretical memory storage
capacity of 170 GB/cm2 (1 TB/inch2) [15, 18], approximately equivalent to a CD with a
17 TB memory. It has previously been shown that CNTs display spin-polarised charge
transfer [14] and that FeMWNTs with low dimensions and large magnetic moments are
theoretically ideal for spintronic devices. If the electron transport through FeMWNT
networks, which are both magnetic and conducting, alternates between high and low
resistivity there could be an application in spintronic devices, such as spin-valves. Here I
have explored two alternative applications based open the reviewed literature; high
resolution MFM tips and FeMWNT/polyurethane-urea composites.

5.1. Iron-filled Carbon Nanotubes as Enhanced
Resolution Magnetic Force Microscopy Tips
CNT based tips for AFM, made by direct CNT growth onto AFM tips, are already
available from a number of commercial suppliers (nanoscience instruments, NT-MDT). A
simple method for successfully attaching CNTs to cobalt coated AFM tips is utilised via an
electrical arc-discharge method as demonstrated by Stevens et al. [90]. Due to its low cost
and relatively straight-forward process, this method was used here for the purpose of
creating MFM tips with enhanced resolution using FeMWNTs..
Since the carbon shells around the iron nanowires provide wear resistance and oxidation
protection, the use of FeMWNT as magnetic force sensors was studied by Winkler et al.
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[91]. The moment and the location of the effective monopole of the Fe-MWCNT probe
remain constant within the boundary condition that the length of the ferromagnetic
nanowire exceeds the samples stray field gradient decay length. The location of the
effective moment is equivalent to the very end of the nanowire. Thus, the spatial resolution
depends on the scanning height (z) and the size of the monopole, (diameter of the
encapsulated Fe). Winkler found that for long ferromagnetic nanowires the probes
magnetic resolution does not depend on the perpendicular size of the cylinder (i.e., its
length) or the decay length of sample’s stray field. The knowledge of the monopole
moment q enables quantitative measurements of the first derivative of the sample’s stray
field z component [91]. For a long cylindrical probe with diameter d, the magnetic phase
shift, ∆Φ, is given by:

 ∂H z 
∆Φ =∝ q

 ∂z  z1
Where q = M z

π
4

5.1

d 2 ; Mz is the magnetization and all other terms are defined above.

Experimental results and theoretical considerations performed by Winkler et al. indicated
that FeMWNT equipped cantilevers were promising for use as MFM probes and were
therefore investigated further here.

5.1.1 Experimental process
To produce the MFM probes, AFM cantilevers (supplied by Veeco instruments) were
coated in 50 nm of cobalt and attached to an earthed crocodile clip acting as a cathode. The
tips were manoeuvred manually to slowly approach an FeMWNT powder produced via
pyrolysis, at a dc bias of 25 V until a spark was seen (Figure 5.1). The spark indicated that
charged material had crossed the gap via electrostatic attraction and fused with the cobaltcoated tip. I used this method with an ultimate aim to yield single FeMWNTs on AFM tips.
After repeating the tip attachment process several times I imaged the probes using FESEM. Generally, the result was amorphous carbon and FeMWNTs material collected on
the AFM tip, although occasionally there was nothing at all. Individual FeMWNTs were
successfully attached to the apex of an AFM tip in around 10% of cases (Figures 5.2-5.4).
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The initial arc would serve to weld the nanotubes to the Co-coated tip providing a greater
hold than that of Van der Waals forces alone. I utilised minute traces of unwanted
hydrocarbons which build up within the SEM, originating from vacuum pump oils and
contamination from samples, to fuse the FeMWNT to the AFM probe by decomposing the
trace amounts of amorphous carbon by the high accelerating voltage (25 kV) of the
microscope.

Figure 5.1: Experimental set-up for attaching FeMWNTs to AFM tips, the bias between the cathode and
anode was always set to 25 V and the tip could be brought closer to the FeMWNTs by use of a manual micro
stage controller.
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Figure 5.2: SEM images showing examples of FeMWNT tip attachment attempts. From top to bottom; AFM
tip covered in amorphous carbon material, clean AFM tip with no signs of nanotubes and finally, an AFM tip
completely covered in FeMWNTs, all scale bars are 10 µm.
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Figure 5.3: Successful tip attachment. The FeMWNT can be seen to protrude less than 2 µm above the tip.
To test the strength of the FeMWNT-to-tip bond the AFM tip was moved around for two weeks including
being shaken and lightly dropped in the box and imaged again revealing that the nanotube was still present.

