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ABSTRACT 

The investigation of the electronic and magnetotransport properties at low 

temperature in individual MWNT with embedded clusters are here presented. The 

majority of studies of transport in MWNT reported in literature has been carried out on 

arc-discharge grown tubes, generally considered “clean” and defect-free. In this project, 

individual MWNT grown in alumina template are used; these tubes are highly 

disordered compared for example to arc-discharge ones, conditions that dramatically will 

impact the charge transport. As-fabricated devices are in general highly resistive. A large 

decrease in the value of the device resistance can be achieved through a controlled and 

fast high-bias sweep method (HBT) across the sample. Scanning electron microscopy 

analysis shows that this method induces a metal (platinum) decoration of the MWNT 

surface as a consequence of the large amount of Joule heating developed during the 

sweep. 

Temperature dependence study (5<T<300K) reveals a slow power law 

dependence of the conductance as a function of the temperature for all investigated 

devices. Large value of power law exponents are found for the conductance in all 

pristine devices, suggesting that the transport mechanism takes place through tunneling 

between adjacent graphene flakes. Platinum-decorated devices show a Lüttinger liquid 

behavior in the high temperature regime and a large suppression of the conductance at 

low temperature due to e-e interactions. Transport properties are studied in light of a 

recently proposed model for disordered multi-channel quantum wires. DFT calculations 

show that the enhancement in conductance can be explained in term of enhanced density 

of states around the Fermi energy due to presence of platinum on the wall. Magneto-
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transport measurements carried out up to a value of magnetic field up to |5|T show a 

clear dependence from the energy (i.e. applied bias). A nearly symmetric and 

monotonically increasing positive magneto-conductance is observed in the range of the 

applied field, confirming the presence of weak localization in the system. A small but 

distinct Rashba spin-orbit scattering effect in the magneto-conductance in the low-field 

regime (|B|<.5T) is found and attributed to the surface decoration. Electronic and 

magnetotransport measurements independently confirm the 1D nature of the transport in 

the system.  

“Zero-field” measurements were performed on magnetic cluster-embedded 

MWNT-based devices (FM-MWNT). Temperature dependence of the conductance 

reveals a Lüttinger liquid type of behavior in the range of investigated temperatures but 

no conductance suppression at lower temperatures, as seen platinum-decorated devices. 

Direct differential conductance measurements for discrete applied magnetic field show 

the appearance of random fluctuations, which amplitude is field-dependent. The 

properties of the FM-MWNT were found to change permanently under the application of 

a magnetic field, indicating that the charge transport is sensitive to the relative magnetic 

orientations (random or aligned) of the nanoclusters. Measurements and relative analysis 

are hence presented in a chronological order, as the investigation was performed, which 

brings out the difference between charge transport in a Lüttinger liquid under the 

influence of “random” and “ferromagnetically aligned” impurities. 

 

The present thesis is organized as follows: 

Chapter 1 presents a general overview on carbon nanotubes; various transport 

mechanisms and related issues are also introduced. 
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Chapter 2 presents a detailed description of alumina template grown multi wall 

nanotubes together with the high-bias treatment (HBT), a novel in-situ technique to tune 

the device resistance. Outcome of this process is analyzed in terms of scanning electron 

microscopy. 

Chapter 3 describes the experimental set-up and various measurement techniques 

used in this project. 

The last two chapters present a detailed characterization of the electronic and 

magnetotransport in pristine (or as-fabricated) and platinum-decorated (chapter 4) and 

ferromagnetic clusters embedded multi wall carbon nanotubes (chapter 5). 
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Chapter 1 
 

 

Carbon nanotubes and charge transport 
 

 

Artificially engineered nanoscale heterostructures form a class of extremely 

exciting new materials for fundamental and applied research. Low-dimensional systems 

have been a topic of active research for decades, and with the advent of new fabrication 

techniques, it is possible to hybridize individual nanoscale components into bi- or multi-

component smart architectures. The combination of the properties of these components 

and their interfaces gives rise to the possibility of exciting new physics in those systems. 

In the past, various approaches have been taken to form nanoscale composite 

structures, including epitaxial growth of vertically aligned semiconducting 

nanostructures for nanoelectronics and nanosensor applications [1], chemical self-

assembly of diverse molecular structures like peptides, proteins and lipids for adhesion 

layers or biomaterials fabrication [2], biological interactions such DNA-functionalized 

carbon nanotube-based membranes [3], and nanoscale manipulation using STM/AFM 

tips which allows for atomically resolved detection and imaging [4] and others. These 

methods provide new avenues to explore mesoscopic physics and molecular electronics. 

In most cases, the fabrication of devices from individual nanoscale components is 

extremely involving, or fabricated devices are extremely difficult to handle due to their 

delicate nature, placing challenges in the way of their low-cost and/or reliable realistic 

applications.  
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One approach towards building nanoscale hybrid heterostructures is to use one 

component as a scaffold and build the second component in or around it. In this regard, 

carbon nanotubes (CNTs) form a robust, low-cost, exotic platform for the fabrication of 

a number of different kinds of nanoscale architectures.  

Since their discovery in the early 90’s [5], carbon nanotubes have attracted 

constantly increasingly interest in the scientific community from a technological and a 

fundamental point of view. In particular, carbon nanotubes present novel properties 

which render them outstanding potential candidates for a broad variety of applications 

ranging from optics to electronics [6]. Because of their remarkable electrical, thermal, 

mechanical and optical properties, and extremely high aspect and surface-to-volume 

ratios, carbon nanotubes find applications, for example, in FETs [7], NEMS [8], flat-

panel displays [9], sensors [10,11], switches [12], supercapacitors [13], batteries [14], 

targeted drug delivery systems [15], flash memories [16], spintronics [17], filters [18], 

energy storage [19], and interconnects for the sub-22nm technology node [20]. 

Carbon nanotubes are made of either one (single wall, SWNT) or multiple 

(multi-wall, MWNT) rolled-up graphene sheets. They can be either metallic or 

semiconducting, and their intrinsic electronic properties are attributed to the chiral 

structure of atomic assembly, and the one-dimensional quantum confinement. 

Depending on the mean-free path of the electrons, ballistic transport [21] as well as 

signatures of diffusive quantum transport [22] has been reported. 

Several factors make carbon nanotubes an ideal candidate as a platform for 

nanoscale architectures. Nanotubes are easily synthesized, show exotic transport 

properties at low temperatures, and are extremely robust and easy to handle. As a result, 
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the possibility of using nanotubes as a building block for various nano-heterostructures 

with other components opens up a broad range of possible research and applications.  

 

This research project presents the fabrication of nanoscale heterostructures using 

carbon nanotubes and working devices from an individual nano-heterostructures, and 

then the investigation of their electronic transport properties at room and low-

temperatures.  

Multi wall nanotubes are grown in Anodized Alumina template (AAO) by chemical 

vapor deposition (CVD) at a temperature of approximately 650°C. CNTs grown in 

template are uniform in size and all vertically aligned in hexagonal array. Compared to 

various other types of nanotube growth, the AAO template growth does not need any 

external metal catalyst since the alumina template itself acts as a catalyst. The 

combination of relatively low temperature of growth and absence of catalysts causes 

these nanotubes to have much less long-range graphitic order, and characterized by a 

large amount of structural disorder compared to, for example, arc-discharge produced 

nanotubes. A combination of photo- and focused ion beam lithography is used to 

construct multi-device test chips compatible with a low-temperature (T ~ 5K) setup. 

When compared to arc-grown CNTs, the presence of poor graphitic order and 

structural disorders makes those AAO template grown tubes a more complicated system. 

In this scenario, transport properties will be extensively affected. Those tubes have 

received little attention in terms of their transport investigation. 

Two different approaches are used in order to fabricate hybrid CNT-based 

nanostructures. An electrochemistry based one is used to infiltrate those tube with 
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ferromagnetic clusters during the pre-device fabrication process;  and a Joule heating 

based process is used to decorate the outer surface of those tube with platinum clusters in 

the post-device fabrication. 

Of extreme interest is to investigate the transport behavior of those hybrid 

nanostructures in an applied external magnetic field at low temperatures. The electronic 

and magnetic properties of embedded components are expected to significantly modify 

the transport properties of the tube. 

 

1.1 Carbon nanotube: an overview 

1.1.1 Carbon nanotube structure 

Carbon nanotubes are similar to graphite in the sense that they both consist of 

carbon sheets with hexagonal lattice, where each carbon atom is covalently bonded to 

the three nearest neighbors. While in graphite the so-called graphene sheets are stacked, 

carbon nanotubes are formed by rolling the sheet into a seamless cylinder, which ends 

are usually closed by a spherical cap. One such structure based on a single graphene 

sheet is called single wall carbon nanotube; while arranging coaxially multiple tubes 

gives rise to what is called multi wall carbon nanotube. 

The structure of a single wall carbon nanotube is conveniently explained in terms 

of its 1D unit cell, defined by the vectors Ch and T as shown in Figure 1(a). The chiral 

vector Ch=nâ1+mâ2 connects two crystallographically equivalent sites on a 2D graphene 

sheet. Figure 1(a) shows the chiral angle θ between the chiral vector Ch and the “zigzag” 

direction (θ = 0º) and the unit vector â1 and â2 of the hexagonal honeycomb lattice of the 
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graphene sheet. Three distinct types of nanotube structures can be generated by rolling 

up the graphene sheet into a cylinder. The zigzag and armchair nanotubes, respectively 

correspond to chiral angles of θ = 0º and 30º, and chiral nanotubes correspond to 0°< θ < 

30°. The intersection of the vector OB with the first lattice point determines the 

fundamental 1D translational vector [6]. 

 

Figure 1.1: (a) The chiral vector OA or Ch= nâ1+mâ2 is defined on the honeycomb lattice of carbon 

atoms by the unit vector â1 and â2 and the chiral angle θ with respect to the zigzag axis. Also 

shown are the lattice vector OB=T of the 1D nanotube unit cell and the rotation angle ψ and 

the translation τ which constitute the basic symmetry operation R= (ψ/τ) for the carbon 

nanotube. (b) Possible vector specified by the pairs of integers (n,m) for general carbon 

nanotubes, including zigzag, armchair, and chiral nanotubes. The number of distinct caps 

that can be joined continuously to the tube is listed below each pairs of integers (n,m). The 

encircled dots denote metallic while the small dots are for semiconducting nanotubes [6]. 

 

The cylinder connecting the two hemispherical caps of the carbon nanotube, as 

shown in Figure 2, is formed by superimposing the two ends of the vector Ch and the 

cylinder joint is made along the two lines OB and AB’ in Figure 1(a). The lines OB and 

AB are both perpendicular to the vector Ch at both ends [23]. In the (n,m) notation, the 
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vectors (n,0) or (0,m) denote zigzag nanotubes and the vectors (n,n) denote armchair 

nanotubes; all other vectors correspond to chiral nanotubes [24]. 

 

Figure 1.2: Schematic of a single-wall carbon nanotube with the nanotube axis normal to the chiral 

vector. The difference in structure is easily visible at the open end of the tubes, which in 

turn, correspond to: (a) θ = 30º, an “armchair” (n,n) nanotube, (b) θ = 0º, a “zigzag” (n,0) 

nanotube, and (c) a general θ with 0º < θ < 30º, a “chiral” (n,m) nanotube [6]. 

 

Depending on the direction according to which the graphene sheet has rolled up, 

this gives rise to tubes with electronic type of behavior ranging from metallic to 

semiconducting. On average, it has been established that one out of three shells is 

metallic. A great variety of electronic behavior can be then obtained for SWNTs while 

for MWNTs an overall metallic behavior is observed due to the larger diameter of the 

tubes, to which the band gap is inversely proportional to [6]. 
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1.1.2 Carbon nanotube synthesis 

There is a large variety of methods with which it is possible to produce carbon 

nanotubes, both single wall and multi wall. Carbon nanotubes are generally produced by 

three main techniques, arc-discharge, laser ablation and chemical vapor deposition 

(CVD) [6].  

In arc-discharge, a vapor is created by an arc-discharge between two carbon 

electrodes with or without a catalyst. Nanotubes self-assemble from the resulting carbon 

vapor during the cooling down process [25].  

In the laser ablation technique, a high-power laser beam hits a volume of carbon 

containing feedstock gas (methane or carbon monoxide). This method produces a small 

amount of clean tubes, whereas arc-discharge methods generally produce larger 

quantities of impure material [26]. 

CVD synthesis is achieved by putting a carbon source in the gas phase and using 

an energy source, such as plasma or a resistively heated coil, to transfer energy to a 

gaseous carbon molecule. Commonly used carbon sources include methane, carbon 

monoxide and acetylene. The energy source is used to “crack” the molecule into reactive 

atomic carbon. Then, the carbon diffuses towards the substrate, which is heated and 

coated with catalyst where it will bind [27]. Carbon nanotubes will be formed if the 

proper parameters are maintained and an appropriate choice of catalyst gives rise to 

either single or multi wall carbon nanotubes.  
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1.1.3 Carbon nanotube properties 

Carbon nanotubes have attracted large interest in the scientific community both from 

a technological and fundamental point of view. They are characterized by various 

remarkable and interesting properties, by no means all mentioned here:  

 mechanical strength,  

an AFM tip is used to apply a force and to measure the resulting deflection of a 

suspended tube. It has been found that CNTs have a Young’s modulus larger 

than 1TPa, comparable to graphite. This property makes carbon nanotube a 

preferable candidate for reinforcement in composite and similar structure [28]. 

 efficient heat conduction,  

thermal properties of carbon nanotubes display a wide range of behaviors 

related both to their graphitic nature and their unique structure and size. The 

specific heat of an individual tube is similar to that of two-dimensional 

graphene at high temperatures, with the effects of phonon quantization 

becoming apparent at lower temperatures [29]. 

 good electrical conduction,  

extremely small size together with the unique electronic structure of a graphene 

sheet makes the electronic properties of these one-dimensional structures very 

interesting. CNTs exhibit a broad range of behavior, ranging from metallic to 

semiconducting, depending on the orientation of the graphene sheet(s). This 

allows the formation of metal-semiconductor, semiconductor-semiconductor, 

or metal-metal junctions. These junctions have great potential for applications 
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since they are of nanoscale dimensions and made entirely of a single element 

[30]. 

 chemical reactivity,  

carbon nanotubes are very resilient against strong acid and high temperature 

because of their perfect conjugated system. Acid and heat are often applied to 

purify carbon nanotubes. CNTs present specific reactivity to a large variety of 

chemical species and they have also been demonstrated to be possible 

candidate as chemical sensors [31]. 

 optical activity,  

peculiar electronic structure associated with carbon nanotubes make them 

optically active. In particular, based on this property, resonant Raman 

spectroscopy has provided diameter-selective observation of carbon nanotubes 

from a sample containing nanotubes with different diameters [32]. 

 

1.2 Carbon nanotubes: charge transport and related issues 

The study of charge transport in nanotubes, as well as in a variety of 

nanostructures has represented a big challenge due to the extremely small size of the 

sample and lack of instrumentation able to operate at such small scale. In recent years, 

availability of tools like Atomic Force Microscopy (AFM), electron or ion-beam 

lithography, Transmission Electron Microscopy (TEM), Scanning Electron Microscopy 

(SEM) and others have made the “nano-world” far more accessible for the scientific 

community. In particular, nanotube-based technology had benefit from such technology 
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advances, providing tools to image such small structures and fabricate devices based on 

them.   

Carbon nanotubes represent an interesting platform to study electron transport in 

low-dimensional systems. Quantum mechanic effects definitely play an important role in 

the charge transport due to the reduced dimensionality. In such conditions, further 

interactions due to the quantum confinement will come in to play and affect the 

transport.  

Figure 3(a) and (b) show the density of states (DoS), ρC of a typical metallic and 

semiconducting SWNT, respectively [33]. The zero-value represents the Fermi energy 

level, EF. In the vicinity of EF, the density of states for metallic tube is non-zero and 

finite, while for the semiconducting tube there is no available states around the Fermi 

level. Metallic nanotubes can be considered “zero-gap” semiconductors, where 

conduction and valence band cross each other at the Fermi level; each band with two 

spins, this gives rise to four low-energy channels in nanotubes. Being each channel 

characterized by a conductance of e2/h, the tube has a maximum conductance of 4e2/h. 

 

Figure 1.3: Density of States, ρC of (a) metallic (9,0) and (b) semiconducting (11,0) single wall carbon 

nanotubes [33].  



 

     11

Since their discovery, a lot of effort has been reserved for the study of electron 

transport in nanotube, both single and multi wall tubes. The majority of the study in case 

of individual tube, small bundles and nanotube networks and or mat has been performed 

on arc-discharge grown tube. Those tubes are known to be really “clean”, defect free and 

with a high degree of graphitization due to the elevated temperature reached during the 

growth process [34].  

Various findings on those system, both in the case of SWNT and MWNT, agree 

that in the case of a defect free 1D system, a Lüttinger Liquid (LL) type of behavior is 

observed. Lüttinger Liquid system is fundamentally different from a Fermi liquid, due to 

the stronger e-e interactions in the absence of screening. A more detailed description of 

such system will be given later on in this chapter. Because of the strong e-e interactions 

due to the quantum confinement, the elementary excitations are correlated; this 

suppresses the conductance from the Landaüer limit of 4e2/h at room and at low 

temperatures. 

Electronic properties in these types of system are dramatically affected when an 

impurity, defect or disorder are introduced, as both experimentally and theoretically 

predicted. It has been shown that transition (i.e., from metal to insulator) can take place 

when defect are introduced in such systems. The presence of disorder also induces 

localization effect, as a result of which conduction is prohibited in the vicinity of the 

defect site. 

As reported in literature, multi wall carbon nanotubes exhibit transport properties 

that vary from ballistic to diffusive behavior. In most devices fabricated with side-wall 

electrical contacts, a common understanding is that the conduction takes place mostly 
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through the outer shell [35] and other shells start to play an important role at low 

temperatures [36] or in the higher bias region [37]. Typical inter-shell distances are of 

the order of 3.4 Å, and at low bias conditions, electrons may not be able to tunnel across 

this gap. In addition, the chirality of random and different shells may cause the charge 

carriers to be unable to find accessible states via tunneling. At lower temperatures, where 

in-plane conductance of each shell decreases, it may be possible for electrons to tunnel 

to other underlying planes. As a result, it may become possible for more shells to 

participate in the conduction even with side-wall contacts [36]. 

Alumina template grown nanotubes represent a new system with a number of 

novelties due to the fact that these tubes present at the same time a high degree of 

disorder and a poor graphitic order, both of which will introduce new parameters to be 

taken into account when transport is studied. In particular, in highly disordered system, 

additional interaction might take place, such as electron-electron interaction with the 

overall effect of further suppression of conduction in and/or around impurity or disorder 

sites.  

Furthermore, interesting modulation phenomena of the transport properties are 

observed when carbon nanotubes are placed into a magnetic field. The field affects the 

wavefunction associated to each electron, differently depending on the orientation of the 

field respect to the nanotube axis. Then, various effects such as Universal Conductance 

Fluctuations (UCF) and Ahoronov-Bohm effect [30] can be observed. Those phenomena 

will be described later on. 
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1.2.1 Electron-electron (e-e) interaction 

Electronic many-particle interactions in solids constitute a field of modern 

physics in which there is intense ongoing research activity worldwide. The explanation 

of recently discovered phenomena such as the fractional quantum Hall effect [38], high-

temperature superconductivity [39], or giant magneto-resistance [40] requires a thorough 

understanding of the electron-electron interaction in solids. In this perspective, carbon 

nanotubes represent an ideal confined one-dimensional interacting electron system.  

Electrons scatter off other electrons (which are not stationary) due to their mutual 

Coulomb repulsion. Further, a moving electron causes an inertial reaction to the 

surrounding electron gas, thereby increasing the effective mass of the electron [41].  