Figure 5.4: A second tip with FeMWNTs attached to the surface, one single nanotube is protruding from the
very tip.

131

5.1.2 Results
The FeMWNT functionalised AFM tip was tested against a standard MFM probe (CoCr
coated NCHR18) using a PSIA XE series SPM system. Two different samples were used
to compare directly the FeMWNT functionalised tip against the standard MFM probe; a
topographically flat iron-coated sapphire surface and a magnetic hard drive with welldefined magnetic domains in the order of 10 µm x 2 µm.
The results of both MFM probes are topographically comparable (Figure 5.5 and 5.7),
however none of the magnetic phase information yielded with the conventional probe were
observed with the FeMWNT MFM tip (Figure 5.6 and 5.8). The amount of ferromagnetic
α-Fe may have been too low which gives some evidence to the Ruskov model, since the
different phases of the encapsulated iron may have been randomly orientated within the
CNT, this would not be a problem if there were an α-Fe core surrounded by γ-Fe with
Fe3C on the outside. The FeMWNT tip may have become detached at some point during
mounting and scanning, this could not be checked after the measurements were performed
due to the probe being broken during removal of the AFM.
Due to limitations of the resources available it was not possible to repeat this pilot study,
however an optimised FeMWNT based tip may still have several advantages over
conventional coated MFM probes. The magnetic iron is encapsulated in a sheath of
graphitic carbon protecting it from oxidisation. The size and shape of iron and its magnetic
field, if encapsulated at the tip, approximates to a monopole and hence gives sharper
resolution at the edge of magnetic domains, removing the need for deconvolution of the
obtained images. MFM tips with optimum resolution could be applied to reading high
density magnetic storage media. Further

132

Figure 5.5: AFM image showing the topography of a hard drive surface as image using an FeMWNT probe
(top) and a conventional MFM probe (bottom). The size of the image area is 20 µm x 20 µm.
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Figure 5.6: MFM image showing the magnetic phase change of hard drive surface imaged with a FeMWNT
probe (top) compared with a conventional probe (bottom). Scan size is 20 µm x 20 µm.
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Figure 5.7: AFM image showing the topography of 100 nm of iron deposited on sapphire using an
FeMWNT probe (top) and a conventional MFM probe (bottom). The size of the image area is 20 µm x 20
µm.
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Figure 5.8: MFM image showing the phase change of 100 nm of iron deposited on sapphire as imaged with
a FeMWNT probe (top) compared with a conventional probe (bottom). Scan size is 4 µm x 4 µm.
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5.2. Magnetic Iron-filled Carbon Nanotube/polyurethaneurea Composites
CNT/polymer composites were extensively studied due to the conductive properties and
the reinforcing nature of the nanotubes when incorporated within the polymer matrix. I
used polyurethane-urea (Spandex) as a matrix material, and amino-functionalized MWNTs
supplied by Nanocyl, Belgium as the conductive filler to compare with my FeMWNTs.
The variation of conductivity with CNT concentration can be described by simple
percolation theory;

σ = σ 0 ( p − pc ) t

5.1

Where σ0 is a scaling factor, pc is the critical concentration, and t is an exponent which
depends on the dimensionality of the conductive network. The MWNT/polymer composite
will generally have a low percolation threshold of 0.35% [92]. This low percolation
threshold value could be due to the high polarity of the polyurethane-urea polymer and the
functionalized MWNTs, resulting in a strong MWNT/polymer interaction and therefore
good quality dispersion. Similarly, stirring of the suspension could result in transfer of the
shear force to the nanotube, partially uncoiling the agglomerations and thus yielding a
better dispersion. FeMWNT/polymers composites however, have a much greater
threshold >5% loading by weight due to the larger density of the FeMWNTs. Through a
trial and error process a conducting FeMWNT/polymer composite with 10% loading was
made for this study.
To produce 10% by weight of MWNT/polyurethane-urea composite, 0.2 g of untreated
MWNT material was dispersed in 12 g N,N-dimethylacetamide and sonicated using an
ultrasonic tip at 3 kJ with 2 second pulse on and 5 second off cycle. 2 g of polyurethaneurea fibres were subsequentially dissolved in the resulting suspension. Good quality
dispersion was achieved by mechanical stirring for 4 hours at 80 °C. Films of ~250 µm
thickness were formed by pouring the composite into a glass Petri dish and allowing it to
spread uniformly, the Petri dish and composite was then left overnight at 40 oC in a

137

vacuum oven to eliminate the solvent [92]. Figure 5.9 shows a photograph of one of these
films being lifted using a magnet.