The effects of electron-electron interactions are usually described within the 

framework of the Landau theory of a Fermi liquid [42]. A Fermi gas is a system of non-

interacting fermions, while a Fermi liquid is the same system when interactions are 

included. Landau’s theory describes the excitations of the system of interacting 

electrons, called quasiparticles. They have a one-to-one correspondence with the single 

particle excitations of a free electron gas. In this framework, a quasiparticle can be 

thought of as a single particle accompanied by a distortion cloud in the electron gas. 

Interestingly the electron mean free path is not affected by the e-e interactions scattering 

processes; this because such processes do not lead to any loss in the net momentum. Any 

momentum loss by one electron is picked up by another one.  
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1.2.2 Presence of disorder 

An important parameter that needs to be taken into account in the reality of 

experiments is the presence of disorder. Disorder is ever present, or can be artificially 

introduced in a controlled way. It is known that disorder in a free electrons gas can give 

rise to very strong effects such Anderson’s localization. In particular when size shrinks 

down, quantum effects lead to a reinforcement of disorder effects and in low-dimensions 

turn a free electron system into an insulator [43,44]. Because of quantum effects, 

disorder, if strong enough, can lead to a complete localization of the electrons. The wave 

function decays exponentially with a characteristic length known as localization length 

ξloc. The system is thus an insulator with a resistance increasing exponentially with the 

size of the system as ρ~eL/ξ. In three dimensions, the disorder density needs to be larger 

than a certain threshold to cause the localization, if not the system stays in a metallic 

state with a finite conductivity. Disorder can thus induce a metal-insulator transition. In 

two dimensions, the scaling theory predicts that a free electron system is always 

localized; however, the localization length can be very large, of the form ξloc ~ le exp [π/2 

kFle] where le is the mean free path and kF the Fermi momentum vector [45]. In one 

dimension, this scenario is more complicated, and it is found that the localization length 

is of the order of the mean free path itself. This means that after scattering few times on 

the impurities the electrons are localized. This shows that there are fundamental 

differences for the disorder effects between a one-dimensional system, where 

localization occurs because electrons scatter back and forth between impurities and a 

higher dimensional world where Anderson’s localization is a rather subtle interference 

mechanism. Furthermore, if interactions between fermions are taken into account, the 
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scene become more complicated and complex. Because the disorder renders electron 

slowly diffusive rather than ballistic, they feel the interactions much more strongly 

[46,47].  

   

1.2.3 Lüttinger Liquid, LL  

In the Fermi liquid theory treatment of an electronic system, the fundamental 

excitations are no longer electrons and are termed quasiparticles, which are "dressed" 

electrons with surrounding charge-density fluctuations [48]. When the system dimension 

shrinks, the Fermi liquid theory for interacting electron breaks down. In this scenario, 

the interactions can be alternatively modeled as bosonic interactions, using the Bloch 

sound waves formalism. This system is known as a Lüttinger Liquid (LL). Charge and 

spin waves are the elementary excitations of a Lüttinger liquid, unlike the quasiparticles 

of the Fermi liquid, which carry both spin and charge. The response of the charge 

density to some external perturbation is represented by sound waves, or plasmons, 

propagating at a velocity that is determined by the strength of the interaction and the 

average density. For a non-interacting counterpart system, this wave velocity is equal to 

the Fermi velocity, while it is higher (lower) for repulsive (attractive) interactions among 

the fermions. Likewise, there are spin density waves, whose velocity, to lowest 

approximation, is equal to the unperturbed Fermi velocity. These propagate 

independently from the charge density waves. This fact is known as spin-charge 

separation. 

LL theory treats the electrons as highly correlated non-interacting electron liquid 

characterized by a power law vanishing of the DoS near the Fermi energy EF. Carbon 
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nanotubes are seen as a collection of highly correlated electrons; the quantum 

confinement due to extremely small size allows considering them as 1D multi-channel 

quantum wires. Such treatment gives rise to a temperature and voltage dependence in the 

differential conductance G (= dI/dV) given by: 

 

GLL ( V, T ) ~ Tα when  eV/kBT « 1     (i.e., in the limit of high-T/low-bias) 

GLL ( V, T ) ~ Vα when  eV/kBT » 1.    (i.e., in the limit of low-T/high-bias). 

 

Experimentally, there seems to be some consensus about the approximate value 

of the scaling parameter α being between 0.3 and 0.5, as measured in an arc-grown multi 

wall nanotube [30] or in a small bundle of single wall nanotubes [49]. A more general 

agreement on the values of α is that such power law exponent is less than 1. 

Measurements on individual MWNT at different temperatures show the presence of a 

much sharper suppression of the conductance on a relatively small voltage scale, known 

as zero-bias anomaly (ZBA) [30]. The amplitude and the depth of such gap increase with 

the lowering of the temperature. This is considered an additional signature of a LL type 

of behavior in carbon nanotubes. Figure 4(a) shows the value of α deduced from dI/dV 

(T, V=0) where the dashed-dotted line represent the curve ~V0.36. The inset shows the 

dependence of G from the temperature and the solid line represents the fit ~T0.36 in the 

low temperature regime. 
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Figure 1.4: (a) Differential tunneling conductance dI/dV measured on an individual MWNT at 

different temperatures T displaying a pronounced zero-bias anomaly on a relatively small 

voltage scale. The dashed-dotted curve displays the power-law dI/dV ~ Vα with α=0.36. 

(Inset) log-log representation of dI/dV vs. T for V=0 [30]. (b) Scaled differential tunneling 

conductance (dI/dV)/Tα vs. eV/kT (scaled voltage) measured in an individual MWNT for 

various temperatures. The solid line corresponds to α=0.36 [49]. 

 

If a scaling relation is correct, it should be possible to collapse the data at 

different temperatures onto a single universal curve. To do this, the measured dI/dV at 

each temperature is scaled by Tα and plotted as a function of eV/kBT, as shown in Figure 

4(b). The scaled conductance is constant as eV/kBT approaches zero, but for increasing 

values of eV/kBT, the curve begins to increase. The experimental data collapses quite 

well onto a universal curve over the entire bias range.  
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1.2.4 Variable Range Hopping, VRH  

Variable range hopping (VRH) mechanism is generally used to describe the 

electronic conduction in disordered systems. This mechanism has been reported to be 

responsible for the charge transport in carbon nanotubes grown in alumina template. 

According to this, the conductance as function of temperature follows a two-dimensional 

VRH type of conduction [50].  

In this model, the electron wavefunction becomes strongly localized due to the 

disorder and the conductance vanishes at zero temperature. At finite temperature, 

conduction occurs via thermally activated hopping between localized states. The 

“mobility edge” is the critical separation parameter between localized and extended 

region of the spectrum; if the Fermi energy, EF lies below the mobility edge, EC the 

conduction may occur by thermally activated hopping, if the density of states around the 

Fermi energy is finite. This is a process in which an electron in an occupied state with 

energy below EF receives energy from a phonon, which enables it to move to a nearby 

state above EF. It has been suggested that at low temperatures the most frequent hopping 

process would not be necessarily to a nearest neighbor [51]. The average hopping 

distance is determined by the thermal energy, the density of states at the Fermi energy 

and the spatial extent of the localized wavefunction. If electron interactions are 

negligible, the conductance should vary as ( )
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conductivity is of the form ~exp(-B/T1/4), where for 2D system, a power of 1/3 replaces 

1/4 [51]. Under certain circumstance, Coulomb interactions can open up a gap in the 
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density of states at the Fermi energy, and in this regime, a conductance 
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 Alumina template grown tubes have been reported to follow a two-dimensional 

VRH type of charge transport. Figure 5 shows the conductance as function of the 

temperature. When G is plotted on a log scale as a function of T-1/3 (inset), all the data 

points lie on a straight line over the entire range of temperature, from 300 K to 4.2 K. 

This indicates that the conductance scales as exp [(-1/T)1/3], which strongly suggests that 

the conduction is in the 2D non-interacting VRH regime. The fit of the experimental data 

to the 2D VRH formula is shown as the solid line. The hopping behavior is consistent 

with the highly disordered nature of the AAO template grown multi wall nanotubes. 

 

Figure 1.5: Conductance as a function of temperature for an individual template grown tube. Open 

circles are experimental data and the solid line is a fit according to two-dimensional 

variable range hopping (2D-VRH) formula. (Inset) Logarithm of G vs. T-1/3 [50]. 
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1.2.5 Weak Localization, WL 

Weak localization (WL) originates from the quantum mechanical treatment of 

backscattering which contains constructive interference terms between the partial 

electron waves traveling back after the encounter with the defect. This results in an 

increase of the electric resistance at low temperatures.  

The inelastic scattering time, defined as the time interval between two 

consecutive encounters due to inelastic scattering, is itself depending on temperature, 

increasing as temperature decreases. Suppose Lth = aT-p/2, where p is an index depending 

on the scattering mechanism and dimensionality, so that the scale dependent effects will 

become more evident at lower temperatures. The conductivity decreases with decreasing 

temperature; such behavior is a clear signature of localization; as temperature decreases, 

the relevant length scale LTh over which quantum interference is effective increases, so 

that localization behavior is progressively evident.  

In the case of more disordered nanotubes, transport is dominated by the presence 

of weak localization. In this picture, the charge transport is suppressed by the 

localization of electron wave function due to its interference with partially backscattered 

waves from elastic scatters in the form of defects [30,53].  

The presence of inelastic scatterers or a magnetic field can destroy the phase 

coherence of the electron waves and modify the conductance. In carbon nanotubes, the 

conductance G in two dimensions is given by: 
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where G0 is the zero-field conductance, N is the number of shells, L and d are the 

nanotube length and diameter respectively, TC is the temperature below which 

contribution from 2D weak localization is dominant, B is the magnetic field, τs is the 

characteristic scattering time and p is an index depending on the scattering mechanism 

[47,54]. The presence of a magnetic field will affect directly the electron wavefunction, 

introducing a phase factor depending on the orientation of the applied field. The overall 

effect is a decrease in the resistance respect to the zero-field value, with distinct features 

depending on the field orientation. Figure 6 shows the conductance G as a function of 

temperature for an individual multi wall nanotube. The conductance shows a lnT 

dependence followed by saturation at low temperature, while the magnetoconductance 

(MC) is positive at all temperatures. The saturation of G occurs at higher temperatures in 

the presence of a magnetic field.  

 

Figure 1.6: Electrical conductance as a function of temperature at the indicated magnetic fields. The 

solid lines are fits from the equation (1) with p=1, n=4 and TC=0.3, 1.1 and 1.5 K at B=0, 7 

and 14T, respectively [53]. 
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Figure 7(a) shows the variation of the magnetoresistance (MR) for a magnetic field 

applied in the direction parallel to the tube axis in a single arc-grown multi wall 

nanotube, with a diameter of ~20 nm and voltage leads separation L of around 800 nm. 

The MR curve presents an absolute maximum in the resistance for the zero-field value 

and some periodic relative maxima corresponding to multiple of h/2e in magnetic flux 

through the tube, and correspondingly to a periodicity in the magnetic field of about 

8.2T. Known as Aronov-Bohm oscillations, those oscillations are symmetric respect to 

zero field value. The zero-field resistance peak has a full width at half maximum of 

2ΔB~2T, where ΔB roughly corresponds to a flux quantum h/e within an area bounded 

by the wire diameter and the phase-coherence length Lφ. The observation of a 

pronounced h/2e resistance peak suggests the presence of backscattering in those 

samples. In this case, those tubes are not ballistic conductors. 

Figure 7(b) on the other hand shows how a magnetic field affects the resistance 

when the direction of the field is normal to tube axis, as represented in the schematics. 

This was measured on a four-terminal configuration in an individual multi wall tube at 

the temperature of ~2.5K. Also in this case, an absolute resistance maximum 

corresponding to the zero field value is reported; this can be directly considered an 

outcome of weak localization, as previously mentioned. Aperiodic and reproducible 

fluctuations are present for other values of the applied field within experimental range. 

Those fluctuations, known also as universal-conductance fluctuations (UCF) [55,56] 

confirm the quantum interference nature of the contribution to the electrical resistance. 
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Figure 1.7: (a) Electrical resistance R as a function of magnetic field B of a MWNT aligned parallel 

to B. Arrows indicate the resistance maxima corresponding to multiple of h/2e in magnetic 

flux through the outer diameter shell. (b) Four-terminal magnetoresistance of a MWNT 

measured at 2.5K in a magnetic field perpendicular to the tube axis [30]. 

 

1.2.6 Weak Anti Localization, WAL  

In low-dimensional and mesoscopic systems, various localization effects might 

take place which leads to a negative magnetoresistance, one of which is weak 

localization. In confined system of this type, however, a positive MR has been observed 

in the low-field region in system like metallic films [57] and in semiconductor quantum 

structures [58]. In this case positive magnetoresistance is caused by weak anti 

localization (WAL) arising from the presence of an electric field due to either impurities 

or inversion symmetry of the semiconductor structure. This electric field progressively 

destroys any localization of the electron wavefunction, leading to a negative 

magnetoconductance. In this scenario, carbon nanotubes with their large curvature which 

destroys the electron wave function symmetry represent an interesting system in which 

WAL can be studied. In addition, the presence of multiple shells and the associated 
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difference in effective mass provide an additional asymmetry in the system. Based on 

this, WAL has been suggested to possibly be an intrinsic property in nanotube [59]. 

Correction to the conductance in the case of weak anti localization is rather 

complicated, since various mechanisms are involved at the same time. In the limit of 

low-magnetic fields and strong spin-dephasing mechanism, a quadratic-type 

magnetoconductance can be approximated. This is given by [59]: 

( )
2

in

2

0 H
B

h48
eGBG ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
π

−=     (2) 

where G0 is the zero-magnetic-field conductance value, B is the magnetic field and Hin 

has a magnetic-field unit, representing the field for inelastic scattering process. It should 

be pointed out that the above WAL theory is valid only when the charge transport is 

diffusive. Although ballistic transport has been extensively shown in case of single wall 

tube [60], it is believed that in certain instance for multi wall nanotubes the charge 

transport is diffusive, since both inelastic scattering due to substrate roughness and 

disorders are present.  

Figure 8 shows the magnetoresistance for a network of nanotube at low 

temperatures ranging from 1.2 to 3.93K measured applying a current of 1μA. The high-

field region is characterized by negative MR caused by weak localization; however in 

the low-field region (inset) for low temperatures, a positive MR is found. This positive 

MR increases quadratically with the field and tends to saturate above a magnetic field 

~2T. Dotted and dashed lines represent the zero-field level and the fitting curves 

according to above formula for WAL, respectively. Dashed lines are shifted vertically by 

0.004 for clarity. 
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Figure 1.8: Magnetoresistance at low temperatures, measured with an applied current of 1μA. 

Dotted lines represent the zero-level while dashed lines (shifted 0.004 for clarity) are 

theoretical fitting results according to the weak anti localization model [59]. 

 

1.3 Presence of ferromagnetic impurities 

The introduction of metals or metal carbide and oxide in carbon nanotubes may 

significantly alter their conducting, electronic, and mechanical properties [6,62]. 

Partially or fully-filled tubes could have a variety of industrial application as 

catalysts, electronic devices, magnetic tape and biosensors [63]. To date various 

techniques for encapsulating metals, metal oxides and chlorides in multi wall or single 

wall have been developed such as ion-beam sputtering [64], arc-discharge technique 

[65,66], CVD techniques [67,68] and high temperature treatment [69].  

In recent years, nanotubes filled with ferromagnetic materials such as iron, cobalt 

or nickel have gained increasing interest due to their small size and enhanced magnetic 

coercitivity for possible and potential applications in magnetic data storage technology. 

The corcitivity estimates the intensity of the applied magnetic field required to decrease 



 

     26

the magnetization of the material to zero after the magnetization of the sample has been 

driven to saturation. 

One interesting aspect resides in the fact that the carbon shells provide an 

effective barrier against oxidation and consequently ensure a long-term stability of the 

ferromagnetic core, outcome that is highly desirable when thinking in terms of long-

lasting magnetic storage media applications.  

Figure 9(a) shows the hysteresis loops for an iron-filled tube grown by chemical 

vapor deposition method, which TEM image is shown in the inset. The coercivity for the 

magnetic field direction perpendicular to the substrate amounts to 56 mT compared to 25 

mT for the direction parallel to the substrate [70]. It is possible to expect that if any 

residual magnetization is present, this will affect both the charge and spin transport in 

these hybrid structures. Those effects might become more evident as the temperature is 

progressively lowered. 

A magnetic nanostructure composed of a magnetic impurity and a carbon nanotube 

host also represents an interesting platform to investigate phenomenon such as the 

Kondo effect, that leads to anomalous transport measurement in systems of dilute 

magnetic alloys [71,72].  

Figure 9(b) shows Scanning Tunneling Microscopy (STM) measurement on the 

local electronic structure of a magnetic cobalt cluster situated on a metallic single wall 

nanotube [73]. The top image shows an atomically resolved image of ~0.5nm cobalt 

cluster on the tube. The bottom panel represents the differential conductance dI/dV as 

function of the applied voltage taken above the cobalt cluster (bottom curve) and ~7nm 

away from it (upper curve). 
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Figure 1.9: (a) Magnetization curve of aligned Fe-filled tubes. The field was applied parallel and 

perpendicular to the substrate surface. (inset) TEM images of Fe-filled MWNT [70]. (b) 

Atomically resolved image of a cobalt cluster (d<0.5nm) on an individual tube and (bottom 

panel) STM measured differential conductance as function of voltage above the cluster 

(bottom curve) in and 7nm away from it (upper curve) [73]. 

 

The feature identified as a Kondo resonance appears at the location just above the 

cobalt cluster. It will be of extreme interest to observe Kondo resonances; however it is 

believed that this might reveal to be quite unlikely in the investigation in this thesis. In 

cobalt clusters with diameter larger than 1nm, the net magnetic spin approaches that of a 

classical object, and as expected, the Kondo resonance disappears [74]. For temperatures 

below the Kondo temperature (TK), electrons of the host screen the local spin of the 

impurity, resulting in the emergence of a Kondo resonance. This resonance disappears if 

the temperature is above TK. 

Furthermore, a large amount of work has been done to investigate the effect of 

ferromagnetic impurities on the band structure of the hosting tube, and how its electronic 
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and magnetic properties vary depending on the filling material, when spin is considered 

[75]. 

Figure 10(a) and (b) show the side and the cross-sectional view of a metallic 

(3,3) SWNT with a chain of ferromagnetic metal (cobalt or iron, respectively) inside 

[76]. Figure 10(c) shows the bands structure around the Fermi energy for the (3,3) 

metallic tube. Ab-initio density functional theory (DFT) calculations reveal that the 

presence of the iron atom chain in the tube changes the electronic behavior inducing a 

metal-to-semiconductor transition. In this case (Figure 10(d)), no bands are available in 

the vicinity of the Fermi energy and there is no spin-polarization. Since one Fe atom 

forms σ bonds with four (or six) C atoms, it is divided into bonding and anti-bonding 

orbitals. Carbon atoms form a sp3 hybrid-like orbital. Consequently, the Fe-filled (3,3) 

SWNT becomes a semiconductor, and the magnetic moment of the Fe atom disappears 

[76].  

Different outcome is obtained if the iron is replaced by cobalt along the chain in the 

hosting tube. Figure 10(e) represents the majority spin ban has no gap at the Fermi level 

(while the minority spin band (not shown) does have a gap of approximately 1eV). 

Cobalt has seven d electrons, of which four electrons bond with the π electron from the 

carbon atoms, other two will participate in the bonding with the neighbor cobalt atom, 

one each side. There is one free electron that is responsible for the conduction and for 

the absence of any gap in the band structure, as compared to the Fe case [75].  

The overall results suggest the possibility that the insertion of a ferromagnetic 

material can change the band structure of the system, and consequently its transport 

properties.  
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Figure 1.10: (a) Side and (b) cross sectional view of an Fe (Co)-filled (3,3) SWNT. The dark and light 

represent Fe (Co) and C atoms, respectively. Band structure for (c) pristine (3,3) SWNT 

exhibiting metallic behavior. (d) and (e) show the band structure and the majority spin-

bands for the same tube in (c) with a linear chain of iron and cobalt inside, respectively. The 

zero value energy corresponds to the Fermi energy in all cases [75,76]. 