Figure 5.9: Photograph illustrating the ferromagnetic nature of FeMWNT/polyurethane-urea composite. The
composite film here was cut into 5 mm x 30 mm strips for further measurements.

I cut the FeMWNT/polyurethane-urea films into 5 x 30 mm2 strips and measured the strain
dependence of resistivity using a two-contact system with a constant applied voltage of 40
V. Current levels were below 10−5 A for all measurements therefore, Joule heating of the
samples was considered negligible. Further measurements were performed in magnetic
fields of 300 mT in a Newport electromagnet controlled via a constant current supply.

5.2.1. Description of Composite Films
The encapsulated FeMWNTs are about 50 nm in diameter and 10-20 µm long as described
previously in Chapter 3. The nanocyl MWNTs were typically only 1.5 µm in length and an
average diameter of 9.5 nm. A high accelerating voltage inside an SEM causes the
FeMWNTs in the insulating matrix to become charged and emit enriched secondary
electrons, SEM images of the CNT/polyurethane-urea composites therefore show bundles
of FeMWNTs which strengthen the matrix and provide a conductive pathway (Figure
5.10). No preferred orientation of FeMWNTs was observed within the polymer matrix
until after a considerable strain (~100 %) had been applied, where strain was measured as
the change in length over the original length. The angle between the FeMWNTs and a
horizontal axis, defined by the direction of the scale bar, was measured approximately
from Figure 5.10 for a limited number of nanotubes and the histogram shown in Figure
5.11.
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Figure 5.10: SEM images of MWNT composite films. Bright spots indicate conductive areas. Percolation
pathways made of randomly orientated FeMWNT bundles can be seen in the top two images. The top image
shows an unstrained sample, the second image is under a small strain. The bottom image shows several
FeMWNT bundles after the sample has experienced significant strain. All scale bars are 10 µm.
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Figure 5.11: Histogram showing the preferred angle to the horizontal axis of FeMWNTs within the polymer
matrix, showing some preferential alignment. These measurements were taken from the strained sample in
Figure 5.10.

Polyurethane-urea has viscoelastic properties and we therefore must consider these
properties when we discuss these results. Using the Maxwell model for viscoelasticity we
can represent the polymer by a purely viscous damper and a purely elastic spring
connected in series, as shown in Figure 5.12. The Maxwell model can be represented by
the following equation:

dε Total dε D dε S σ 1 dσ
[93]
=
+
= +
η E dt
dt
dt
dt

5.2

Where ε is strain, σ is stress, η is viscosity and E is the elastic modulus.
Spring

Damper

Figure 5.12: The Maxwell model for viscoelasticity. Under a constant strain, the stresses within the polymer
gradually relax. Under a constant stress, the strain has two components; an elastic component that occurs
instantaneously and relaxes immediately upon release of the stress (spring) and a viscous component that
grows with time as long as the stress is applied (damper) [93].
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The Maxwell model predicts that stress decays exponentially with time, which is accurate
for most polymers. This model is unable to predict creep in materials based on a simple
damper and spring connected in series. The Generalized Maxwell-Weichert model takes
into account that relaxation does not occur at a single time, but at a distribution of times.
This varying time distribution arises due to molecular segments of different lengths with
shorter segments contributing less than longer ones. The Weichert model uses many
spring-damper Maxwell elements as are necessary to accurately represent the distribution
(Figure 5.13).
Strain
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η2
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Figure 5.13: The Generalized Maxwell-Weichert model of a polymer undergoing strain. A viscoelastic
material may be represented by a series of n Maxwell elements (springs and dampers) with spring constant kn
and viscosity ηn.

5.2.2. Mechanical Stress/Strain Measurements
I performed mechanical measurements inside an Instron 5584 universal test machine,
measuring all resistances using a programmable voltage source in combination with a
pico-ammeter and recorded by an interfaced computer; this set-up can be viewed in Figure
5.14.
Our FeMWNT/polyurethane-urea composite exhibited characteristics of an elastomer and
had a mechanical behavior similar to other CNT/polyurethane-urea composite materials.
Breaking appears between 600 % and 700 % strain with a tensile strength between 120 and
220 MPa. Figure 5.15 shows the strain-stress curve of composite loads with 0 % - 1 %
unfilled MWNTs and 10% FeMWNT. The stress increases gradually with strain until it
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reaches the breaking point. Figure 5.16 illustrates the differences between samples at low
strain (0.02 %) showing negligible difference between unfilled MWNT composites.
FeMWNT composites however, had a significantly larger elastic modulus (Table 5.1).