 

An alternative perspective can be suggested on the basis of those results. The band 

structure reflects the interaction between the tube and the specific inserted chain. It is 

possible to foresee the possibility of using the nanotube to selectively “detect” the 

specific filling material. In addition, due to the difference in electronic configurations of 

those materials, it is reasonable to hypothesize different responses when an external 

magnetic field is applied. 
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Chapter 2 

 

 

Template grown multi wall nanotube and device fabrication  

 

 

The present chapter describes in details the type of multi wall carbon nanotubes 

investigated in this project and the various steps involves in the fabrication of working 

devices based on an individual tube. Additional characterization such as transmission 

electron microscopy (TEM), energy dispersive spectroscopy (EDS) and magnetic force 

microscopy (MFM) are also presented. 

 

2.1 Multi wall carbon nanotubes grown in alumina template 

Multi wall nanotubes are grown in anodized alumina template (AAO) by chemical 

vapor deposition with acetylene (C2H2) precursor gas at a temperature of approximately 

650°C. Tubes grown in template are uniform in size (depending on the template pore 

size) and all vertically aligned in hexagonal array. Compared to various other types of 

nanotube growth, the template growth does not need any external metal catalyst since 

the template itself acts as a catalyst. The combination of relatively low growth 

temperature and absence of catalysts causes these nanotubes to have much less long-

range graphitic order, and a significantly larger amount of structural disorder compared 

to, for example, arc-discharge produced nanotubes. 
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Commercially available templates (Whatman, Schleicher & Schuell) with pore size 

of approximately 250-300 nm are used in order to grow multi wall nanotubes. From 

extensive scanning electron microscopy studies, it is possible to deduce that tubes grown 

in those templates present a large amount of structural disorder and/or deformation due 

to the combination of the growth process and a greater deal of non-uniformity of the 

pore geometry. Figure 1(a) and (b) show the top surface of a commercially available and 

an in-house fabricated template, respectively. Besides the difference in the pore size 

(parameter that can be tuned during the anodization process for the in-house case), it is 

possible to notice a degree of non-uniformity in the geometry, shape and pore location.  

 

Figure 2.1: SEM images of the top surface of (a) a commercially available and (b) an in-house 

fabricated template.  

 

Such irregularity is present in the whole three-dimensional template structure, with 

the possibility for example that a single channel might not be isolated from the 

neighboring channel, or that the pore diameter is not uniform along the length. This will 

dramatically affect the morphology of the grown tube. Various structural deformations 

mostly in commercial template grown tubes, such as change in diameter along the 
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length, y-junction, non uniformity of the cylindrical shape and orientation have been 

found. Figure 2 shows few of those examples. 

 

Figure 2.2: (a-c) SEM images of multi wall carbon nanotubes grown in commercial alumina 

template showing a high degree of structural deformations, like bumps, y-junctions, and 

change in diameter along the length direction in the same tube. 

 

Relatively low-temperature CVD (~650ºC) and catalyst-free growth mechanism 

is used to grow those types of tubes; this, together with the pore geometry irregularity, 

will result in tubes with a high and random degree of disorder.  

NaOH based etching solution (2-5% mol wt) is used to dissolve the template, 

process that leaves behind individual and well separated nanotubes. Once the alumina 
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template is dissolved, tubes are dispersed in isopropanol, then sonicated for 

approximately 20 minutes and spin-cast on a pre-patterned photolithography Si/SiO2 

substrate.  

Figure 3 shows MWNTs grown in the alumina template, in particular a high 

magnification SEM image of (a) large (~250-300nm) and (b) smaller (~40nm) diameter 

tubes. In both cases, the template is only partially etched to provide mechanical support 

to the tubes. 

 

Figure 2.3: SEM images of (a) large diameter (~250nm) tube grown in commercially available 

template and (b) smaller diameter (~40nm) tubes grown in in-house fabricated template. 

Both templates are only partially etched to provide mechanical support to the tubes. 

 

2.2 Electro-deposition  

An electro-chemistry-based process is used to insert ferromagnetic 

impurities/clusters inside the nanotube before etching away the template [77,78]. The 

application of a constant bias causes a chemical reaction to take place at the interface of 

an electronic conductor (the electrode composed of a metal or a semiconductor) and an 

ionic conductor (the electrolyte). Compared to electroless [79] and sol-gel method [80], 
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electro-deposition in nanopores templates provides the possibility of controlling the 

composition of the alloy and in general of the metal used.  

A MWNT-based electrode is fabricated, as shown in Figure 4(a). For electrical 

contact, silver was thermally evaporated on one side of the membrane in which 

nanotubes were previously grown. Then the template is laid on a conducting substrate 

(copper tape) and masked with insulating material in order to electrically isolate the 

coated side and leave partially exposed only part of the top of the membrane.  

A three-electrode cell set-up consisting of a reference, a working and a counter 

electrode is used (see Figure 4(b), where for clarity only the former two are 

schematically shown). The MWNT-based electrode acts as the working electrode. It is 

mounted on a stationary holder and placed in front if the platinum counter electrode. An 

Al/Ag electrode is used as reference. An electrolyte solution is prepared according to the 

following recipe:  

 250 ml de-ionized water,  

 2g boric acid 

 2g cobalt (nickel) sulfate for cobalt (nickel)-based solution. 

It also possible to have alloy or mixture of various material based solution; in this 

case a mixture of the sulfates in a ratio of 1:1 is used. Leaving the solution overnight 

ensures the complete dissolution of all the ingredients; after this each solution has a clear 

and characteristics color (e.g., nickel-green, cobalt-red and cobalt-nickel a combination 

of those two colors, as shown in Figure 4(d)).  
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Figure 2.4: (a) Various steps in the MWNT-based electrode fabrication. (b) Electrode-based cell set-

up used for electro-deposition. (c) Galvanostat used to apply a constant bias between the 

MWNT electrode and the counter electrode. (d) Electrolyte solution of nickel, cobalt and a 

mixture of those two used in the electro-deposition process. 

 

The MWNT-based electrode is then immersed in the electrolyte solution. Figure 

4(c) shows the galvanostat (Princeton Applied Research, model 273A) used to apply a 

constant bias (V=-0.9V) between the counter and the working electrode. The ionic 

current flowing between those two electrodes is measured as a function of (deposition) 

time. 

Figure 5(a) shows various stages during the electro-deposition process, which 

can be divided in four different regions (I-IV). Region I corresponds to the first stage in 

which the material starts depositing at the bottom of the template corresponding to a 
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decrease in the ionic current; then the current remains approximately constant during the 

filling of the cannel (II). Once the channels are filled material start to accumulate on top 

of the template (III), during this time the current rises until a uniform film is formed (IV) 

on top of the template; then the current finally saturates. Electro-deposition processes 

have been carried out for various time intervals, typically ranging between 15 minutes 

and 1 hour. Figure 5(b) shows a typical experimental ionic current measured as function 

of time. A cobalt electrolyte solution was used for this specific curve. A priori 

observation suggests that in this case a continuous and uniform filling of the channels is 

not achieved, but only a partial filling or a cluster type formation. This suggests that the 

dynamics for the filling process during region II is different from the ideal case.  

Region IV is typically avoided, since if a continuous film forms on the template 

top surface, this would require an extra step (most likely a chemical treatment) for the 

removal of such layer.  

 

Figure 2.5: (a) Schematics representing various stages in the electro-deposition pore filling process. 

On the right the ideal curve of current, I as function of the time, t during the electro-

deposition process is displayed. (b) Ionic current as function of deposition time 

(experimental). 
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In the present case, there is no full continuous metal filling of the channels but a 

variety of different cluster formation inside the tube. Location, size and shape of such 

clusters differ quite a lot between electro-deposition processes. Various types of filling 

have been achieved; the outcome of each electro-deposition process is not under control.  

Figure 6 shows SEM images of various obtained filling. In particular, Figure 6(a) 

represents MWNT filled with nickel and Figure 6(b) is a higher magnification SEM 

image of one such tube. In this image it is possible to identify the location of the nickel 

cluster inside the tube and provide a quite accurate estimate of the size.  

 

Figure 2.6: SEM images of multi wall carbon nanotubes with various types of ferromagnetic 

materials filling by mean of electro-deposition. In particular, tubes are filled with (a-b) 

nickel, (c) cobalt-nickel mixture and (d-e) cobalt. 
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Figure 6(c) shows a cluster type of filling of the tube; in particular those tubes 

present a mixture of cobalt and nickel. Figure 6(d) and (e) show individual tube filled 

with cobalt; in both case the filling looks like “bulk” and uniform and it appears that  a 

local complete filling is achieved.     

It is believed that the cluster formation takes place at a defect site where the 

electric field diverges, providing a favorable condition for the accumulation of the metal. 

Being this one an autocatalytic process, once the first atom is placed in an energetically 

favorable position, the cluster grows from it [81].   

The choice of template grown carbon nanotubes among other type of tubes for 

this project appears clear now; the presence of the template makes the electro-deposition 

a site selective process, for which material can only flow inside the tube and nowhere 

else. Such process will be quite challenging for example with CVD grown tubes on a 

substrate (SiO2); first metal coating of only the top side of the tube forest is quite 

difficult and the electrode fabrication might require detaching the tube from the 

substrate. Then, during the electro-deposition process the material will not only flow 

inside each tube, but also in the interstitial space between them. This is not a desirable 

result. SEM and TEM studies (shown later) also confirm that there is no electro-

deposited material in between adjacent shells. If this condition is desired, a reverse 

approach can be used during the sample preparation: first clusters or nanoparticles are 

included in the template, followed by the CVD process and growth of tube. In this case 

tubes tend to grow around those clusters, forming carbon layers around them [82].  
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2.3 Device fabrication 

Photo-lithography patterns are prepared on Si/SiO2 substrate where a bi-layer of 

titanium-gold (5nm/30nm) is e-beam evaporated. Each pattern consists of 12 leads (L); 

between each two of them a ground line (G) is fabricated to make sure each lead is 

electrically isolated from the neighbor one, as shown in Figure 7(a). Each lead is then 

connected to a larger pad which will be wire bonded onto a chip holder. Carbon 

nanotubes are spin-coated onto this pattern with the procedure optimized to have 5-10 

tubes in the central area of the pattern. 

With the help of a scanning electron microscope, it is now possible to locate 

nanotube candidates for device fabrication. Focus Ion Beam (FIB) assisted deposition is 

used to deposit metal lines (either platinum or tungsten) in a two- or four-probe 

configuration, mostly depending on the length and location of each individual nanotube. 

Figure 7(b) and (c) show the device fabrication of two- and four-probe configuration, 

respectively.  

In a macroscopic system, the effect of the contact resistance can be completely 

neglected when performing a 4-probe measurement; this is not completely accurate at 

the nanoscale level. In general, when possible, a four-probe configuration is fabricated in 

place of a two-probe since the contribution of the contact resistance to the overall sample 

resistance is much less if compared to the two-probe configuration.  

Then, the fabricated samples are wire bonded onto a chip holder, which can now 

be mounted directly on the cold stage of the cryostat system.  
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Figure 2.7: Various steps involved in the device fabrication. (a) Dispersed MWNTs are located on a 

photolithography pre-patterned substrate. Depending on length and location (b) a two- or 

(c) four-probe configuration can be fabricated by Focus Ion Beam (FIB) assisted deposition.  

 

2.4 Experimental procedure 

Preliminary studies have shown that the majority of the as-fabricated devices are 

highly resisitive with a room temperature resistance in the range of tens of MΩ, orders of 

magnitude higher than the quantum limited value for a one-dimensional system (h/4e2 ~ 

6.25kΩ). Few devices show a room temperature resistance of the order of few kΩ. It is 

believed that the large value of the resistance is a result of the MWNT growth process. A 

combination of the low growth temperature and the random graphitic flakes growth 
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makes these tubes highly disordered. Such high resistance severely prevents the MWNT-

based devices to reach the intrinsinc electronic properties of the tube. In addition, 

detailed temperature studies of the electronic transport properties of such samples 

becomes really challenging since with the lowering of the temperature, the resistance 

becomes comparable to the equivalent resistance associated to the experimental set-up. 

For this reason, any measured resistance larger than 1GΩ cannot be considered an 

accurate measurement of the sample resistance and consequently cannot be trustworthy.  

In relation to a different project within the research group, experimental 

observations in small SWNT bundle-based devices with gold contacts fabricated by e–

beam lithography, have suggested that a fast sweeping of a high bias across the device 

while in vacuum, gives rise to the possibility of tuning the resistance. Unexepectedly, the 

increase in the applied voltage did not resolve in the burning out of the entire bundle or 

only one type of tubes [83], but it has the overall effect of reducing the resistance of the 

device.  

In general this is a desirable outcome for application of nanotube-based device as 

interconnects, since a larger current density can be carried out from the sample and then 

become comparable to, and consequently competitive with, any copper-based 

technology in term of handling current capacity [84]. A complete and detailed analysis 

of such SWNT-based devices was not carried out; in particular any study involving a 

visual image of these devices was quite difficult due to the extremely small size of the 

bundle or single tube. AFM studies in this case have present quite a large amount of 

challenges since if any morphology change has possibly taken place, it was hardly 

detectable. 
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A similar experimental apporach is used in the present project; a decrease in the 

value of the resistance of at least two orders of magnitude is achieved when a fast high-

voltage is swept across the device. This process reveals to have caused clear morphology 

and structural changes. Alumina template grown tubes with a large pore diameter 

membrane (d~250-300nm) are chosen to make the visual analysis and morphology study 

post-bias-sweep more accessible. If any “macroscopic” at the nanoscale structural 

change is caused during this process, it can now be investigated and actually “looked at” 

with the help of an SEM.  

Conventionally, as-fabricated devices will be referred as pristine devices, and 

devices that have been sujected to n-cycle of high-bias sweeping as HBT-n modified 

devices. 

 

2.4.1 High-bias treatment, HBT 

The high-bias treatment, or HBT, is essentially a rapid controlled cyclic current-

voltage (IV) measurement process with increasing biases. The entire process is carried 

out in high-vacuum (p < 10-5 Torr); if performed in air this process will most likely result 

in the burning off of the device at a much lower applied voltage (or current) [85]. The 

presence of oxygen “traps” the thermal energy developed into the tube causing the 

burning of the tube itself and the consequent destruction of the device [85]. Figure 8 

summarizes various steps of the HBT process.  
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Figure 2.8: Various steps involved in the high-bias treatment, or HBT process. (a) For lower bias 

(V<10V), current-voltage characteristics appear to be linear with a full overlap between 

forward and reverse sweep. (b) Increase of degree of non linearity is observed with increase 

of the applied bias. Reverse and forward sweeps start to deviate from each other in the high 

voltage regime. (c) At a threshold bias, V ∼ 10V, the current suddenly jumps and passes 

form a low- to a high–conductance state as labeled in the graph. Inset shows an SEM image 

of a typical MWNT two-probe device. 

 

For lower bias (V < 10V), current-voltage characteristics appear to be linear with 

forward and reverse sweep overlapping over the entire voltage range (Figure 8(a)); an 

increasing degree of non-linearity is found when the bias is increased with the reverse 

sweep starting to deviate from the forward sweep (Figure 8(b)). At about a threshold 

bias, V ∼ 10V, the current jumps suddenly and irreversibly passing form a low-
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conductance state to a high-conductance state, as shown in Figure 8(c). As a safety 

measure, no current larger than 100μA is allowed to pass through the sample to avoid 

destuction of the entire device; however, such current value is below what a MWNT can 

handle in term of current density for such large diameter tube [86]. After the sudden 

current jump, the resistance has permanently changed and now the device is in an higher 

conductance state with an overall decrease in the resistance of at least two orders of 

magnitude. This process can be repeated several times, although the major resistance 

drop takes place in the first cycle only; however, subsequent application of high bias 

further decreases the resistance. It has been observed that the threshold bias required to 

“initiate” this current enhancement is usually larger for slower sweeps, indicating that 

the process is a non-equilibrium one, where the changes happen before the power can be 

dissipated through the contact or substrate. Subsequent cycling at lower biases do not 

recover the high resistance state, i.e., the change is permanent. As an additional 

precaution the maximum value of the applied bias, Vmax is kept below ~30V; such upper 

limit for the applied voltage allows to operate below the breakdown voltage of the oxide 

layer (thickness ~100nm) [87]. In case the value of Vmax is not enough to induce the 

modification in the device, the process is carried out in the same bias range [–Vmax < V < 

Vmax] but with increasing sweeping rate until the drop is reached. (i.e., reducing the 

number of steps in which the voltage is applied).  

Table 1 summarizes the effect of the HBT process on a number of two-probe 

devices. Pristine refers to the as-fabricated sample, while HBT-1 and HBT-2 to a sample 

which has undergone one or two cycles of HBT, respectively.   

 



 

     45

Table 2.1: High-bias treatment effect on the resistance in two-probe devices. Pristine refers to as-

fabricated samples, while HBT-1 and HBT-2 to samples which have undergone one or two 

cycle of HBT, respectively.   

 

Sample 

 

1 

 

2 

 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 

 

Pristine 
 

18.6MΩ 
 

3.2MΩ 
 

33.2MΩ 
 

32.9MΩ 
 

10.2MΩ 
 

5.4MΩ 
 

11.4MΩ 
 

170MΩ 
 

15MΩ 
 

1MΩ 
 

HBT-1 
 

50.6kΩ 
 

87.1kΩ 
 

407kΩ 
 

276.6kΩ 
 

140kΩ 
 

17kΩ 
 

27.4kΩ 
 

4.5MΩ 
 

99kΩ 
 

28kΩ 
 

HBT-2  59.9kΩ   78.7kΩ      

 

Figure 9 shows the resistance drop for the collection of samples in Table 1 during 

each step of the HBT process. It is evident that after the first cycle a drop in the 

resistance between two and three orders is controllably achievable. After the first HBT 

cycle, the decrease in the resistance is much smaller, although a further decrease can be 

achieved, as shown for two devices. Not all devices have been subjected to multiple 

cycles for two reasons: each HBT step requires an indipendent and extensive time-

consuming study of its properties; then multiple cycles sometimes results in the 

destruction of the device if the process is not carefully performed. 

Recent works carried out on carbon nanotube under high-bias/high-current 

conditions using high-resolution transmission electron microscopy have shown that such 

type of processes can cause significant changes, such as crystallization and removal of 

amorphous carbon coating the NT surface, removal of walls and formation of atomic-

scale kinks [88]. In particular, it has been estimated that a local temperature of 

approximately 2000°C can be reached during the high-bias sweep process, temperature 

far above the carbon graphitazation temperature and the melting point of various 
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materials and metals. It also have been suggested that such high produced local Joule 

heating can reduce the contact resistance between carbon nanotubes (both SWNTs and 

MWNTs) and the metal electrodes.  
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Figure 2.9: Summary of the HBT effect as seen in Table 1. At least two orders of magnitude 

reduction of the resistance value can be achieved. 

 

In particular an average decrease between 70 and 80% compared to their initial 

resistance have been reported both for SWNTs and MWNTs [89]. Reduction in the 

contact resistance is mainly attributed to the thermally-energy induced desorption of 

adsorbates such as water and oxygen molecules from the nanotube surface and the 

interface region, as well as thermal-energy-enhanced bonding between the nanotube and 

electrodes surfaces [89]. Those mentioned works cannot by far explain the large 

decrease in resistance observed in the MWNTs used in the present project, even in the 

case of a large number of burnt walls [90].  

The role played by the contact resistance has been investigated in this project in 

few samples in which metal contacts were fabricated in a four-probe configuration. Each 
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pair of leads has undergone one high-bias treatment cycle. Figure 10(a) and (b) shows 

the SEM image and the equivalent circuit for one such sample. 

It has been assumed that the contact resistance between the tube and the metal 

lead is approximately the same (RC~ RCi with i=1,2,3,4.) for all leads. Platinum leads 

have similar size, geometry and have been fabricated under the same conditions, so this 

assumption is reasonable. Estimation of the contact resistance before and after the HBT 

process reveals a change in the contact resistance but it cannot be accountable for the 

large drop in the total resistance value. Results are summarized in Figure 10(c). This 

suggests that the large drop across the two inner leads reflects a drop in the resistance 

across the nanotube segment between the two inner leads. 

 

Figure 2.10: (a) SEM image and (b) equivalent circuit of the four-probe configuration. (c) Estimated 

contact resistance before and after HBT. 

 

2.4.2 Surface metal decoration 

The selection of large diameter tube (d > 200nm) allows the use of electron 

microscopy imaging as investigation tool in both pre- and post-HBT-modified devices. 
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Figure 11(a) and (b) show SEM images of a MWNT two-probe device before and after 

the HBT process, respectively.  

 

Figure 2.11: SEM images of a pristine two-terminal MWNT device (a) before and (b) after HBT 

treatment. The HBT process induces surface decoration of the tube with platinum clusters 

coming from the leads. 

 

Some morphological changes on the surface appear to have taken place; 

agglomerates, few nanometers in size, are now decorating the surface  of the tube. Figure 

12 shows the overall change in the morphology of the nanotube on the surface. Now the 
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tube presents platinum clusters decorating the entire surface. Those  clusters have an 

average diameter less than ~10nm and cover the entire nanotue surface.  

 

Figure 2.12: High magnification SEM image of a platinum-decorated nanotube segment. Diameter 

of cluster is on average less than ~10nm. 

 

SEM imaging provides information about the morphology of the sample; a more 

complete and detailed picture will be provided by transmission electron microscopy 

analysis. However, post-HBT sample preparation for TEM is very challenging; once the 

lamella is fabricated, it is quite difficult to pluck the sample and lay it on a TEM grid. 

The collection of images here presented strongly confirms that the surface of the 

tubes has been decorated by platinum coming from the contact leads.  

However, one might argue that the observed material on the tube surface can 

possibly be gallium since FIB assisted deposition is used. This is highly unlikley for 

various reasons. First, if one estimates the amount of gallium deposited during both the 
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imaging and the actual metal deposition process (proportional to the ion irradiation dose 

[91]), this cannot account for the amount of the material decorating the surface. 

Furthermore, the whole imaged area around the tube and not the sole nanotube surface 

would have been decorated. Second, gallium is in the liquid form in the ion column 

slightly above room temperature. Even in the possibility that the imaging and deposition 

processes have induced the formation of small gallium clusters (not visible with SEM),  

it has been shown that Ga clusters have melting transitions between 500K and 800K 

[92]). Therefore, when the high-bias sweep is performed and a temperature as high as 

2000ºC is reached, there will be no trace of gallium left. Based on those observations, 

surface decoration cannot be directly related to the use of the FIB.  

Higher magnification SEM images in Figure 13(a) and (b) show in greater details 

the interface between the nanotube and metal lead in the same device before and after 

the HBT process. A closer view at the nanotube-electrode junction reveals that the 

particles start from the bulk of the electrode as a thin continuous layer (wetting the 

nanotube), and rapidly break into discontinuous islands till they become isolated 

clusters. This observation is consistent with thermal properties of bulk platinum, which 

is reported to melt at a temperature slightly below 1800ºC and evaporate above 3400°C 

[93]). Even in the case that in vacuum the evaporation process will take place, the 

evaporated material, if any, would not “condense” selectively onto the nanotube but it 

will intuitively and reasonably form a continuous film-like on top of the tube and on the 

substrate, indistinctively. Upon repeating the HBT process many times (i.e. 5-10 cycles), 

one reaches a saturation of the conductance enhancement, and the entire nanotube 

surface is found to be covered with metal nanoclusters.  
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Figure 2.13: Interface between the nanotube and the platinum electrode lead (a) before and (b) after 

the high-bias treatment process. 

 

A certain amount of decoration is easily achieved with two or three HBT cycles. 

At this point it is important to clarify that the amount of surface decoration of the tube is 

somehow not under control; various types of platinum coverage of the nanotube walls, 

from cluster to thin layer with islands around are recovered in the devices for increasing 

number of HBT cycles. It is believed that at the first few cycles cluster formation is 

preferred type of coverage and subsequent cycles only increase the coverage until a more 

uniform distribution of the platinum on the surface is reached.  

One can also wonder why in first place there is cluster growth at all. It is known 

that the formation of transition metal cluster such as Ir, Rh, Pt is an autocatalytic process 

[81]. This means that once a small nucleus is formed the development of the cluster 

proceeds through a surface growth mechanism [94], where the additional reduction of 

new metal complexes is catalyzed by the growing cluster. 
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Figure 2.14: Various types of surface decoration varying from (a) clusters formation to (b) a more 

continuous coverage for increasing number of HBT cycles. 

 

In some cases, the platinum-nanocluster-decoration appears to follow a 

morphologically convenient path to decorate only the edge of the MWNT (as shown in 

Figure 11(b)). A number of observations suggests that in the present case metal atoms 

are electromigrating from the contact due to the large amount of Joule heating produced 

during the HBT process; atoms will then flow according to the least resistance path and 

cluster seeds sites will most likely be represented by defect sites on the nanotube surface 

or kinks [88]. It is speculative at this point to reason why and where the cluster actually 

forms. In first place, it might be possible that the ion irradiation (from the FIB imaging 

and/or metal deposition process) might have introduced additional defects to the one 

already present in the tube. Those defect sites might become preferrable cluster 

formation sites when the platinum flows on the surface of the tube [95]. In addition, in 

the case of the alumina template grown MWNTs, the nanotube wall respresents a 

random confined arrangement of graphene flakes independently grown on the template 

wall [96]. Having each flakes most likely different chirality and spatial orientation, the 

resulting tubes will definitely present a large number of bundaries, both at the atomic 
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level and at the nanoscale. This will represent an additional and favorable path for the 

atomic migration. Furthermore, in some case, as for the sample in Figure 11(a) and (b), it 

appears that the tube is slightly flattened out. This might be an outcome of both the tube 

growth process inside the template or a small deformation due the tube own weight (top 

part). The flattening of the tube creates kinks-like shapes along the lateral edges, that 

now become a favorable site for metal to flow and possible form cluster.  

 

2.4.3 Healing defects effect 

In addition to the surface metal decoration, the HBT process is found to also 

induce another interesting phenomenon that changes the morphology of the tube itself. 

Figure 15(a) shows a “twin” MWNT device before the HBT process. The area 

demarcated by the dashed perimeter shows the physical boundary of the two nanotubes 

where they touch each other. Figure 15(b) shows the same device, after several HBT 

cycles. Besides the substantial surface coverage similar to previously shown images, at 

the common area of overlap there is a significant topological modification, and the tubes 

appear to have “fused” together.  

This outcome is neither surprising nor completely new. Single wall nanotubes are 

known to fuse into large tubes at temperatures between 1500° and 2000°C [97]. Upon 

fast annealing at approximately 1500°C in He, single wall tubes underwent structural 

transformation into multi wall tubes and coalesced in larger SWNTs. 
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Figure 2.15: SEM images of a “twin” tube (a) before and (b) after the HBT process. Enough Joule 

heating is produced during the HBT process for the two tubes to fuse together. 

 

Local temperatures must be much higher for such an extreme structural changes 

to happen; the reconstruction into new morphologies requires bond breakage and 

rearrangements of several carbon atoms. Therefore, the effective transient local 

temperature within the tubes must be at least ~1500°C [85]. This temperature is in 

agreement with the one predicted and experimentally determined in [88] that is believed 

to be reached during the HBT process. 

From the collection of images presented in this chapter, it is possible to conclude 

that the HBT process generates substantial local heating due to the rapid high-bias 

cycling. The amount of Joule heating does not damage the contact region, but appears to 



 

     55

affect the bulk area, indicating that the maximum bias drop is across the nanotube, and 

not at the contact. The formation of nanoclusters of metal coming from the electrode 

suggests that the heating is sufficient to cause atomic migration, but not evaporation. The 

fusion of the walls supports the possibility that the produced Joule heating is large 

enough to “heal” defects. 

Both those observations will reveal to be important when the analysis of the 

experimental data (i.e., temperature dependence of the conductance) will be carried on.  

It is possible to conclude that the metal diffusion is a Joule-heating-assisted 

electromigration, and the nanoclusters formed are energy-minimized configuations of 

nanoclusters of different sizes (<10nm). 

 

2.5 Additional characterization 

2.5.1 Transmission Electron Microscopy, TEM  

Transmission Electron Microscopy (TEM) analysis on a JEOL JEM 2010 

HRTEM is carried on for samples used in this thesis project. Due to the large size of the 

multi wall tubes under investigation, in most cases SEM will give enough surface and 

morphology information. TEM analysis becomes important when in search of 

information such as wall thickness, number of walls and inter-wall spacing. At this point 

it is important to mention that there is no difference between tubes having or not 

ferromagnetic material inside, since they belong to the same template. In this case, 

general considerations will be valid in both cases.  

Figure 16(a) shows a TEM image of a tube with ferromagnetic cluster inside. 

Residues are present both on the grid and on the outer surface of the tube most likely due 
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to alumina not completely washed off during the etching process. A number of clusters 

inside the tube are found. 

Figure 16(b) and (c) show a high magnification TEM which suggest that the wall 

thickness is approximately between 7 and 10nm. In case of arc-discharge grown 

nanotubes, it would be accurate to assume the inter-wall separation to be 3.4 Å [98]. It 

has been shown that in the case of alumina template grown at different temperatures, the 

various graphitic flakes are far more spaced, where the spacing is reduced with 

increasing growth temperature. An interstitial spacing between adjacent graphitic flakes 

of 0.422 nm has been reported for nanotube grown at a temperature of 700°C [96]. 

Based on those findings, it is possible to estimate the number of graphene layers of ~25 

in the samples investigated in this thesis.  It is important to specify that in this case there 

are 25 layers of graphene flakes on average along the thickness of the tube; this does not 

necessarily mean that there is the same number of conducting channel in the tube. It is 

highly possible that the network of graphitic flakes might only be giving rise to few full 

continuous channels. 

In the case of the filled tube, the relatively large size of the cluster does not allow 

electron to actually transmit through: consequently it was not possible to get any 

information about the crystalline nature and structure of such clusters. 
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Figure 2.16: (a-c) TEM images of MWNT with included ferromagnetic clusters. Wall thickness 

ranges between 7 and 10nm. 

 

Figure 17 shows an additional TEM image for a tube with a more uniform filling. 

Inset shows the diffraction pattern form such sample. 

It was not possible to perform TEM studies after the HBT treatment since the 

tubes are contacted, laying on the substrate and performing TEM studies would have 

involved “cutting” the sample and plucking it and then laying on a TEM grid. Extremely 

low success rate did not allow any post-HBT TEM analysis. However, this represents a 

direction to pursue in the future. 

(a) 

(b)

(c)
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Figure 2.17: TEM image of multi wall nanotubes with a cobalt continuous filling “segment” inside 

the tube itself.  

 

2.5.2 Energy Dispersion Spectroscopy, EDS 

Energy dispersion spectroscopy (EDS) with an Oxford Inca X-sight # 7427 

detector is used in order to investigate MWNT sample with ferromagnetic clusters 

inside. Due to beam spot size, a resolution of around ~.5μm can be reached. Considering 

that the samples under investigation have a diameter of around 250-300nm, only a 

qualitative analysis can be pursued rather than a quantitative one. The important 

information to look for is whether it is possible to detect the presence of some 

ferromagnetic material rather than its exact location. An image is first acquired through 

the SEM (typically at 5keV), then the area of interest is selected and a spectrum can be 

acquired: full mapping, line scan and reduced area scan are available modes. 
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Figure 18 presents the spatial distribution (map) for various elements in MWNT 

tube with a solid cobalt filling. This sample has been chosen in order to increase the 

number of count coming from the cobalt.  

 

Figure 2.18: (Top) SEM images and (bottom) energy dispersion spectroscopy element maps of an 

individual tube with cobalt filling for a (a) large and (b) smaller acquisition. Each detected 

element is labeled. 

 

For the acquisition of a smaller area (as shown in Figure 18(b)), the beam 

aperture size has been increased from 30μm to 120μm in “high-current” mode in order to 

increase the number of counts during the acquisition. Below each SEM image, maps for 

carbon, silicon and cobalt are reported. As shown, it is possible to locate the area in 

which such element is present. 

Co

C

Si

C

(b) (a) 
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2.5.3 Magnetic Force microscopy, MFM 

A magnetic force microscope (MFM) is a scanning probe microscope that can 

map the spatial distribution of magnetism by measuring the magnetic interaction 

between a sample and a tip. The principle of MFM measurement is based on non-contact 

atomic force microscopy (NC-AFM). Unlike NC-AFM, magnetic materials are used for 

the sample and tip, so that not only the atomic force but also the magnetic interactions 

are detected, such as magnetic dipolar interaction. Because the magnetic stray field from 

the sample will affect the magnetized state and vice versa, in most cases it is difficult to 

obtain quantitative information from the MFM measurement. To interpret the 

information quantitatively, the configuration of the tip must be known.  

In the dynamic mode, the cantilever is externally oscillated at or close to its 

resonance frequency. The oscillation amplitude, phase and resonance frequency are 

modified by tip-sample interaction forces; these changes in oscillation with respect to the 

external reference oscillation provide information about the sample's characteristics. 

Figure 19(a) and (c) show the height image for two different individual MWNT 

with ferromagnetic clusters inside, respectively. Figure 19(b) and (d) represent the 

magnetic phase image corresponding to samples in (a) and (c). Bright (height images) 

and darker (phase images) spots represent the place in which ferromagnetic clusters are 

located, corresponding to volume in which a magnetic response has been detected 

through the tip.  
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Figure 2.19: (a), (c) Height and (b), (d) magnetic phase profiles for two MWNT samples containing 

nickel clusters. In the magnetic phase image, darker regions indicate the location at which a 

magnetic response is detected. 
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Chapter 3 

 

 

Experimental set-up and measurement techniques 

 

 

The preliminary phase of this thesis project has involved the complete setting-up, 

calibration and general testing of the entire experimental facility before proceeding with 

the planned experimental work. The facility includes a closed-cycle cryostat system and 

a 5 Tesla superconducting magnet as major piece of equipments; both those system were 

custom-build to allow the cryostat to be lowered inside a cylindrical aperture in the 

magnet. This in order to have the sample located in the volume in which the maximum 

magnetic field is applied. Furthermore, a collection of additional instrumentations, such 

as source-meters, lock-in amplifier, temperature controllers, and multiple in-house made 

circuitry, etc. represents an essential part of the whole experimental set-up. 

 

3.1 Experimental set-up 

Figure 1 shows an overall view of the experimental facility, where the location of 

major instrumentations is labeled. The cryostat reaches temperature ranging from room 

temperature (~300K) down to 4.2 K (liquid helium temperature). Such low temperature 

has been reached only during the first stage of the calibration process; once all the 

electrical wiring, connectors and sample holder are placed onto or in the proximity of the 
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cold stage, it is not possible to reach 4.2K, since this additional load adds thermal mass 

to the entire system. 

 

Figure 3.1: Experimental facility mainly consisting of a close-cycle cryostat (Tmin~5K), a 

superconducting magnet (|Bmax|=5T). Additional instrumentation is also available. 

 

An in-house-built pulley system is used to lift (lower) the cryostat from (into) the 

magnet opening, customized to accept the cryostat. When mounted on the cold stage and 

inserted in the magnet, the sample is subjected to the maximum applied field.    

A turbo pump is used to independently evacuate the magnet chamber and the 

cryostat; two different compressor units are used to cool the cryostat and the magnet. 
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3.1.1 Close-cycle cryostat system 

The cryostat (Janis Research SHI-4-1) is a closed cycle refrigerator able to cool 

the sample to temperature below 5K, and it can be used to perform a wide variety of 

optical and electrical experiments between the base temperature and 300K. Closed-cycle 

refrigerator systems require no helium or liquid nitrogen as source of cooling. Instead, a 

close-loop of helium gas is compressed and expanded, based on the Gifford-McMahon 

thermodynamics cycle. A compressor is used to provide the high pressure helium gas 

needed for the cycle. Flexible metal gas lines deliver the compressed helium gas to the 

refrigerator, and return the low pressure gas to the compressor for recirculation. The 

refrigerator includes two cold stages, one for cooling the sample and one for cooling a 

radiation shield that surrounds the sample. During the expansion phase of each cycle, 

heat is removed from the cold finger, on which the sample is mounted. A heater and a 

thermometer are installed on the cold finger to control the sample temperature.  

A copper based sample holder has been customized in shape and geometry to fit the 

cold stage and at the same time to ensure that the maximum field is applied at the sample 

location as shown in the Figure 2(a) and (b). The chip holder is mounted on one side of 

the sample holder (right side in Figure 2(a)), while on the other side (left) a temperature 

sensor is mounted (Lakeshore Cernox 1070-SD); this allows for the most accurate 

measurement of the sample temperature. Thermal grease is used to provide a good 

overall thermal linking. In-line connectors are customized in order to fit the leg of both 

the chip and the sensor holders; then, those are connected to a wiring system based on 

paired twisted copper wires that runs throughout the cryostat body. Each pair is 

connected through a 32-pin connector to a series of BNC on a circuitry metal box; each 
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lead on the pattern can be independently floated or grounded, as required from the 

specific measurement configuration. Figure 2(c) shows one side of such box and related 

connections. BNC cables can be used to connect any lead to the external 

instrumentation. 

 

Figure 3.2: Optical images of various components of the experimental apparatus. (a) Copper sample 

holder with chip and temperature sensor holder and (b) cold stage with sample holder 

mounted. (c) Circuitry box connecting leads from the sample to external instrumentation. 

 

3.1.2 Superconducting magnet 

The superconducting magnet (Cryomagnetics C-1127-M) was customized and 

purchased from Cryogenics, Inc.. The superconducting coil consists of twisted multi-

filamentary NbTi wire in a copper matrix; the coil is completely epoxy impregnated to 
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prevent training. The copper matrix in the wire acts as a form of quench protection along 

with diodes. 

The magnet control system is equipped with two temperature controllers with which 

it is possible to monitor four temperatures on four different locations of the system: first 

and second stage, the magnet and the shield. Operating conditions requires shield 

temperature to be below 77K and magnet temperature below 4.5K to ensure that the 

magnet will not quench. 

The current in the superconducting coil (and consequently the magnetic field) can 

be swept at various rates depending on the range. A typical sweep rate of 30mA/sec 

(equivalent to 3mT/sec) is chosen in the entire range ±50A, if not otherwise specified.  

 

3.1.3 Additional instrumentations 

Additional instrumentation includes: 

 Lock-in Amplifier, (Stanford Research SR 830) to apply and/or measure 

AC voltage/current; 

 Source meters, (Keithley 2400) to apply and/or measure DC 

current/voltage; 

 Transformer preamplifier, (Stanford Research 554) to reduce any AC 

excitation by a factor of 100 or 500; 

 Temperature controller, (Lakeshore 332) to monitor the temperature of the 

sample; 

  Various in-house-built circuitry boxes. 
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Each instrument is separately connected to a common ground to avoid any stray 

voltage in the system. LabView codes have been developed in order to control the 

instrumentations, allow communication among them and acquire data during the 

measurement. A GPIB-card equipped personal computer is used to run these codes.  

 

Figure 3.3: Additional instrumentation includes lock-in amplifier, temperature controller, magnet 

supply, turbo pump, variable resistor and others. See list on the right for more details. 

 

3.2 Measurement techniques 

In this project a variety of different measurement techniques are used depending on 

which transport properties one is interested in. A list of various measurement techniques 

is reported below: 
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 Temperature dependence of the resistance (DC measurement), 

 Magnetoresistance, MR (AC measurement), 

 Differential conductance, (dI/dV vs. V) as function of magnetic field (AC + DC 

measurement), 

 Gate voltage modulated transport. 