Figure 5.14: The Instron 5584 universal test machine used for measuring the stress/strain of all MWNT
composite strips.
Table 5.1: The elastic modulus measured at low strain for the various MWNT composite materials used in
this study. The elastic modulus values were measured from the gradients in Figure 5.15.

Composite
E (Mpa)

0%

0.4%

0.6%

0.8%

1%

10% Fe

MWNT

MWNT

MWNT

MWNT

MWNT

MWNT

10.6 ± 0.05

7.8 ± 0.05

8.2 ± 0.05

8.3 ± 0.05

7.8 ± 0.05

26.6 ± 0.05

A slight decrease in elastic modulus was observed as the load of fibers increased in the
polymer. Loading the polymer with carbon nanotubes therefore seems to compromise
mechanical properties of the composite.
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Figure 5.15: Stress/Strain curves for MWNT/polyurethane-urea composites with different loads, the
breaking point occurs between 600% and 800%.
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Figure 5.16: The Stress/Strain curves from Figure 5.15 at low strain; the 10% FeMWNT composite has a
much higher Young’s modulus than the unfilled MWNT composites.
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Our data indicate that stress is first supported by FeMWNTs in the matrix at low strains as
the FeMWNTs slide and rearrange in the polymer matrix and then by the elongation of the
polymer when a certain strain is reached.

5.2.3. Electronic Measurements
The resistivity (ρ) of each sample was calculated at 0 % strain (Table 5.3 Figure 5.17)
from the equation:

ρ=

RA
l

5.3

Where R is the resistance, A is the area of cross-section and l is the length of the sample.
Loading the polymer with MWNTs creates conductive pathways within the matrix once
percolation threshold is reached. Figure 5.17 shows evolutions of the resistivity of
composites during the tensile test. The resistivity increases with strain due to a stretching
of CNT network which increases the distances between individual nanotubes, resulting in
lower density of conduction paths and eventually a small tunnel current before all
pathways are destroyed. New conductive pathways are formed when the strain is reduced
since the polyurethane-urea has viscoelastic properties.
Table 5.3: Resistivity (in kΩm rounded to the nearest decimal point) for each of the six samples. The
resistivity of the polymer was not measured due to very low amplitude and stability of the detected current.
The resistivity of the 10 % FeMWNT composite is comparable to a low loading ~0.5% MWNTs.

Composite
ρ(kΩm)

0%

0.4%

0.6%

0.8%

1%

10% Fe

MWNT

MWNT

MWNT

MWNT

MWNT

MWNT

40.5

11.8

-
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Figure 5.17: Resistivity as a function of strain for the MWNT/polymer composites based on instantaneous
values. Each curve has two distinct regions the first between 0 % and ~ 15 % which can be attributed to CNT
sliding which decreases the contact area between nanotubes, and the second can be attributed to an increased
separation of FeMWNTs, decreasing electron hoping transport.

In all measurements I observed a time dependant component of strain this is a result of
polymer creep; a constant stress causes the strain to increases with time (see the MaxwellWeichert model). The time-dependant nature may be explained with two mechanisms;
elongation of the polymer and FeMWNTs sliding and rearranging within the matrix, due to
its viscoelastic nature.
Figure 5.18 shows how the resistance varies over time in and out of the applied magnetic
field. The top graph shows the relation between MR and time with applied strain, where
the MR is defined as the percentage increase of the resistance and R0 is the resistance in
zero field and under zero strain, the bottom graph shows the percentage change in
resistance with strain without an applied magnetic field. After 40s, the rate of change in
resistance begins to saturate, we can therefore use these data to acquire more accurate
measurements to compare with the instantaneous values. The initial strain separates the
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nanotubes as the polymer elongates however, the polymer matrix then allows the
nanotubes to diffuse via polymer creep, producing new conducting pathways and therefore
decreasing the resistance, Figure 5.19 illustrates this phenomenological description.
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Figure 5.18: Time dependence of resistance relaxation of 10% FeMWNT composite, top, with an applied Bfield of 300 mT, and bottom, showing how the resistance, R0(t), decreases with time without an applied field.
Above 16% strain the resistance begins to increase by as much as 80%.
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Figure 5.19: Schematic to describe the effect observed in Figure 5.18. The networks of black lines represent
FeMWNTs in the polymer matrix.