LabView codes involving any magnetic field measurement, both in the case of 

continuous and discrete sweeping, include a control loop ensuring that both the shield 

temperature and, most of all, the magnet temperature are below quenching conditions at 

each measurement cycle. 

  

3.2.1 Temperature dependence of the resistance  

A DC voltage, V is applied to the two ends of the sample; the same two leads are 

used to measure the current, I passing through it. This current is then measured as a 

function of the temperature, T and ⎟
⎠
⎞

⎜
⎝
⎛≈

I
VR is calculated and displayed on the screen as 

function of T. Figure 4(a) shows a schematic representing the measurement 

configuration. This is valid both in the case of a two- and a four-probe measurement. 

Although four-leads measurements based characterizations are not presented in this 

thesis work, few of such type of measurement have been performed for example when 

investigating the effect of the high-bias treatment on the contact resistance (see chapter 

2). It is worth mentioning at this point the difference between two- and four-probe 

measurements. In a four-probe configuration (as shown in Figure 4(b)), a current I is 

applied between the two outer leads and the potential drop is measured between the 
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inner two leads across the central segment of the sample. Compared to the two-probe 

technique, application of the current and voltage detection are performed through 

different pair of leads.  

 

Figure 3.4: Schematics representing the (a) two- and (b) four-probe configuration for the 

measurement of the sample resistance.  

 

It is well known that in macroscopic system, a four-probe measurement allows to 

cancel any contributions to the overall resistance due to the contact resistance. In this 

case the sample resistance is given by 
leadsouter

leadsinner

I
V

R = . When size shrinks such as in 

system like nanotubes, quantum effect at the sample-lead interface cannot be ignored 

anymore. In this circumstance, whether a four-probe measurement gives an accurate 

estimate of the sample resistance or not is still object of debate; it is possible only to 

convey that the contribution of the contact resistance is much less in this case compared 

to the two-probe counterpart, but it cannot a priori be discarded. 
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Figure 5 shows the typical front panel of the LabView code used to measure the 

resistance as function of the temperature. On the upper left corner, input values are 

collected such as applied voltage, maximum current allowed through the sample, time 

interval between data point acquisition and GPIB address of the instrument that applies 

the voltage. The middle panel selects the directory of the two temporary files in which 

both values of the resistance and the temperature will be separately stored. At the end of 

the run a single file including both those values will be additionally saved. During the 

measurement, the bottom panel shows the real time reading of the temperature, the 

current passing through the sample and relative estimated resistance. A real time 

acquisition curve (R vs. T) is displayed on the right part of the screen.  

 

Figure 3.5: LabView front panel for the measurement of the sample resistance as function of the 

temperature. 
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3.2.2 Magnetoresistance  

The variation of the resistance as function of the applied magnetic field represents 

an important measurement for this thesis project. It is usually performed at the lowest 

stable temperature (~6-7K); when performed as function of the temperature, this one is 

changed manually through the temperature controller. 

Figure 6 represents the schematic of the measurement technique for MR. An AC 

voltage input from a lock-in amplifier (A) is applied to the sample. A resistance Ri is 

connected in series with the sample; Ri is chosen such that Ri << Rsample in order for the 

voltage drop across the series resistance to be much smaller than the one across the 

sample (Vi << Vsample). Assuming a linear relationship between voltage and current, the 

resistance of the sample is approximately given by: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≈=

i

i

sample

sample

sample
sample

R
V

V
I
V

R . 

The resistance is measured while the magnet current (magnetic field) is swept and 

recorded. A typical current (magnet) sweep rate of 30mA/sec (3mT/sec) is used in the 

majority of the experiments in this thesis. This sweep rate represents a good compromise 

between noise level (equivalent noise current is of the order of 1-2nA) and measurement 

time (~3hrs). A slower sweep (5mA/sec) has resulted in a higher noise level (equivalent 

noise current of approximately 4-5nA) and much longer acquisition time. The 

measurement of the MR is typically performed in a cyclic fashion, where the field is 

initially swept form B=0T to +Bmax, then from +Bmax to –Bmax, then –Bmax to +Bmax and 

finally +Bmax to zero. Such sequence allows capturing and recording the sample 

magnetic history, if any. 
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Figure 3.6: Schematics representing the MR measurement technique. An AC voltage is applied to 

the sample; the current passing through it is then measured through the voltage drop, Vi 

across a resistance Ri connected in series with the sample. The sample resistance is given by 

Vi/Ri. 

 

Figure 7 shows the front panel of the LabView code written to perform MR 

measurement. The upper corner left panel represents the input values panel, where 

magnet current maximum limit and value of the AC excitation voltage are inserted. File 

saving path directories are included in this panel. The middle panel shows the 

initialization parameter for both the magnet supply and magnet temperature controller.  

At this point, a control loop has been implemented to monitor those values and 

ensure that in case the magnet quenching threshold is reached, the program will pause 

and it will be in standby mode until those parameters return within the safe range.  

The bottom panel displays the real time values for the magnet temperature, field 

magnitude and the sample resistance as the measurement is taking place. On the right 
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side of the screen, four distinct panels display the sample resistance as function of the 

applied magnetic field in each segment of the sweep. 

 

Figure 3.7: LabView front panel for magnetoresistance (MR) measurement. Each segment of the 

MR measurement is displayed separately on the right side. Arrows indicate the direction of 

each sweep. 

 

3.2.3 Differential conductance, (dI/dV vs. V) vs. B  

This measurement technique is used to directly measure the differential 

conductance as a function of bias for discrete value of the applied magnetic field. Figure 

8 shows a schematic of this technique, where only the acquisition of the dI/dV is shown. 

The field is swept independently once each conductance curve is acquired. 
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An AC voltage input is provided from a lock-in amplifier; the signal then passes 

through a transformer preamplifier where it is reduced by a factor of 100 or 500. This 

signal is then mixed with a DC signal from an external sourcemeter (Keithley 2400). The 

resulting signal (AC+DC) is then applied to the sample (Rsample). A resistance Ri is 

connected in series with the sample, where Ri is chosen such that Ri << Rsample; then the 

lock-in amplifier measures the voltage drop Vi across this series resistance. 

 

 

Figure 3.8: Direct measurement of the differential conductance, dI/dV as function of the applied 

bias for discrete applied magnetic fields.  

 

Assuming a linear relationship between voltage and current, the differential 

conductance dI/dV of the sample is approximately given by: 
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A LabView code is written to perform such measurement and control each 

instrument involved. Furthermore, a module has been implemented in order to sweep the 

magnetic field once each conductance curve is acquired (not shown). Also in this 

program, safety loop to avoid magnet quenching are included.  

Two different programs have been written depending on the magnetic field sweep 

direction (forward and reverse direction). Lock-in time constant (TC) is chosen 

accordingly to the data acquisition rate. If Δt is the interval between successive data 

acquisition, Δt is chosen to be of the order of at least ~3TC.  

Figure 9 shows the front panel of the LabView used. The upper left corner panel 

collects the input for the voltage sweep, the excitation voltage on the sample and the 

series resistance value.  

The middle panel displays the real time value of the AC voltage Vi, from which the 

conductance is calculated. The bottom panel collects the inputs relative to the magnetic 

field sweep, including the starting value of the field and the increment in which the 

sweep is carried on. This part also includes the file directory where data will be saved. 

On the right side, the dI/dV curve is displayed in real time while in the lower left corner 

such curve is displayed once the data acquisition is over. 
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Figure 3.9: LabView front panel for direct measurement of the differential conductance as function 

of the applied bias, while the magnetic field is swept in discrete intervals. 

 

3.2.4 Gate voltage modulated transport 

During the fabrication process, each device has been intentionally fabricated on 

Si/SiO2 substrate in order to be able to use the silicon side as back gate, as shown in the 

inset of Figure 10. 

Gated transport has been investigated in two possible ways; the measurement is 

performed while the gate bias is held at a constant value or alternatively, while the gate 

voltage is continuously swept. In the first, the gate bias is applied manually through an 

external source meter, and no specific LabView has been written for it. For the second 

one, the resistance is measured while the gate voltage is swept continuously.  
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Figure 10 shows the front panel of the LabView code written for this measurement. 

The resistance is measured in the same fashion as in the MR technique. The top panel 

collects the input needed for the estimate of the resistance together with the direction and 

feature of the gate voltage sweep. The middle panel shows the real time reading while 

the measurement is in progress. The conductance curve is then displayed in real time on 

the right, and subsequently in the bottom left corner, once the run is over. 

 

 

Figure 3.10: LabView front panel for measurement of resistance as function of the gate voltage. 

(Inset) schematics of a three-terminal NT-based device. The nanotube is connected between 

drain and source and a gate voltage is applied from the back of the device. 
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Chapter 4 
 

 
Electronic transport in individual bare multi wall carbon nanotube 

 

 

Discerning the effect of ferromagnetic impurities inside MWNT on the electron 

transport requires in first place the fundamental understanding of the charge transport in 

individual multi wall carbon nanotube when there are no ferromagnetic impurities. Such 

system will be referred as “bare system” or “bare MWNT”.  

Anodized alumina template grown tubes belong to a completely different class of 

carbon nanotubes; they are fundamentally different for example from arc-discharge 

grown tubes, mainly due to the differences in the growth process. In term of their 

electronic properties, arc-discharge tubes have received a great attention since their 

discovery in the early 90’s [5]. Those tubes are known to be really “clean” system, 

defect free and highly graphitized as a consequence of the elevated temperature during 

the growth process [30]. Chemical vapor deposition (CVD) produced tubes are generally 

less graphitized since they are grown at lower temperatures (usually less than 900°C) 

[96]. 

AAO template grown nanotubes have not been so far extensively studied; the low-

dimensionality together with the presence of large amount of disorders and defects 

renders them quite complex systems. Carbon nanotubes investigated in the present 

chapter are CVD grown at a temperature of around 650°C, temperature just above the 

graphitization temperature for carbon [99]. Due to the absence of any external catalyst 

(since the alumina wall itself act as a catalyst), the nanotube results from a random 
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connected network of short range graphitic flakes [96], a process that overall introduces 

in the system a large amount of disorder. 

It is well known that in mesoscopic or low-dimensional systems, the presence of 

even a single impurity can dramatically affect the electronic properties of a system, for 

example changing it from a metal to a semiconductor type of behavior [43]. 

As described in chapter 2, a novel method to decorate individual template-grown 

MWNT with platinum nanoclusters and enhance its conductance, via a controlled high-

bias treatment (HBT) procedure is developed. The associated induced surface decoration 

modifies the system under investigation; however, such system will be considered as the 

reference system. In general, such changes in the system are not highly desirable but the 

application of the HBT reveals to be an essential step in the investigation of such highly 

resistive samples, since it is possible to sensibly lower their resistance.  

This chapter presents a complete description of the low-temperature electronic and 

magnetotransport properties in individual platinum-decorated multi wall nanotube-based 

two-probe devices. In particular, temperature dependence of conductance of these 

devices confirms the recently predicted crossover between a Lüttinger liquid (LL) type 

of behavior in the higher temperatures regime and the Al’tshuler-Aronov (AA) regime in 

the lower temperature regime, where disorders and e-e interactions play a dramatic role 

[100]. Detailed analysis according to this model reveals that the HBT-modified devices 

reflect an enhanced number of conductance channels and decreased disorder density 

compared to pristine devices. Ab-initio density functional theory (DFT) calculations 

performed on a simplified version of the experimental system confirms that charge 

transfer from platinum nanocluster decorations on carbon nanotubes wall can provide the 
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observed additional channels close to the Fermi level (see Appendix A). Further, 

magnetoconductance measurements of these devices is performed in order to quantify 

the energy-dependence of interaction-driven decoherence phenomena at a temperature of 

~7K. In addition, a small but distinct Spin-Orbit (SO) scattering effect in the 

magnetoconductance in the low magnetic field region (|B| < 0.5T) is recovered and 

attributed to the surface decoration of the tube by heavy atom nanoclusters [101]. 

 

4.1 Temperature dependence of the conductance  

Past experiments on “clean” (arc-discharge) carbon nanotubes have shown that the 

conductance G has a power law dependence from the temperature in the high-energy 

limit as follow: 

( ) 1
Tk

eVforT0V,T
dV
dIG

B

<<∝⎟
⎠
⎞

⎜
⎝
⎛ == α    (1) 

and from the applied voltage, in the low-energy limit: 

( ) 1
Tk

eVforVV,constT
dV
dIG

B

>>∝⎟
⎠
⎞

⎜
⎝
⎛ == α    (2). 

The exponent α depends not only on the material but also on the tunneling geometry 

(i.e., whether the electrons are injected into the end or into the bulk). Various values 

have been reported for the exponent α, all agreeing that α <1; it is important to notice 

that the exponent α is the same for both temperature and bias dependence. A system, in 

which the conductance has such power law dependence from the temperature and the 

bias, is known to behave like a Lüttinger liquid. Such type conductance dependence has 

been shown to be applicable in specific instances in system based on individual or small 
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bundle of single wall tubes. A universal scaling of ( )
⎥
⎦

⎤
⎢
⎣

⎡
=α Tk

eVf
T

T,VG

B
LL  has been also 

demonstrated where ( )V,Tff LLLL =  is a function of the applied voltage and temperature 

[49]. 

In the past, the investigation of the electronic transport in disordered nanotubes 

remained from capturing the interplay of disorder and interactions in multi-channel 

quantum wires. Most results have been interpreted in terms of weak-localization [30,53], 

variable-range hopping [50], two-wall conductance [36], or environment-quantum-

fluctuations [102].  

 

4.1.1 Experimental findings in template grown multi wall nanotubes 

Two-terminal devices were fabricated from individual multi-wall carbon 

nanotubes with a diameter d~250-300 nm (grown inside nanoporous alumina templates) 

with an approximate length of few μm (L ≈ 4-5 µm). Platinum electrical leads were 

fabricated using Focus Ion Beam assisted deposition. Devices were placed in a vacuum 

(p<10-5 Torr) and current-voltage measurements were performed with increasingly large 

biases (see HBT process description in chapter 2), causing orders-of-magnitude 

permanent decrease in the device resistance. Studies in this chapter were performed on 

devices which they have undergone one or two cycle of HBT, which will be referred as 

HBT-modified devices, HBT-1 or HBT-2 respectively.  

As fabricated devices, referred as pristine devices, have a room-temperature 

resistance (R296K) of the order of tens of MΩ. It is believed that such high resistance 

results from the combination of highly disordered MWNTs and the methods with which 
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the metal leads are fabricated. When the temperature is lowered, as expected an increase 

of at least two orders of magnitude in the resistance is found; such high value of the 

resistance makes any low temperature measurements of transport properties quite 

challenging. HBT-modified devices have a typical resistance of at least two or three 

orders of magnitude smaller than the pristine one, with R296K in the order of tens of kΩ.  

Figure 1 shows the temperature dependence (5K < T < 300K) of low-bias (Vb ~ 

1mV) G in two typical pristine devices and after each step of two HBT-modification 

cycles (in the specific case the device has been cycled twice). In all devices, the overall 

behavior is a slow, power-law dependence of conductance G(T) ∝ Tα at high 

temperatures, with a suppression of G at lower-temperatures. A different degree of 

conductance suppression can be observed in these two devices in the lower-temperature 

region, especially in the HBT-modified devices. Inherent differences between these 

devices (as it will be shown later on) will become more evident once a detailed analysis 

of the transport mechanism and properties will be performed. 

Attempts to analyze present data in the framework of previously mentioned 

mechanisms such as weak localization or variable range hopping reveal to be 

unsuccessful. In particular, the VRH is the only transport mechanism reported for 

alumina template grown nanotubes, however it does not account for the amount of 

suppression at low temperature. 
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Figure 4.1: Conductance as function of temperature for two different samples, both pristine and 

HBT-modified device. A slow power-law dependence of G(T)~Tα at high-temperatures, with 

a suppression of G at lower-temperatures is present in all devices. Dot lines represent fit to 

the conductance according to Gyorni et al. [103]. 

 

Various theoretical studies have been carried out on the interplay between the e-e 

interaction and the presence of disorders in low-dimensional systems.  

A recent interesting development in the purview of the present work has been 

provided by Gyorni et al. [103].  In a single-channel 1D system (i.e., quantum wire), the 

ballistic motion on short scales crosses over in the absence of interaction directly to the 

localization regime, with no diffusive dynamics on intermediate scales. The effect of the 

e-e interactions is to drive a clean system into Lüttinger liquid state [103]. The main 

question addressed is how in a LL system the conductivity σ(T) behaves in the presence 
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of a static disorder by studying the finite-temperature effect of interaction-driven 

dephasing in single-channel disordered LLs.  

( ) ( )⎟
⎠
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where σD is the Drude conductivity, ( ) 1WL −

φτ  is the dephasing rate due to e-e interactions 

inelastic scattering and α is the exponent in the power law temperature dependence of 

the conductance.  

 Dotted curves in Figure 1 represent conductance fits to the experimental data 

according to this model; equation (3) fits quite well the experimental data within the 

experimental range of temperature. However, when various transport parameters are 

calculated from values obtained from the fits for each device, in each single step of 

HBT, inconsistencies arise such as fractional number of channel (N~1/20). It is believed 

that the assumption of a single channel wire might not be appropriate for the sample 

under investigation, suggesting that the dynamics of the transport between adjacent 

graphene flakes constituting the wall might be more complicated. 

 

4.1.2 Al’tshuler-Aronov – Lüttinger Liquid (AA-LL) crossover model 

In the absence of disorder, interacting 1D conductors are often described as 

Lüttinger liquids (LL) [100]. In significantly disordered 1D systems, two distinct 

scenarios may be realized. First, for a very small number N of conducting channels, the 

interplay between interactions and impurity scattering leads to instant localization on 

microscopic length scales ~ le, where le = vFτ0 is the renormalized elastic mean free path 
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[102]. On the other hand, experiments indicate that many quasi-1D systems can be in a 

different regime. In the case of doped multi wall nanotubes, where typically N>>1 

channels are open, such that low-energy excitations may diffuse over distances Nle >>le 

much larger than the mean free path before Anderson localization develops at scales 

~Nle. The low-temperature transport coefficients or tunneling rates in this regime are 

governed by strong anomalies, differing from both the characteristic power laws of the 

clean LL state and the strongly localized disordered few-channel state. For thick 

diffusive wires, both the Al’tshuler–Aronov interaction corrections to the conductivity 

and the zero-bias anomaly in the tunneling density of states (TDoS) are well understood 

[51]. 

It is of extreme importance to mention that experimental confirmation of the 

lower-temperature Al’tshuler-Aronov behavior has been only recently reported by Tsai 

and co-workers [104] in individual highly disordered CVD grown multi wall nanotube. 

In this work the Coulomb strong electron-electron interaction leads to a Coulomb gap in 

the density of states at the Fermi energy level. 

Mora [101,105] and co-workers have recently reported charge transport studies 

in disordered multi-channel quantum wire, where the crossover between the LL and the 

diffusion-dominated regime, in the conductivity, is shown. In the text this will be 

referred as the AA-LL model.  

At high temperatures, T>>T’ where T’ will be defined later on, e-e interactions 

renormalize the Drude conductivity to give a temperature dependence, 

αα
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where vF is the Fermi velocity, ωc is the ultraviolet cut-off frequency, τ0 is the scattering 

mean free time, C = 0.577 the Euler constant, kB the Boltzmann constant and N 

represents the number of conducting channels. A value for the Fermi velocity of around 

≈ 8×10-5 m/s is assumed [106]. This power-law temperature dependence of the 

conductance is reflected in all devices at high temperatures.  

At lower-temperatures (T<<T’), Al’tshuler-Aronov (AA) corrections suppress 

the 1D conductivity even further, with a predicted T-dependence given by: 
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where τ0’ is the renormalized elastic scattering time, g is the Lüttinger parameter given 

by 
1

Fv
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π
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h
, ζ is the Riemann zeta function (ζ(-1/2) ~ 0.20788) and U is 

the Fourier amplitude of the interaction potential. U>0 indicates increasing repulsive e-e 

interactions, which tends to reduce the value of g and ultimately drives it towards zero 

(g→0).  