5.2.4. Magnetic properties of composites
Some of the magnetic properties of FeMWNTs have already been discussed in Chapter 3,
section 3.6, and in Chapter 4, here I present some of the properties of FeMWNTs
encapsulated within a polymer matrix. I performed a series of low B magnetoresistance
measurements to assess the effect of introducing FeMWNTs into polymer composites; the
MR was calculated from equation 5.4. The FeMWNT composite was mounted in a steel
frame using small pieces of insulating Teflon allowing for small variations in the applied
strain of the sample (Figure 5.20). The steel frame was then placed between the poles the
electromagnet and a potential of 100 V applied across the composite.
Once in the steel frame I measured the resistance across the composite material and then
applied a small strain controlled by turning the strain adjuster. Both the instantaneous
resistance under strain (R0(strain)) and resistance after 60 seconds (Rt(strain)) were then
recorded, the instantaneous MR was then given by:

MR =

R0 (strain) − RB (strain)
R0(strain)
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5.4

Where R0 is defined as the resistance in zero magnetic field and zero strain and RB is in a
field of 300 mT. The 1% unfilled MWNT/polyurethane-urea composite showed zero
change in resistivity under strain when placed inside a magnetic field.

Strain
adjuster

Vin

Vout

Figure 5.20: Set-up of FeMWNT composite (black) when held in frame with an insulated grip. The frame is
5 cm across and 15 cm long.

At approximately 20 % strain when a field of 300 mT was applied, the FeMWNT
composite showed a positive MR of approximately 100 % before decreasing to -100 %
near 40 % strain. After 40 seconds the sample stabilises and a MR of around 35 % was
observed with no negative component (Figure 5.21). The observed 100 % positive MR
requires some thought to explain. Effects such as VRH, Kondo and WL will be the
dominant effects at low temperatures [81, 84]; however, the MR caused by these is
typically below 10 % and negligible at room temperature. The viscoelastic properties of
the polyurethane-urea matrix allows for the diffusion of molecules within the polymer, the
FeMWNTs will therefore have freedom of motion within the matrix when a strain is
applied, however, in addition to this the nanotubes will undergo a torque due to the
external magnetic field which further enables them to align forming new conductive
pathways. The torque (Fm) experienced by magnetic nanoparticles is given by:
1

Fm = Vm ∆χ∇ B.H  [94]
2


5.5

Where m is the point-like magnetic dipole, Vm is the volume of the particle, ∆χ is the
effective susceptibility compared to water and ½B.H is the differential of the magnetostatic
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field energy density. When the FeMWNT/polyurethane-urea composite experiences strain
in the presence of the B-field, the dispersed bundles become separated and elongated and
the nanotubes experience a force from the polymer causing them to partially align. When
the conductive pathways reach the point of separation, the nanotubes are still able to move
due to the torque they experience caused by the magnetic field allowing them to form new
pathways, therefore, we observe a large positive MR in low strain.
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t=40 sec

MR (%)

50

0

-50

-100
0

20

40

60

80

100

120

Strain

Figure 5.21: MR versus strain for 10% FeMWNT composite showing both the spontaneous MR from
±100% and the MR after 60 seconds. Not plotted are the results of the MWNT/polymer composite since no
MR was observed. The magnetic field strength was 300mT.

These data can be fitted to an equation proposed by Zheng et al. Which is analogous to the
Burgers equation, used to describe the viscosity and plasticity of amorphous materials, the
one-dimensional model developed by Burgers takes the form

σ + λσ& + γσ&& = µε& + ηε&& [95]

5.6

Where σ denotes the stress, ε the strain, λ, µ, γ, and η are material constants and the dot
denotes time derivative. I have used a similar form proposed by Zheng et. al. to describe
the observed magnetoresistance:
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MR =

∆R R − R0
=
= A + B exp(−t / τ c ) + Ct [96]
R
R0

5.7

Where τC is the mean relaxation time and A, B, and C are constants depending on pressure.
To account for different directions of resistance change, a restriction is given as B · C <0.
B is positive if the resistance decreases with strain and negative otherwise. Plotting each
variable separately with respect to strain (Figures 5.22-5.25) may show which components
contribute to the observed MR.
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Figure 5.22: Component A of the Zheng MR equation (analogous to the Burgers equation) plotted against
strain. There is some variation after 70 % which may account for the fluctuations in MR above 40%.
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Figure 5.23: Component B of the Zheng MR equation plotted against strain showing similar variation as A.
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Figure 5.24: Component C of the Zheng MR equation plotted against strain with some more striking
differences.
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Figure 5.25: The relaxation time τC plotted against strain. There is a clear difference between the zero Bfield and B=300 mT curves at a strain consistent with the observed MR effects.

From these results it appears that the large MR is directly related to the relaxation time; by
applying an external field we are dampening the natural processes within the polymer
matrix. The increase in the relaxation time in the presence of a magnetic field allows the
FeMWNTs to move within the polymer matrix under the influence of the magnetic torque
to form new percolation pathways.
I can propose a model to explain the observed MR using a simple description as Figure
5.26 illustrates. As strain is applied to the composite material the nanotube bundles
become elongated and a small torque from the magnetic field allows the nanotubes to form
conduction pathways. When the strain is constant, the nanotubes are able to drift slowly in
the relaxing polymer matrix and these conduction pathways will begin to degrade causing
the MR after 40 seconds to be distinctly different from the instantaneous MR. This
phenomenon is therefore not seen in non-magnetic MWNT/polymer composites since the
magnetic field will not enforce a significant torque upon the nanotubes.
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Figure 5.26: Schematic to describe the large MR effects observed in Figure 5.19. The torque experienced by
the FeMWNTs can be clearly seen and acts to build new electrical contacts within the composite material.
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5.3 Summary and Conclusions of FeMWNT Applications
A simple technique for FeMWNT to tip attachment was developed with some
reproducibility. Attaching a FeMWNT to the tip of an AFM probe did not affect the
topographical resolution however no magnetic phase data were observed either. The most
likely conclusion is that either the nanotube tip became detached during the magnetisation
of the probe or the adherence of the nanotube to tip was not great enough to overcome the
loading forces of atomic force microscopy and broke off before any magnetic phase
information could be obtained.
Previous studies of FeMWNTs encapsulated in polymers indicate that electrical current
through the nanotubes follow spiral pathways produced an induction effect similar to a
solenoid [54] this induction was attributed to the carbon walls of the nanotube and not the
encapsulated

iron.

Comparisons

between

FeMWNT/polymer

composites

and

CNT/Fe/Polymer composites show that the FeMWNT composites have a much higher
inductance between 0.3 µH [52] and 1.2 µH [55]. These models cannot be used to describe
my composite materials since we have an ensemble of chiralities and randomly orientated
magnetic domains. I can conclude that the 10% FeMWNT/polymer composites do show
significant strain dependence when in the presence of a magnetic field, and propose a
phenomenological model for the magnetoresistive effects. The large instantaneous
magnetoresistance observed at low axial strain is a result of conduction pathway breaking
caused by preferential orientation of the conducting nanotubes perpendicular to the axial
current flow as a result of the magnetic torque experienced by the ferromagnetic nanotube
core. Tuning of the FeMWNT loading close to the percolation threshold will therefore
maximise this instantaneous magnetoresistance. At large strain, the observed large
negative change in resistance results from voltage-driven relaxation in the conducting
nanotube network. At high axial strain the competition between voltage-driven relaxation
and a magnetic torque gives rise to an oscillatory component of resistance relaxation.
These results are expected to be published in the IOP journal ‘Nanotechnology’.
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Chapter 6