Using this crossover model, the experimental data can be fitted independently in 

the higher- and lower-temperature regimes, as shown in Figure 2(a) and (b). Any value 

of the conductance larger than approximately ~1nS cannot be considered trustworthy 

since any measured resistance becomes comparable to the equivalent resistance of the 

entire experimental set-up. Solid lines represent fits in the higher temperature region 

according to equation (4) in both pristine and HBT-modified devices for two different 
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samples. The exponent of the power law dependence of the conductance from the 

temperature is reported next to each fit.  

At higher-temperatures, the pristine devices have large values for α (2 < α < 4 for 

most devices), unexpected for single LL channels. Unlike traditional catalyst-site 

initiated CVD grown nanotubes, template-grown nanotubes can have multiple growth 

initiation sites anywhere on the template since the entire alumina template walls act itself 

as a catalyst. Since no preferred site is available, the growth process will start and take 

place randomly at any location and at any time; so it is reasonable to assume that there 

might be multiple contemporary initiation growth sites giving rise to short graphene 

flakes, most likely with different chiralities and orientations. The final nanotube wall(s) 

can be then considered as a papier-mâché like arrangement of such individual flakes; it 

is plausible to foresee the possibility that during this assembly process each wall might 

or not represent a single continuous conducting channel. This idea is supported by TEM 

studies in carbon nanotubes grown in AAO template for various growth temperatures 

[96] according to which a higher degree of graphitic order is reached with increasing 

growth temperatures with a corresponding decreasing of inter-wall spacing.  

The charge transport between any two such flakes would constitute a tunneling 

between two LLs, the temperature dependence of which can still follow a power law, 

with much higher exponents as reported in the case of two adjacent SWNT forming a 

kink. In this case electrons will travel by sequential end-end tunneling across multiple 

adjacent Lüttinger Liquids [107]. 
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Figure 4.2: (a-b) Conductance as a function of the temperature for pristine and HBT-modified 

device in two different samples. Solid and dashed lines represent the Lüttinger liquid (LL) 

fits in the higher-T region and the Al’tshuler-Aronov (AA) fits in the lower-T region, 

respectively. 

 

According to the AA-LL model, pristine devices were found to have mean-free 

paths le < 5 nm, and scattering time τ0∼10-15s, in agreement with  results reported by Tsai 

et al. [104]. Such values for le and τ0 confirm the highly disordered nature of the pristine 

devices. However, no self-consistent solution could be obtained for value of the 

conducting channel N ≥ 1. This is a really interesting but not extremely surprising result 

if one considers the growth mechanism in the alumina template and how the graphene 

flakes are assembled. Furthermore, at the lowest measured T (~50K), G showed no 

power-law dependence on the bias, V but a quite erratic (uncorrelated) dependence, 
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suggesting again that pristine tubes cannot be considered as a single channel Lüttinger 

liquid system. In conclusion, due to the poor long-range graphitic order [96], and the 

nature of the charge transport being via end-end tunneling between shorter graphene 

flakes [107], it is possible to conclude that pristine devices are a tunneling network of 

short length-scale LLs, with high disorder density (L/le∼103, see Table 1) rather than a 

continuous single channel. 

HBT-modified devices on the other hand reflect a power law dependence in the 

higher-temperature limit with value of the exponent α<0.5 for all devices. The majority 

of these devices also show at the lowest temperature of ~7K a low-temperature/high-bias 

differential conductance dI/dV vs. V that follows a power-law behavior with the same 

exponents as seen in the corresponding high-T/low-bias G vs. T for the same device (as 

shown in Figure 3(a)). Where differences between the power law exponents are found, it 

is also noted that such exponents, although different are not too far from the expected 

ones for the LL type of behavior (as seen in Figure 3(b)). 

Separate type of measurements performed on such devices has required 

increasing by an order of magnitude the applied voltage. Inset in Figurer 3(b) suggests 

an interesting result, for which the power law exponent become close to the one 

evaluated in the temperature dependence when the applied is increased by at least an 

order of magnitude.  
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Figure 4.3: (a-b) Differential conductance as a function of the applied voltage in HBT-modified 

devices in Figure 2(a) and (b). Inset shows that LL behavior with matching exponents is 

slowly recovered with increasing applied voltage. 

 

It is possible and reasonable to believe that the range of voltage (+100mV) might 

not fully entered the high energy regime (eV/kBT >> 1) for which a LL type behavior is 

predicted; it is suggested that in this case the range of applied bias belongs to the region 

where scaling law behavior between two regime is expected. It is believed that different 

onset for the LL regime in the conductance dependence from the voltage might change 

as a function of disorder density.  
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Those findings suggest that HBT-modified devices behave like LL in the higher-

temperature region, confirming the validity of the LL-AA model for the samples under 

investigation. 

In the Lüttinger liquid picture, the presence of Zero-Bias Anomaly (ZBA) is 

typically observed, resulting from the suppression of the tunneling DOS in a strongly 

correlated electron system [108]. ZBA has been previously observed both in single wall 

[49] and multi wall nanotubes [30].  

Figure 4 shows the conductance as function of the voltage for few representative 

low temperatures (those are HBT-2 from previous devices). It is clear that with a 

decrease in the temperatures, a conductance gap starts to develop around the zero-bias 

region. At the lowest temperature, the gap is completely opened. Both devices show this 

phenomenon, although ZBA is less pronounced for the device in Figure 4(b).  

Dotted lines correspond to LL type of fit according to G vs. Vα, where the values 

of α used are the one corresponding to the HBT-modified devices estimated from 

previous measurements. 

Using U/πħυF = 6 [100], an increase in the number of channels (N= 5–21) and le 

(≈ 35–120 nm) in HBT-modified devices is found, and it is believed to collectively cause 

the orders of magnitude enhanced conductance at room temperature. The large increase 

of le (or equivalently decrease of disorder density, L/le < 102) confirms that the high-bias 

treatment has contributed to healing of defect in the tube. Furthermore, the increasing 

number of LL channels is expected to drive the Lüttinger parameter to zero, being g 

inversely proportional to N and U. Values of g ranging from 0.08 and 0.18 have been 
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estimated for the collection of devices, establishing that the HBT-modified devices are 

strongly correlated, disordered (L/le >> 1), multi-channel quantum wires.  
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Figure 4.4: (a-b) Zero-bias anomaly (ZBA) effect in two HBT-2 modified devices as function of the 

temperature. Decreasing the temperature induces the opening of a conductance gap around 

the zero-bias region. Dotted lines represent LL fits. 

 

Table 1 summarizes various transport properties of pristine and HBT-modified 

devices estimated based on the AA-LL crossover model obtained from the independent 

fits in the lower- and higher-temperature regions. 
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Table 4.1: Transport properties obtained from the LL-AA fits for two devices in Figure 2. Each 

device has undergone two HBT cycles. Here, σD is the Drude conductivity, ωc  the ultraviolet 

cut-off frequency, N the number of channels, le the elastic mean free path, τ0 the elastic 

mean free time, τ0’ the renormalized elastic mean free time, g the Lüttinger parameter and 

T’ = [2πkBτ0’/h]-1 the AA-LL transition temperature.   

 

Device 1   (L=4.5μm) Device 2    (L=4.1μm) 
 

pristine HBT-1 HBT-2 pristine HBT-1 HBT-2 

αT 2.785 0.46 0.24 2.2 0.16 0.15 

αV - 0.46 0.24 - .215 0.91 

σD (S·m)  2.1×10-13 2.1×10-11 5.8×10-11 3.6×10-13 4.1×10-11 4.7×10-11 
N - 7 21 - 11 5 

le (10-9m) <2.7 39 36 <4.7 48 121 

Nle(10-9m) - 273 756 - 528 605 

L/le >1642 114 126 >872 85 34 

ωc (1013 s-1) 4.0 3.6 2.9 2.9 1.2 0.7 

τ0 (10-15 s) <3.4 49 45 <5.9 60 152 

τ’0 (10-15 s) <15 41 43 <20 63 152 

g - 0.152 0.08 - 0.122 0.179 

T’(K) - 187 179 - 122 50 
 

DFT calculations (performed in collaboration with Professor S. Nayak and Mrs. Li 

Chen) indicate that channel enhancement can happen due to platinum decoration and 

access to more walls during the HBT could be another reason for enhanced channels. It 

was not possible to independently estimate the individual contributions. For a more 

detailed description, see Appendix A. 

The renormalized Drude scattering timescale τ0’ defines the energy scale, 

kBT’=(2πτ0'/h)-1, which separates the high-temperatures power-law LL region from the 

low-temperatures AA domain. Values of T’ for various sample and various HBT-

modification steps are reported in Table 1.  
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Figure 5 shows the scaling behavior of the renormalized conductivity 

(σ(T)/σD)⋅(τ0/τ0’) as a function of the scaled temperature T/T’ (where σD=2Ne2vFτ0/h is 

the Drude conductivity) for different G-T curves measured on two distinct devices. For 

comparison, the predicted curve from figure 1 of reference [100] has been digitized and 

included into Figure 5. It is important to underline that such scaling behavior is different 

from the LL scaling as reported in [30], according to which ( )
⎥
⎦

⎤
⎢
⎣

⎡
=α Tk

eVf
T

T,VG

B
LL .   

In these data, the overlap is overall quite encouraging, considering that these 

curves are from different samples and different stage of HBT; the relative combination 

of (g, N, le) for each G-T curve is shown in the legend. Such deviations are somehow 

expected, since an independent way to estimate the value of U is not available; in 

addition a better overlap is expected for increase in the number of conducting channels.  

Nevertheless, it is possible to conclude that transport in HBT-modified devices 

follows the AA-LL picture quite closely. The scaling behavior also clearly distinguishes 

the Lüttinger liquid region from the Al’tshuler-Aronov regimes as shown in Figure 5; the 

cross over takes place at T/T’=1 corresponding to the vertical dashed line. As far as the 

devices analyzed in this chapter, T’ has been found to be within experimental reach.  
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Figure 4.5: Renormalized conductivity (σ(T)/σD)·(τ0/τ’
0) as a function of the scaled temperature T/T’ 

for four different G-T curves measured on two different devices. The four curves represent 

different combination of N, le and g and the overlap is quite encouraging. The value T/T’=1 

(dashed vertical line) distinguishes the higher-temperature LL regime form the lower-

temperature AA regime. Curve in figure 1 from reference [100] is included for comparison. 

 

The AA-LL model provides a powerful tool to estimate various transport 

parameters, as reported in Table 1. For example the value of τ0 increases in both 

investigated devices by at least an order of magnitude between the pristine device and 

the first cycle of HBT; this result intuitively suggests that the overall disorder density 

(L/le) has decreased allowing the electron to travel further before the next encounter with 
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an impurity compared to the pristine case. This fact is also reflected in the change of the 

value of the mean free path as function of the various HBT steps. A consequence of such 

increase in τ0 reflects in the value of τ0
’, that also has increased doubling at least its 

value. In terms of the transition temperature that distinguishes the high-T LL regime 

from the low-T there is a lot of variation in the value. 

A really interesting outcome of these data and the calculated transport properties is 

the following one: the value of Nle ranges between 0.5-1μm for some of our most 

conducting devices, which implies that short devices with length L of the order of 

hundreds of nm will remain quantum mechanically diffusive even at zero temperature. 

Hence, in essence, the HBT modification process induces an insulator-to-metal transition 

in the investigated devices.  

 

4.2 Gate modulated transport 

All devices were fabricated on SiO2/Si wafer where the Si can be used as a back 

gate to investigate if there was any voltage response in both pristine and HBT-modified 

devices. Transfer characteristics (I-Vg) were measured on a range of gate voltage 

between -20V and +20V and vice versa; no significant response to any applied gate 

voltage at the lowest temperature was found. This is somehow expected both in the case 

of the pristine sample and HBT-modified devices; wherever short-range graphitic flakes 

or continuous conducting channel, on average it is found that one out of three 

flakes/shell would exhibit a metallic type of behavior. This would consequently 

dominate and determine the overall properties of the tube as metallic. 
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4.3 Magnetotransport 

4.3.1 Spin-Orbit interaction 

The presence of a magnetic field affects the transport in nanotubes, or any other 

electrons system, since the electrons spin will now introduce an additional interaction 

mechanism. For a long time, Spin-Orbit (SO) coupling has been assumed to be 

negligible in carbon based materials [109]. 

However, it has been pointed out that SO coupling can be enhanced in low-

dimensional system and in the presence of e-e interactions [110]. Carbon nanotubes, in 

this perspective offer an interesting system to investigate such statement. 

For example, a small gap opens up near the Fermi level in a metallic nanotube 

because of SO coupling [111]. SO coupling originates from SU(2) symmetry breaking 

term of the Hamiltonian [101]. Unlike Dresselhaus SOC (bulk equivalent), the strength 

of the Rashba SOC (low-dimensional counterpart) can be partially controlled by 

application of an external electric field perpendicular to the two-dimensional electron 

gas plane [112]. In carbon nanotubes, Rashba SO term may also play an important role 

because of their tubular structure. However, it is found the effect is very weak in perfect 

carbon nanotubes, and very long nanotube or very high gate voltage is needed to bring 

observable effects [113]. 

It has been proposed that the presence of adatoms or adatom clusters at the 

surface of nanotube may also increase the structure inversion asymmetry, and then 

enhances the Rashba SO term for carbon nanotubes. Since the effect at other location is 

much smaller, the adatom site acts as a target site. Moving electrons feel spin orbit 

coupling when they pass the site, and hence a phase shift of π or spin-flip can be 
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incurred due to scattering at the site [101]. Moreover, the coupling strength can be 

controlled by changing the gate voltage. 

For multi wall carbon nanotubes, for which it is assumed that the transport takes 

place only through the outmost shell [22], the SO effect is more significant because the 

inner shells increase the asymmetry of wave functions perpendicular to the surface. 

 

The temperature dependence of the conductance shows that HBT-modified devices 

lie in the crossover region between the “clean” and “strongly disordered” LL limit. 

Coherent transport in this regime is expected to be strongly suppressed by e-e 

interactions, the dominance of which is itself strongly dependent on the energy with 

which each charge is injected.  

The dephasing mechanism and its energy dependence is studied by measuring the 

bias-dependence (4mV ≤ V ≤ 500mV) of the transverse magnetoconductance (MC) for -

5T ≤ B ≤ 5T at the temperature of T ≈ 7K. This type of measurement technique is 

previously described in chapter 3. Figure 6 shows the variation of the MC for various 

applied biases. At low energies (V < 20mV), the MC shows a number of aperiodic and 

asymmetric oscillations around B=0, as shown in Figure 6 (a-c). These oscillations were 

superposed on an overall gradual symmetric increase of the magnetoconductance with 

increase in B over the full range of the applied magnetic field. This might be considered 

an outcome of density of states singularities in our multi-channel quantum wires [114]. 

Around V = 20mV, those oscillations were significantly suppressed, and for V ≥ 

50mV any sign of the presence of such oscillations is lost or most likely covered from 

the large increase in the value of the MC. The substantially larger positive MC is 

attributed to the commonly observed weak localization in multi wall nanotubes due to 
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the constructive interference between the incoming and the scattered wave at a defect 

site  [115]. Application of a magnetic field introduces an additional phase factors into the 

electron wave, which destroys any coherence.  

At higher biases, the magnetoconductance follows very closely a one-dimensional 

weak localization (1D-WL) correction to conductance according to which:  

( ) 2
1

2

2

2

2

DWL 3
WeB

L
1

L
eGG

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+

π
−=

ϕ hh
    (6) 

where GD is the Drude conductance ⎟
⎠

⎞
⎜
⎝

⎛ σ
=

L
D , W is the effective width of each 

conducting channel, B is the magnetic field and Lφ is the phase-coherence length. 

Figure 6 shows some attempts in fitting the data according to a WL model (red 

curves). Besides the low-bias MC curve where the presence of the large oscillations 

prevent any accurate estimate of the sign of the MC at lower field, for each bias > 20mV 

a clear monotonic behavior of the MC is found. The fit at the highest bias (V=500mV), 

where weak localization dominates the overall behavior of the magnetoconductance the 

most, provides an estimate of the Drude conductance ≈1.11×10-5 S. This value is in 

excellent agreement with the one independently evaluated (≈1.14×10-5 S) from LL-AA 

analysis of the temperature dependence of the conductance. At this point it is interesting 

to notice how two such independent and intrinsically different types of measurements 

such as G vs. T and MC vs. V, give such consistent values for some of the system 

properties.  
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Figure 4.6: Effect of applied bias on the magnetoconductance in a HBT-modified device at T~7K. 

The top row shows the low bias (V<20mV) MC dominated by large oscillations which 

overall dominate the MC. Changing the applied bias decreases the observed oscillations; a 

negative MC is observed for small value of the field (|B|<0.5T) followed by a much larger 

positive MC, the former attributed to 1D weak localization phenomenon. Black lines 

represent experimental MC and red line the corresponding fits according to the 1D weak 

localization model. 

 

A very interesting and somehow unexpected result is seen in the low field region; 

a small but distinct negative MC (G(B) < G(0)) below |B| ≈ 0.5T, followed by a nearly 

symmetric and monotonically increasing positive MC all the way up to |B| = 5T is found.  
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The relative amplitude of negative MC decreases, and positive MC increases 

with increasing applied bias; also at the highest applied voltage of 500mV, sign of 

negative magneto-conductance are present. It is believed that such features might be 

present also for the low bias (< 20mV) MC curves, but the small negative MC 

contribution is completely hidden by the presence of the large and aperiodic oscillations.  

Figure 7 shows the low-magnetic field MC as function of the applied bias in 

greater details; red lines represent fits according to 1D weak localization model. 

The negative MC deviates from the WL by almost .2%, considering the 

difference of the zero-field experimental conductance and the WL fit conductance 

normalized to the latter. The WL correction to the conductance fits the experimental data 

to a better degree as the applied voltage increase.  

In condensed matter systems, negative magnetoconductance is usually attributed 

to strong spin-orbit coupling [54]. In particular, it has been shown [54] that a 

superposition of even 1/100 atomic layer of Au on a thin Mg-film will change the 

magnetoresistance drastically; in particular the gold introduces a rather pronounced spin-

orbit scattering which rotates the spins of the complementary scattered waves with the 

effect of changing the interference from constructive to destructive. Furthermore, strong 

e-e interactions in reduced dimensions and in the presence of disorder and/or heavy 

adatom clusters on the surface of MWNTs has been very recently predicted to give rise 

to significant Rashba SO coupling [101]. 
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Figure 4.7: Low-magnetic field MC shows the contribution of the Rashba SO coupling to the MC as 

function of the applied bias. Biases below 50mV are not shown since SO effect is believed to 

be covered by the large and aperiodic oscillations. 

 

The observed negative MC in the heavy adatom (ZPt=78) decorated MWNTs at 

low magnetic fields is believed to be a clear signature of Rashba SO coupling, where the 

relatively high value of the atomic number in the case of platinum provides a large spin 

orbit scattering cross-sectional rate (~1/137 Z4) allowing this effect to be visible at low 

magnetic field. 
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4.3.2 Phase-coherence length, Lφ 

Phase coherence length, Lφ is an important characteristic length-scale in 

mesoscopic systems; it provides an estimate of the distance over which electron can 

travel without losing its phase coherence. Phase randomization can be caused by all 

kinds of inelastic scattering. At low temperature, however, electron-phonon (e-ph) 

scattering can be neglected and e-e interaction is the only mechanism contributing to Lφ. 

The weak localization correction ΔGWL to the conductance provides information 

on the phase-coherence length of the electrons. In the quasi-one-dimensional case, ΔGWL 

is given by (6). A decrease of Lφ with increasing temperatures has been shown [30,115]; 

increase in the thermal energy associated to the electrons has the overall effect of 

enhancing scattering processes. 