Conclusions
As my literature review shows, multi-walled carbon nanotubes can be filled with a variety
of different materials [9, 15, 16, 18, 30, 97]. The ferromagnetic core of Iron-filled
FeMWNTs gives them a promising prospective for many novel applications including
spintronic devices and magnetic memory storage. In this thesis, following on from the
work reported in the literature review (section 1.5), FeMWNTs were synthesised and
extensively characterised to investigate their fundamental structural properties, to discover
the magnetic properties of the encapsulated iron and to test their potential for possible
applications.
I synthesised FeMWNTs via pyrolysis of a 1:1 mixture of ferrocene and C60 at
temperatures between 900 oC and 1200 oC with an argon gas flows of 10-60 sccm and on a
variety of different substrates (Grobert method [15]). This technique was chosen due to the
self-organised growth process and low cost of synthesis, however, two limiting conditions
were observed: C60 did not sublime below 900 oC and an argon gas flow rate above 60
sccm carried the feedstock through the furnace without reaction. In all cases it was
possible to obtain self assembled vertically grown arrays of FeMWNT bundles, with a
possibility to scale up for bulk production. All FeMWNTs produced were in the region of
40-60 nm in diameter and 10-20 µm in length, consistent with the dimensions reported
elsewhere by Grobert et. al. and others using the same growth process [15, 20, 22, 23, 98].
Initial characterisation of FeMWNTs via XRD, Mössbauer spectroscopy, magnetisation
and electrical break-junction measurements reveal that the FeMWNTs produced by the
pyrolysis of C60 and ferrocene contain graphitic carbon which is electrically and
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structurally comparable to unfilled MWNTs. The addition of annealed iron films as
catalyst precursor particles had some effect on the type of growth observed although it did
not enhance the overall structural quality of the nanotubes produced. I also attempted a
more precise method to deposit an iron-molybdenum catalyst on silicon and R-plane
sapphire developed by Yu et. al. [79] anticipating some horizontally aligned growth of
FeSWNTs on the sapphire. Although these results did prove promising, yielding shorter
less densely packed nanotubes, more work with this is needed to better control the
FeMWNT diameters. I have found therefore, that there are clear limitations in the
precision available using pyrolysis.
Further characterisation, of my FeMWNTs, via XRD, EDS, electron microscopy and break
junction data were all comparable to unfilled MWNTs; however, the addition of
encapsulated iron gave the nanotubes significant ferromagnetic properties including an
increased magnetic coercivity per gram, greater than that for bulk iron. I conclude from the
magnetisation measurements that the magnetic domains of the aligned iron nanowires did
not reinforce each other in any one direction over the other with the field both parallel and
perpendicular to the substrate surface since there was no observed anisotropy. XRD
showed that the iron was present in three different crystal phases with grain sizes of 2040nm; the approximate relative abundances of each phase were identified using Mössbauer
spectroscopy. The encapsulated iron was predominantly 46% γ-Fe but only 20%
ferromagnetic α-Fe, the remaining 34% was made up by Fe3C. Annealing at 645 oC for 24
hours in a hydrogen atmosphere has been shown to reduce the relative abundances of nonmagnetic iron to leave 100% α-Fe [17], however I did not observe similar results. TEM
micrographs showed that the iron filled the central capillary of the nanotubes but the
distributions of the iron phases within the FeMWNTs could not be ascertained. From the
results of characterisation presented in this thesis I propose that FeMWNTs produced via
pyrolysis of Ferrocene and C60, that the Fe3C is located at the carbon-iron interface with γFe and α-Fe distributed randomly along the rest of the iron structure in small (<50nm)
grains, which supports the model proposed by Ruskov et al. and not that of Marco et al.
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Attempts to synthesis iron-filled SWNTs via heat treatment of FeCl3 encapsulated SWNTs
did not produce a sufficient quantity of SWNT material to apply the same characterisation
techniques used to study the self-organised FeMWNTs. The Mössbauer and XRD systems
used in this thesis required ~100 mg of powder to produce useful spectra and the available
electron microscopes did not have the required resolution to successfully study the central
capillaries of the SWNTs. Milligram samples were sent off to be imaged in a HR-TEM,
unfortunately the results were inconclusive with no clear indication that they contained
iron, but they did exhibit a weak magnetic attraction. Magnetoresistances of the filled and
unfilled SWNTs were identical and matched previous studies on SWNT material [85]. To
improve the volume of results from FeSWNTs they would need to be synthesised in much
greater quantities up to 100mg. Using the current technique would require the
encapsulation and heat treatment experiment to be performed up to ten times more, taking
several months.
At room temperature break-junction measurements reveal ballistic transport regimes
through individual FeMWNTs, however, low-temperature magneto-electron-transport
measurements performed on filled and unfilled multi- and single-walled CNT bundles and
networks reveal 2D VRH dominating the zero field data with different regimes of a
combination of 2D WL and 2D VRH controlling the electron magnetotransport. I conclude
that there is a large degree of disorder throughout these systems when an external magnetic
field is present. Measuring the magneto electron-transport within individual FeMWNT
bundles proved very difficult and ultimately inconclusive. The magnetisation,
magnetotransport and temperature dependant conductivity suggest that a phase transition
may be taking place below 10 K, this was confirmed to be caused by the deposited
tungsten contacts containing a small carbide impurity which have a Tc of 4.2 K. Further
measurements using four-contact samples were not robust enough to yield appropriate
results.
Potential device applications for FeMWNT were investigated. A simple technique for
FeMWNT to tip attachment was developed with 10% reproducibility. The tips produced
topological pictures of surfaces equivalent to that of commercial probes but no magnetic
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force data was observed. Removing the tips from the mountings of the magnetic force
microscope resulted in significant damage such that it was not possible to see if the
FeMWNT remained attached or not throughout the scan. A FeMWNT firmly attached to
an AFM tip should be able to act as a high resolution MFM probe. Further work is
therefore needed to repeat this experiment extensively using different techniques to attach
FeMWNTs and eventually FeSWNTs to the AFM probes.
Additionally, a significant instantaneous magnetoresistance from +100% to -100% was
observed in FeMWNT/polyurethane-urea composites and a phenomenological model is
proposed. I fitted these results to a formula proposed by Zheng et al. [96], which was
analogous to the Burgers equation, and found that there is a significant increase in the
relaxation time (τ) when the FeMWNT composite material was placed in a magnetic field.
The large instantaneous magnetoresistance observed at low axial strain is a result of
conduction pathway breaking caused by preferential orientation of the conducting
nanotubes perpendicular to the axial current flow as a result of the magnetic torque
experienced by the ferromagnetic nanotube core. The FeMWNT/polymers composites
show very promising electrical, magnetic and structural properties suitable for robust
magnetic sensing functions and are the most promising application that I have studied here;
future work in this area is required to see fruition of these applications.
Further work is needed to develop the applications of FeMWNTs and increase the control
during synthesis. Mössbauer spectroscopy, XRD and HR-TEM would be needed to study
the structural quality of filling of SWNTs synthesised in larger quantities and with time,
FeSWNTs could be used in the same applications as FeMWNTs. There is still some
interest in studying the electron transport through aligned bundles of FeMWNTs, since
three attempts were unsuccessful in measuring contacted FeMWNT bundles in both twocontact and four-contact configurations, more extensive resources would be required to
obtain optimised results.