Figure 8 shows the dependence of Lϕ from the applied bias at a temperature of 

around 7K for HBT-modified device, estimated using equation (6). Similarly to the case 

of Lφ as a function of the temperature, one would expect even in the bias dependence 

that the phase-coherence length will decrease with increasing applied voltage since the 

electrons are injected in the system with increasing energies.  

In contrast, the present measurements reveal that Lϕ increases with increasing bias 

in the investigated devices, suggesting a significant lowering of the e-e interactions at 

higher energies. At low energies, the dominance of e-e interactions and the destruction 

of coherent transport are suggested by the almost an order of magnitude suppression of 

Lϕ over the range of applied bias, ranging from 4mV to 500mV. Low-energy values of 

Lϕ (∼2-3 nm) are significantly smaller than the mean free path le (∼100 nm); this 
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indicates that the low-energy transport in these disordered multi-channel LLs can be 

considered diffusive at the measured temperatures. 

 

Figure 4.8: Phase-coherence length Lφ as function of the applied bias, calculated from equation (6). 

Almost an order of magnitude decrease of Lφ is seen at the lowest measured bias (V=4mV), 

suggesting a strong dephasing of charge transport due to e-e interaction at low energies. 
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Conclusions 

As-fabricated devices are highly resistive; an in-situ controlled process to decrease 

such resistance has been developed. This results in reduction of the resistance and in the 

surface decoration of the tube by platinum atoms coming from the electrical contacts. 

Such effect is due to the large amount of Joule heating produced during the process. 

Temperature dependence of the conductance reveals that pristine MWNTs behave 

like a tunneling network of short-length scale LLs. In the case of the HBT-modified 

devices, transport crosses over between the high-temperature LL regime to an 

Al’tshuler-Aronov regime at low-temperature where the e-e interactions dominates the 

transport.  

However, unlike arc-grown nanotubes which have concentric cylinder geometry, 

template-grown nanotubes do not have well-defined individual walls, and grows via a 

conformal pyrolized deposition of graphitic flakes on the inner walls of the template. In 

such structures, access to more “walls” is counterintuitive. Second, Nle is between 0.5-1 

µm for some of the most conducting devices, which implies that short devices with 

L≈100’s of nm will remain diffusive even at T = 0K. Hence, in essence, the HBT-

modification process induces an insulator-metal transition in those devices. 

 Magnetotransport measurements in these devices at the temperature of around 7K 

have revealed the energy-dependence of interaction-driven decoherence phenomena. In 

addition, a small but distinct Spin-Orbit (SO) scattering effect in the 

magnetoconductance in the low magnetic field region (|B| < 0.5T) is found and attributed 

to the surface decoration of the tube by platinum. 
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Chapter 5 
 

 

Electronic transport in individual cobalt-embedded multi wall carbon 

nanotube 

 

 

The investigation of the charge transport in individual multi wall carbon nanotube 

grown by CVD in the alumina template with inclusion of ferromagnetic clusters (FM-

MWNT) is presented. The effect of those impurities on the transport mechanism and the 

change, if any, produced by an applied external magnetic field represents the main focus 

of this chapter. 

When still in the alumina template, an electrochemistry-based technique is used to 

introduce ferromagnetic cluster inside the tubes. Then, the template is dissolved, the 

tubes dispersed in solution and then spin-cast on pre-patterned electrodes. Two-probe 

MWNT-based devices are fabricated using FIB assisted metal deposition. The size of the 

clusters in the specific sample under investigation is really small and not clearly visible 

and distinguishable with a scanning electron microscope. Further, this device is shorter 

compared to any of the devices studied in the previous chapter (L~800nm). 

This sample is chosen since the room temperature resistance value is of the order 

of only few kΩ. In this case, no high-bias treatment is needed due to the relatively low 

resistance value and no surface decoration is then induced. The application of the HBT 

process revealed to be essential in chapter 4, where a lower value of the resistance was 

required in order to investigate transport properties.  
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 In order to characterize the sample, an initial set of “zero-field” measurements, 

similar to the ones carried on the bare MWNT systems, was performed. This includes 

zero-field temperature dependence (5K < T < 300K) of the sample conductance and gate 

voltage response. Subsequently, measurements were performed under the applications of 

a magnetic field of (0T < |B| < 5T) such as study of the magnetoconductance, differential 

conductance as function of the applied bias for various discrete applied field, 

conductance as function of temperature. Unlike the bare samples, the properties of the 

FM-MWNT were found to change permanently under the application of a magnetic 

field, indicating that the charge transport is sensitive to the relative magnetic orientations 

(random or aligned) of the embedded nanoclusters. Measurements and relative analysis 

are hence presented in a chronological order, as the investigation was performed, which 

brings out the difference between charge transport in a Lüttinger liquid under the 

influence of “random” and “ferromagnetically aligned” impurities. 

 

5.1 Zero-magnetic field temperature dependence of the conductance  

Temperature dependence of the low-bias (=1mV) conductance is measured, as 

shown in Figure 1(a). The conductance dependence is characterized by a slow decrease 

as the temperature is lowered following a power law behavior; at the lowest reached 

temperature the value of the conductance has decreased but only by a factor of 

approximately between 4 or 5. This result is quite different when compared to findings 

in chapter 4, where at least two orders of magnitude difference between the conductance 

at 300K and at the lowest temperature were found for both pristine and HBT-modified 

devices.  
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Following the same approach used in the data analysis in chapter 4 [100,105], it is 

found that the present sample behaves as a Lüttinger liquid (LL) in the higher-

temperature regime with a power law dependence of ~T.258. An interesting feature 

arising from this measurement is that the range of investigated temperature can be 

divided in two different regions, in each of which the conductance follows different 

power law temperature dependences. However, the power law exponents are slightly 

different (as indicated in Figure 1(a)). It is believed that this multi wall tube behaves as a 

LL over the entire range of temperature: the difference in the exponent in the two 

regions suggests that at this temperature other concurring phenomenon might start to 

contribute to the overall charge transport, as discussed later. 

An independent confirmation of the LL type of behavior comes from the 

conductance measurement as function of the applied voltage shown in Figure 1(b). The 

high-bias region shows power law dependence, with the same power law exponent 

previously estimated form the temperature dependence of the conductance. 

No strong conductance suppression is observed. A field theory approach 

describing the cross-over model between the higher-temperature LL behavior and the 

lower-temperature Al’tshuler-Aronov (AA) correction to the conductivity was adopted 

when analyzing the experimental results in the previous chapter [100].   
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Figure 5.1: (a) Temperature and (b) bias dependence of the conductance for an individual cobalt-

filled MWNT-based device. Lüttinger Liquid fit is shown in both curves. 

 

Absence of the Al’tshuler-Aronov type of suppression of the conductance at 

lower-temperatures suggests the possibility that within the present temperature range e-e 

interactions strength is too small to produce significant G suppression. An attempt to fit 

the low-temperatures regime using the AA correction (dashed line in Figure 1(a)) was 

made to obtain an approximate value for the Drude conductivity, which is independent 

of the interaction strength. Subsequently, zero-field transport properties of the FM-

MWNT were calculated within the LL picture. 

At higher temperatures, e-e interactions renormalize the Drude conductivity to 

give a temperature dependence: 
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where vF is the Fermi velocity, ωc is the ultraviolet cut-off frequency, τ0 is the scattering 

mean free time, C = 0.577 the Euler constant, kB the Boltzmann constant and N 

represents the number of conducting channels. A value for the Fermi velocity of around 

≈ 8×10-5 m/s is assumed [106]. Furthermore, a number of transport properties can be 

estimated. Those are summarized in Table 1. It is interesting to see how the overall 

transport properties are quite similar to those of HBT-modified devices in chapter 4, 

although no HBT process has been performed in this device. Furthermore the 

temperature T’ distinguishing between the LL limit and the AA regime is approximately 

4.15K, when calculated. This value is just right below the minimum temperature 

experimentally reachable in the present set-up.  

This explains why conductance suppression is not here observed at low 

temperatures: the reason being that the lowest temperature is not low enough for the e-e 

interaction to produce enough appreciable suppression. This also confirms the 

correctness of the approach used in the higher-temperatures region. The system can be 

considered as a relatively low-disorders LL, confirmed from the relatively large value of 

the scattering time. The sample has only few channels, a relatively low disordered 

density and a large value of the mean free path (~tens of nm). Those values suggest that 

the sample is a relatively clean LL. 
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Table 5.1: Transport properties in cobalt-filled MWNT according to the AA-LL model applied in 

the higher-temperature regime. 

 
 α σD 

(10-11 Sm) 

N l 
(nm) 

L/l ωC    

(1013 Hz) 

τ0 

(10-13 s) 

τ0’   
 (10-12 s) 

T’ 
(K) 

 
Device 

(L~800nm) 
0.258 8 6 ~170 ~5 

 
2.46 

 
2.16 1.84 4.15 

 

As mentioned before, the temperature dependence of the conductance presents an 

overall power law dependence but with a change of slope at an approximate temperature 

of 50K (see Figure 1(a)).  

Change of exponent in the power law dependence in carbon nanotubes has been 

reported before both for the conductance as function of the applied voltage [88] and the 

temperature [116]. The observed inflection temperature in this sample is quite close to 

the one reported in [116]. Although those two systems are intrinsically different, it is 

possible that the same underlying mechanism is responsible for such outcome. Based on 

the assumption that the tube in [116] behaves as a diffusive conductor, few possible 

mechanisms have been suggested in order to explain such behavior.   

It has been shown that [117,118] doped MWNTs that are highly disordered and 

that have e-e interaction display an “effective and unconventional” Coulomb Blockade 

(CB) arising from tunneling in a strongly interacting disordered metal, leading to a LL-

like ZBA with an exponent ( )00
0

U1ln
D2

R
ν+

νπ
=α

h
 where D is the diffusion 

coefficient, 
F

0 2
M

υπ
=ν

h
 is the non interacting density of states, and U0 is an effectively 

short-ranged 1D interaction potential. In this case, M=2N+1 in the number of spin 
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degenerate modes, N the number of channel, υF the Fermi velocity. An inflection 

temperature in the range between 10 and 100K has been reported. This model is then 

applied to the experimental data presented so far in this chapter, with value of N 

estimated from the LL fit in the higher-temperature region. A value of α of 

approximately 0.22 is estimated, consistent with the experimental findings. 

An inflection in the conductance as function of the applied voltage has been also 

explained in terms of Coulomb Blockade phenomenon. In this specific case, it is 

suggested that a structural deformation, such as a kink, is responsible for such outcome 

[88]. It is not possible to completely discard this event, since kink at the atomic level are 

likely to be present in the sample. 

One might argue that so far Coulomb Blockade has been observed in bare arc-

grown multi wall tube at much lower temperatures than the one reached in this study and 

when a specific value of the gate voltage [117,118]. It should be now pointed out that in 

this case there are two major differences; first the diameter and length of the tube under 

investigation lead the system into a diffusive transport regime. Then, this tube has cobalt 

nanoparticles/clusters sitting inside the tube itself. 

In addition to behave as scattering sites, those ferromagnetic clusters introduce into 

the system a new interaction variable based on the spin; overall the spin state of the 

cluster (cluster can be considered as a small spin domain), is randomly oriented if no 

magnetic field is applied. This will interact with any traveling electron, each having its 

own spin configuration. If one considers the motion of two complimentary waves in real 

space, the partial wave which propagates along the first path is scattered by magnetic 

impurities along its way and exchanges spin with the localized magnetic impurities. 
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During this propagation the spin of the electron is rotated during each “spin-flip process” 

by a small angle in space; the total spin function which is the sum of the potential 

scattering and the spin-flip scattering is only slightly titled during such process. The 

complementary electron wave which passes the impurities in the opposite direction 

meets the magnetic impurities in the same original orientation. Only such processes 

which generate the same spin-flip at the magnetic impurities can contribute to the 

interference. For these processes the partial electron wave experiences the same spin 

rotation as the former complementary wave. However this rotation occurs in the opposite 

sequence. Since the three-dimensional rotations do not commutate the two final spin 

states are not the same and the interference is progressively destroyed [54]. 

Another possible explanation, still under investigation at the present moment, is 

that the possibility that the distribution of cluster along the tube creates an additional 

static potential (unless an external magnetic field is applied) that acts as a local gate 

voltage or a “nano-gate”. The verification of this hypothesis is quite challenging since a 

precise location of the ferromagnetic material is not known at this point.  

 

5.2 Magnetic field dependence of the differential conductance  

Investigation of the conductance as function of the magnetic field has been studied; 

the experimental technique used is described in chapter 3.  

Differential conductance as function of bias has been measured at the temperature of 

6K for various constant applied magnetic fields (magnetic currents) in the range between 

0T and 5T. The field has been swept in discrete steps of 25mT (250mA) up to the 

maximum field of 5T (50A), starting from the zero-field value. 
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Figure 2 shows a color contour map for the measured dI/dV curves, where the y-

axis represents the conductance curve as function of the applied bias and the x-axis the 

magnetic field. The color scale on the right shows the value of the conductance in 

Siemens.  
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Figure 5.2: Contour map plot of the differential conductance as function of the bias, for magnetic 

field swept between 0T to 5T. (Right) Color scale represents the value of the differential 

conductance in Siemens. 

 

Two different regions with different behavior can be distinguished above and below 

a value of the magnetic field of approximately 1.5T. Above this field, an increasing 

amount of random oscillations appears in the dI/dV vs. V curves as a function of applied 



 

     115

magnetic field. Those features are not apparently present in the smaller field region (B < 

1.5T).  

For a better and clearer understanding, conductance curves as function of bias are 

presented for representative magnetic fields in Figure 3. No symmetry of the oscillations 

is found in these curves, both as function of the voltage and the applied magnetic field.  

No data average or curve smoothening has been applied to the data in order to preserve 

the full extent of the conductance oscillations. The same is true for the conductance map 

in Figure 2.  

To understand the appearance and the dynamics of these increasing oscillations, 

it is assumed that since the conductance is a possible function of both bias and magnetic 

fields, i.e. G=G(V,B), the measured oscillations can be manifestations of sharp changes 

in G as V or B is changed during the measurement. Since the dI/dV vs. V is a measure of 

the density of states of the FM-MWNT, sharp oscillations in dI/dV vs. V is reflective of 

closely spaced “discrete” energy levels.  

At T = 6K, thermal smear corresponds to approximately 0.5 meV, and hence 

measurements of dI/dV with intervals ≤ 0.5mV would give no information about energy 

levels with smaller spacing. On the other hand, larger measuring intervals would still 

produce oscillations which are convolved with the thermal smear.  

If oscillations occur due to the change in magnetic field, which might be due to 

change in the spin orientations, then the measured fluctuation in G(B)|V=fixed should 

increase systematically with B. It is found that in these kinds of measurements, 

(magnetoconductance), although G shows large jumps at random values of B, the 

oscillation levels are totally independent of the applied magnetic fields.  
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One can argue that the measured oscillations may be an outcome of intrinsic 

time-dependent conductance fluctuations of the nanotubes. In order to eliminate such 

possibility, the root-mean-square (rms) noise of the temporal fluctuations at each 

magnetic field (at a fixed bias) was also measured, and was found to be orders of 

magnitude smaller than the fluctuation level of the dI/dV curves (shown later). 

To bring out the evolution of the dI/dV fluctuations as a function of B, the 

following approach has been adopted. The differential conductance curve at zero-

magnetic field has been smoothened, each point averaged with the neighboring 10 

points. This provides a baseline for the zero-field conductance curve. 

Then this curve is subtracted from each conductance curve at a finite non-zero 

magnetic field to capture the deviation from the baseline, given by 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
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Figure 5.3: Selected differential conductance curves from the contour plot (Figure 2) for 

representative magnetic fields. Conductance oscillations become more pronounced with 

increasing magnetic field. Curves are not smoothened to preserve features. 

 

Representative curves are shown in Figure 4, where each value of the field is shown 

in the bottom corner.  

Figure 5 shows the deviation of fluctuations in dI/dV vs. V from its zero-field value 

for the same values of B as in Figure 4. It is evident that the amplitude of those 

oscillations is field dependent, increasing with increasing in the magnetic field 
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Statistics on resulting curves has been performed to estimate the root-mean-square 

of those oscillations; this provides an average amplitude of the deviation from the 

baseline smoothened zero-field conductance curve. This procedure has been applied to 

the entire collection of conductance curves. Results are shown in Figure 5. 
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Figure 5.4: Deviation of the conductance curves from the zero-field baseline for representative fields. 
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Figure 5.5: Root-mean-square oscillations of the conductance curve as function of the applied field. 

Oscillations have been calculated subtracting the zero-field curve smoothened from each 

conductance curve. (Inset) Equivalent conductance noise as function of the applied 

magnetic field (rms~17nS – dotted line). 

 

The amplitude of those oscillations is strongly dependent on the magnetic field. As 

the field is increased above approximately 2T, the root-mean-square variation become a 

little more erratic but it does still follow a monotonic increasing trend.  Further, the rms 

noise of the temporal oscillations mentioned earlier is shown in the inset (rms ~ 17nS); 

no dependence on the magnetic field is found. This analysis suggests that those 

oscillations are neither time-dependent conductance fluctuations, nor magnetic field-

dependent spin-reorientational noise. From these combined results, it can be concluded 
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that those oscillations are signature of non-monotonous but incremental appearance of 

discrete states superposed on “un-magnetized” density of states of the FM-MWNT 

system. It was found that subsequent measurement of dI/dV vs. V at B=0T did not bring 

in FM-MWNT device back to its “low-fluctuation” state, implying that the density of 

states of the system underwent a permanent change once the random domains were 

completely magnetically aligned. This is shown in Figure 6. 
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Figure 5.6: Differential conductance at zero-magnetic field after the magnetic sweep. The FM-

MWNT does not return to its “low-fluctuation” state, suggesting that the system has 

undergone a permanent change. 

 

5.3 Bias dependence of the magnetoconductance 

A complete and detailed investigation of the magnetoconductance as function of 

the applied bias has been carried on individual cobalt-filled MWNT. This is in order to 
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study how the charge transport is affected in the presence of magnetic field normal to the 

tube axis when changing the kinetic energy of the injected electron. 

Experimental technique includes the application to the sample of an AC excitation 

through a lock-in amplifier, as previously described in chapter 3. Figure 7 shows the 

magnetoconductance curves for biases ranging from 4mV to 100mV. Notably, those 

curves are overall quite different from the MC curves presented for the bare nanotube in 

chapter 4. When compared to those, few major differences arise.  

First, in this system, the magnetoconductance is now overall negative; in the bare 

nanotube the weak localization effect dominates the transport giving rise to a positive 

MC with only a small negative MC contribution in the smaller field region due to spin-

orbit coupling effect arising from the metal surface decoration. 

Second, forward and reverse sweeps (both shown here) are quite different form 

each other, following a different pattern each time; this feature was not observed in the 

bare system. 

A large amount of shape irregularities such as sudden jumps, oscillations, step-like 

features characterizes the reverse and forward sweeps, apparently with no correlation 

with the direction of the sweep. The rms conductance noise estimated from time-

dependent fluctuations at fixed B and V values is less than 20nS (as previously measured 

and shown) and it can not account for those much larger oscillations. Those observations 

suggest that some phenomenon, strictly connected to the applied magnetic field (both in 

magnitude and direction) is taking place. In addition, very slow dynamics with an 

approximate timescale of few hours was found to influence changes and recoveries of 

conductance values during the measurement interval. 
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Figure 5.7: Magnetoconductance as function of the applied bias for a Co-filled MWNT-based device. 

Bias ranges from 4 to 100mV, as labeled. Both reverse (black) and forward (red) sweeps are 

shown. 

 

A good example is the MC curve measured at a bias of 100mV (Figure 7, lower 

right corner). The reverse sweep follows a quite symmetric path with a maximum 

corresponding to the zero-field value of the conductance. During the forward sweep, at a 
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value of approximately -3T, the value of the conductance suddenly jumps upwards. 