158

6.1 Future work
Further work is needed to repeat the FeMWNT tip attachment experiment for enhanced
resolution MFM. Several days would be required to fully test the MFM probes but once
the proof of principle was obtained a different technique to attach FeMWNTs, and
eventually FeSWNTs, to the AFM probes would be required to obtain more reliable probes
with a greater resolution. Some work with this is already in progress in a group from
Germany.
Using the same dispersion and contacting techniques to fabricate the contacted aligned
bundles of FeMWNTs (chapter 4) it is still possible to measure the magnetotransport of
these systems. If several bundles were to be contacted then the chance of producing
reliable data would be significantly increased, however a considerable amount of time and
resources would be required to perform these measurements in a high magnetic field. The
results would nevertheless give a true representation of the transport properties of
FeMWNT systems.
To improve the FeMWNT/polymer composite materials for future applications, significant
work would need to be performed in order to find the percolation threshold. At the
percolation threshold point the volume of FeMWNTs in the polymer matrix is optimised to
produce conducting networks, therefore at the point when the polymer begins to untangle
and the nanotubes begin to slide we should observe a maximum MR and obtain the
optimum results. The composite materials could then be used as sensors in a variety of
structural applications.
In addition to the work presented in this thesis, it would be interesting to test FeMWNTs as
spintronic devices, since due to their size and ferromagnetism they may be useful for
molecular spin-valves and spin-junctions [44, 99]. Arrays of aligned nanotubes could be
used for this purpose and may even be suitable for developing magnetic memory storage
devices such as high capacity hard drives. Another extremely interesting potential
application involves using partially filled FeMWNTs to deliver drugs to area specific
regions of the body with incredible accuracy. Therapeutic drugs, once inserted into the
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empty spaces with the FeMWNTs via wet chemistry techniques, and then injected into the
blood stream could be directed to specific tissues using a targeted magnetic field. The
encapsulated drugs would then slowly release by diffusion to help fight diseases such as
cancer [100]. Heating the iron inside FeMWNTs via a changing magnetic field presents
another advantage for biomedical applications, this property would be useful for treating
hypothermia, but again, could also be used to destroy localised cancerous cells [100]. For
these applications to see fruition would require a greater understanding of their toxicology
and their structural, magnetic and chemical properties. There is therefore a great deal of
work yet to be investigated with FeMWNTs and some very promising applications
needing development.
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