After this jump, it does appear that the conductance curve follows a similar shape path as 

in the reverse sweep but shift upwards. At around 2.5T, again a jump in the conductance, 

this time downwards; from this point onward, the conductance retraces quite closely the 

reverse sweep.  

There are various mechanisms, which in principle could give rise to the negative 

MC at low temperature in low-dimensional systems: 

• two bands conduction [119],  

• e-e interaction [47], 

• correlation in the presence of spins [120,121],  

• weak anti localization (WAL) effect due to and electric field [59].  

It is possible to discard the first three options for the following reasons: if present, 

e-e interactions effect is really weak and most likely not observable and this is supported 

by the study of the conductance as function of the temperature for which the onset 

temperature for e-e interactions is beyond experimental reach.  

A spin alignment mechanism has been proposed by Kurobe and Kamimura, also 

known as KK mechanism [121]. The basic assumption of the KK model is that, for 

strongly disordered systems, and in the presence of Coulomb repulsion, there is a finite 

density of modified states at the Fermi level that might be singly occupied, doubly-

occupied or unoccupied. Applying a magnetic field causes alignment of the spins, which 

in turn leads to a negative and an isotropic MC which saturates above a characteristic 

field. The analysis of the temperature dependence of the conductance in the sample 

under investigation suggests that the system is not strongly localized; in addition no 
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isotropy or saturation is observed in any of the MC measurements. KK mechanism is not 

believed to be applicable to the present sample.  

In case of the participation of the second innermost shell in the conduction, a 

saturation of the conductance at low temperature is expected. This feature is not 

observed in the range of temperature under investigation, suggesting that in the present 

case there is no additional contribution to the conduction [36]. 

Weak anti localization (WAL) has been previously described in chapter 1. This 

effect arises from electric field that progressively destroys the localization of the electron 

wavefunction in the system. The electric field can result from doping, shape asymmetry 

of the system and presence of impurities. When applying an external magnetic field 

perpendicular to the motion of the conduction electrons, the WAL leads to a negative 

magnetoconductance [59]. 

It is strongly believed that the observed negative MC is caused by weak anti 

localization effect arising mainly from the local electric field due to the presence of 

magnetic impurities. In addition, WAL effect is further enhanced due to the overall tube 

shape asymmetry. As shown in the second chapter, tubes grown in commercial template 

present a large amount of structural disorder, condition that leads to a non-uniform 

interfacial electric field. During the growth process, short-range graphene flakes 

randomly and independently grow starting anywhere on the template wall and then 

forcibly confined to form a shell from the presence of the template [122]. A difference in 

the effective mass of each conducting shell is present and it additionally contributes to 

this field. 
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In the present case, a negative magnetoconductance trend is observed in the entire 

range of applied field. The WAL correction to the conductance is given by 

( )
2

in

2

H
B

h48
eBG ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
π

−=Δ [59], where B is the magnetic field and Hin provides an 

estimate of the magnetic field at which inelastic scattering starts to play an important 

role in the charge transport mechanism. The present MC data have been analyzed in the 

context of the WAL mechanism. It is important to mention that, on the contrary of the 

WL fit applied in chapter 4 for the bare system, the degree of accuracy for these fits is 

comparatively less due to the presence of large and apparently random fluctuations.  

Weak anti localization fits provides an estimate of the value of Hin, based on which 

it is possible to estimate the value of the inelastic scattering length scale Lin given by 

( )
in

inin eH8
hDL

π
=τ= . Estimated values of Hin are on average three to four time 

larger than the maximum applied field (5T), as reported in Table 2 as function of the 

applied bias. 

 

Table 5.2: Estimated values of the inelastic scattering field (Hin) and inelastic scattering length (Lin) 

from WAL fits as function of the applied bias (4mV < V < 100mV). 

Bias (mV) 4 6 8 10 12 16 20 30 50 100 

Hin  (T) 15.85 16 14.91 16.69 17.90 21.6 22.52 19.91 21.60 23.93 

Lin (nm) 3.198 3.183 3.297 3.117 3.009 2.739 2.683 2.853 2.739 2.603 

 

Figure 8 shows an attempt to estimate Lin. This graph is not aimed to establish any 

exact value for Lin but only to provide an approximate estimate and a possible trend as 
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the value of the applied bias increases. The dashed line represents a possible trend; error 

bars are also shown. Lin results to be much smaller than the mean free path estimated 

from the temperature dependence of the conductance and decreasing for increasing bias. 
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Figure 5.8: Inelastic scattering length as function of the applied bias according to the weak anti 

localization model. 

 

5.4 Temperature dependence of the magnetoconductance 

While changing the applied bias changes the injection energy of the charge 

carriers, changing the temperature will change the (thermal) energy associated with each 

charge carrier. Since application of a magnetic field induces ferromagnetic order within 

the impurities/clusters, increasing the temperature would gradually introduce disorder 

within this alignment. Since nanoscale FM materials can undergo FM transition much 

lower than bulk counterpart, additional issues of phase transition may appear as a 
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function of temperature. Hence, it is important to study the response of the FM-MWNT 

system as a function of the temperature and applied magnetic field.  

Magnetoconductance has been studied as function of temperature in the lower 

temperature region (10K < T < 60K). Figure 9 shows the magnetoconductance curves in 

the range of temperature between 10K and 40K, where a bias of 100mV is applied. Both 

reverse and forward sweep are displayed in this case, since small differences are present. 

In this range, the MC is still overall negative (as seen also for the MC study as a function 

of the applied bias), with slightly asymmetry respect to the direction of the field. 

Fluctuations and few peak-like features develop with increasing temperature (as for 30K 

and 40K). 

As for the magnetoconductance as function of the applied bias, within this range 

of temperatures, it is believed that the charge transport can be described in terms of the 

weak anti localization mechanism. As presented before, the correction to the 

conductance has a quadratic dependence from the magnetic field.  

Same considerations on the nature of the diffusive conduction of the system as 

presented in chapter 4 are valid in this case too. Similarly, it is possible to estimate the 

inelastic scattering length scale as function of the temperature (<40K).  
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Figure 5.9: Magnetoconductance (applied bias=100mV) as function of the temperature in the range 

between 10K and 40K. 

 

Table 3 shows the value of inelastic scattering field and length estimated based on 

the weak anti localization model data analysis in the temperature range between 10K and 

40K.  
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Table 5.3: Estimated values of the inelastic scattering field (Hin) and inelastic scattering length (Lin) 

from WAL fits as function of the temperature (10K<T<40K). 

 

Temperature (K) 10 15 20 30 40 

Hin  (T) 25.45 24.49 19.51 22.23 32.63 

Lin (nm) 2.596 2.646 2.965 2.778 2.293 

 

Figure 10 shows the estimated inelastic scattering length calculated from the WAL 

fit; errors associated to such estimate are shown too. 

10 20 30 40
2.25

2.40

2.55

2.70

2.85

3.00

3.15

 

 

In
el

as
tic

 s
ca

tte
rin

g 
le

ng
th

, L
in
 (n

m
)

Temperature, T (K)

guide to the eye

 

Figure 5.10: Inelastic scattering length as function of the temperature estimated from the weak anti 

localization model. 

 

 When increasing the temperature, the MC curve starts to behave erratically in an 

unpredictable manner. Figure 11 shows those curves. The full magnetoconductance 

cycle measurement has been repeated twice at each temperature, consecutively one after 



 

     130

the other one, in order to have a broader picture of this unexpected behavior and 

investigate its repeatability. No sign of symmetry is found in any of those curves. An 

interesting feature for both temperatures is that the amplitude of the first MC 

measurement cycle is quite large, of the order of approximately 3 to 4μS within the full 

cycle. This amplitude is then reduced in the subsequent cycle. A more quantitative 

analysis cannot be carried on for those two temperatures. 
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Figure 5.11: Magnetoconductance as function of the temperature for (top) 50K and (bottom) 60K. 

The full MC sweep has been repeated twice at each temperature to capture any 

reproducibility. 
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Enormous differences between each sweep and two consecutive set of 

measurement at each temperature strongly suggest that the phenomenon under 

investigation is a non-equilibrium one. Cycling the system repetitively many times over 

and apply much larger magnetic fields represents possible experiments through which it 

is believed it might be possible to capture the complete dynamic picture of this 

phenomenon. This will represent one of the avenues that will be pursued in the future 

work.  

It is interesting to observe that such unexpected behavior is taking place suddenly 

when approaching a certain range of temperature. A possible explanation, based on some 

additional measurement carried on after those MC as function of temperature will be 

provided later on. 

  

5.5 Gate voltage dependence of the magnetoconductance  

Gate modulated transport offers an additional tool in the investigation of the 

electronic properties. In particular, nanotube-based field effect transistors (FETs) have 

provided the opportunity to observe phenomenon such as Coulomb oscillations, single 

electron tunneling, etc. In particular, in semicondtucing single wall tube-based device, 

applying a gate voltage can change the relative position of the Fermi energy of the tube 

between the source and the drain. This will certainly reflect in changes in the transport 

properties of the system. 

Gate modulated transport has been preliminary investigated in Co-filled tube using 

both techniques presented in chapter 3. Magnetoconductance as function of a constant 

gate voltage and conductance as a function of continuous gate voltage (B=0) has been 
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measured at T~6K. These curves are shown in Figure 12(a) and (b), respectively. In both 

cases, it is difficult to discern any effect of the gate voltage. It is important to notice that 

in the first case, small differences are found in the low-field region (|B| < 1T), depending 

on the applied gate voltage and its sign. This will require a more detailed study and it 

will be pursued in the future. 
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Figure 5.12: (a) Magnetoconductance for an individual Co-filled MWNT as function of a constant 

gate voltage. (b) Conductance as function of the gate voltage for the same device. 

 

5.6 Magnetic-field dependence of the conductance as function of the 

temperature  

After the previously described experiments, the sample was finally brought back to 

room temperature (typically a set of experiments requires between four to five weeks 

time-frame). The temperature dependence of the conductance during the warm-up 

section of the experiment revealed some unexpected and not previously observed feature 

in the range between 50 and 65K. It is important to mention that all these curves present 
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a slow power law increase in the conductance as function on the temperature with no 

observable suppression in the lower temperature region (see Figure 1, in the case of the 

pristine sample). Figure 13 shows only the region of interest between 45K and 75K. Few 

more features have been found for higher temperatures; they are characterized by much 

smaller amplitude, making any further investigation quite difficult. The top curve shows 

the conductance as function of the temperature after the major set of experiments is 

concluded. This sample was freshly magnetized due to the MC measurements, and then 

the temperature dependence was measured at zero-magnetic field. A peak-valley-shape 

like feature is found between 50K and 60K. Conductance curves in Figure 13 were all 

measured at a constant bias (=1mV) and they are presented as followed (in chronological 

order in which this investigation was carried on): 

Dark Yellow   G vs. T @ B = 0T (pristine) 

Green    G vs. T @ B = 0T (freshly magnetized) 

Orange    G vs. T @ B = 0T (after 1-4 days)  

Blue    G vs. T @ B = 5T. 

The evolution of this feature can be now followed: it is not present when the pristine 

sample is investigated, it does appear right after the set of magnetic-field-based 

measurement is over; then vanishes in a time period of approximately ~1day. All these 

three measurements were performed in a zero-magnetic field; furthermore, when the 

same measurement with the same experimental condition was performed over the 

following few days, no feature was present any longer. A magnetic field (B=5T) is then 

applied and the temperature dependence of the conductance is measures once more 

(bottom curve). The peak-valley feature appears again, approximately in the same 
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temperature range and the overall shape is preserved. Conductance change (Δ(G,T)= fpeak 

(T,G)-fvalley (T, G)) is similar in amplitude as in the top curve (B = 0T) where ΔG5T ~ 

1.59μS (compared to ΔG0T ~ 1.53μS). In addition, the amplitude in the temperature 

range is larger when the field is applied, in particular, ΔT5T ~ 6.4K, larger than the zero-

field counterpart ΔT0T ~ 4.23K.  
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Figure 5.13: Temperature dependence of the conductance with zero magnetic field (dark 

yellow/green/orange) and a constant 5T applied magnetic field (blue). 

 

This set of experiments suggests, in agreement with the results presented in this 

chapter, once again the importance of both the applied magnetic field and the time scale 
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of the measurement itself. It is believed that a spin-based dynamic phenomenon is 

involved within this temperature range. 

The shape of the conductance curve and the feature itself suggest the possibility 

that the system has undergone a phase transition-like process in this temperature range. 

It has been shown in literature [123] that the presence of cobalt (as well as other 

transition metals such as iron) in various compounds can induce a phase transition in the 

system from a ferromagnetic (or high-spin, HS state) to an antiferromagnetic (or low-

spin, LS state). Transport and magnetic properties of the system at low temperatures are 

then affected due to varying strengths of both double-exchange (DE) and super-

exchange (SE) interactions [123]. In particular, the first one predicts the relative ease 

with which electron maybe exchange between two species; as a consequence, having 

correct spin orientation will allow for a easier conduction of electrons. The second type 

of interaction arise from two electrons motion from a double negative ion in a solid 

going to different positive ions and coupling with their spins; this produces a strong 

antiferromagnetic coupling between the positive ions, which are too far apart to have a 

direct exchange interaction. 

Concentration of magnetic material has been shown also to modify the phase 

transition characteristics [124]. Although most of those reported studied systems are 

quite different when compared to an individual multi wall nanotube with embedded 

clusters, it is possible to consider plausible this idea, until further works will be carried 

on. 

Within this framework, some observations might find possible qualitative 

explanation. The difference in the peak-valley amplitude between the 0T and 5T 
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measurement and the complete absence of the feature in the day-after measurement can 

be a consequence of the spin-dephasing mechanism. Supposedly after a magnetic field is 

applied, a spin-equilibrium state with spin aligned with the field is reached within the 

cobalt cluster domain configuration inside the tube. Once the field is turned-off, this spin 

state coherence will be progressively destroyed due to spin-relaxation causing a random 

re-orientation of the spins. Those two states might correspond to the top and middle 

curve respectively. In addition, the sample is thermally cycled between 5K and 300K, so 

thermal effects due to the temperature change will come into play. Any magnetic state is 

finally destroyed when room temperature is reached. 

At the present stage, this hypothesis needs further study and more detailed 

magnetic and temperature dependence investigation. 

 

Conclusions  

As presented in this chapter, individual cobalt filled MWNT has shown interesting 

properties and overall a different behavior compared to a bare tube. This paragraph 

represents an attempt to summarize the main outcome of this thesis project.  

In terms of sample, both types of nanotube were grown using the same process 

parameters. Even for tubes grown inside the same template, local temperature variations 

are possible leading to rather different graphitization level at the different location on the 

template or along the pore itself. This can partially affect the charge transport properties. 

Electrode leads were fabricated using same focus ion beam parameters (deposition 

current, deposition time); so it is unlikely that the observed differences arise from this 

particular step in the device fabrication. 
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Bare multi wall tubes analyzed in chapter 4 are overall at least 5 or 6 times longer 

(L~4-5μm) than the cobalt filled tube (L~800nm) studied in chapter 5. Both systems 

present a certain amount of disorder, due to either the growth process, or the presence of 

ferromagnetic clusters inside. In the case of the same disorder density, difference in 

device length will reflect in difference in the mean free path, l of an electron traveling 

along the tube; then, various regimes of charge transport can be reached. Same 

consideration is true in the case of two devices having the same length but a different 

disorder density. In this perspective the length of the device might become an important 

parameter that characterizes the transport properties of the system.  

It is worth remind that HBT-modified devices present platinum surface decoration 

as a result of the high-bias treatment applied in order to enhance the sample 

conductance. Both HBT-modified devices and cobalt-filled tubes behave as Lüttinger 

Liquid in the higher-temperatures region. This is confirmed by the dependence of the 

electrical conductance as function of both the temperature and applied bias. Major 

differences arise in the lower-temperatures region, where a large amount of suppression 

of the conductance is observed in of HBT-modified devices. This correction follows the 

Al’tshuler-Aronov model, according to which the conductance ΔG ~ T-1/2
. The cobalt-

filled tube reflects a power law dependence (G ~ Tα) of the conductance in the overall 

temperature range, although a small change in the exponent α is found. Transport 

properties in the high-temperatures region are estimated according to the AA-LL model 

in both cases. Most of differences between these two types of sample reside in the 

number of conducting channels, disorder density and mean free path, all suggesting that 

the cobalt filled tube is a less disordered and less correlated system.  
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In the case of platinum-decorated nanotubes, DFT ab-initio calculations (see 

Appendix A) strongly suggest the idea that the surface metal decoration introduces more 

conducting channels around the Fermi energy. This causes the enhancement of the 

conductance. Furthermore, an electron traveling along each channel will feel the 

presence of other electrons in the neighboring channel; in this case, Coulomb interaction 

cannot be neglected any longer. This picture can provide a possible explanation for the 

experimental observed conductance suppression. 

On the other hand, no HBT procedure has been applied to FM-MWNT and six 

channels have been estimated for such sample. The AA-LL model is still valid, although 

limited to the higher temperature region, suggesting that this system can now be 

considered as a few-channel LL. In this case, e-e interactions are weaker compared to 

the previous case, since the number of channel is low, leading to no suppression of the 

conductance within the experimental temperature range. This statement is confirmed by 

the estimation of the AA-LL transition temperature of approximately 4.15K, suggesting 

that any Coulomb interaction might start to contribute to the transport mechanism at 

much lower temperature. 

Another important difference is clearly the presence of the ferromagnetic clusters 

inside the nanotube. In a zero-magnetic field picture, each cluster will simply represents 

a static scatterer in the system. When a magnetic field is now applied, a new parameter 

(spin) will be introduced, together with a spin-based interaction between the traveling 

electron spin and the total cluster spin.  

A magnetic response has been found for cobalt-filled tube, not previously observed 

in the bare system. Applying a magnetic field introduces fluctuations in the differential 
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conductance, where the amplitude of those fluctuations is magnetic field dependent 

themselves. It is believed that this is a signature of a non-monotonous incremental 

appearance of discrete states superposed on “un-magnetized” density of states for the 

FM-MWNT system. 

Magnetoconductance studies in the bare MWNT show a positive MC over the entire 

range of applied magnetic field; this is a result of the localization of the electron 

wavefunction due to the existence of disorder into the system. On the other hand, the 

presence of magnetized cluster is believed to create local electric fields with the overall 

effect of destroying any localization of the electron wavefunction, leading to a negative 

magnetoconductance. This effect is known as weak anti localization.  

The temperature dependence of the conductance of co-filled tube reveals a feature in 

the range between 50 and 65K, when a magnetic field is applied. This element is 

completely absent in the bare system. It is believed that this peak-valley shape like 

feature corresponds to a phase transition of the cobalt cluster from a ferromagenetic to 

an antiferromagnetic state. During this process, the spins in each cluster start to 

randomly flip from their original zero-field configuration to align with the direction of 

the field. This dynamic event also provides some clarification on the erratic behavior of 

the MC curves just around those temperature values. This particularly interesting finding 

will require a more detailed analysis both as function of applied magnetic field, 

temperature and time.  

Concentrations as well as size of the magnetic cobalt domains have been shown to 

be important parameter in the study magnetic properties in other system. It is expected 
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that those will also affect the electronic and magnetotransport properties in system like 

the one under investigation. 

This will certainly open up new avenues to investigate other ferromagnetic and non-

ferromagnetic cluster-based material, such as nickel, or magnetic alloys.  
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Future work 
 

 

This thesis represents a preliminary step in a more complete understanding of 

electronic transport in highly disordered template grown carbon nanotubes. An 

interesting future avenue is to investigate how the interplay between disorder and e-e 

interactions varies at the size of the system is further reduced (i.e. tube diameter).  

Continuing efforts will be invested towards the preparation of a sample for 

transmission electron microscopy analysis in the case of platinum decorated tubes (post-

HBT process device): more detailed information about structural changes in the tubes 

are expected to be found. Surface decoration with other metal can be also investigated in 

order to study the spin-orbit interaction as function of different adatoms on the surface.  

Magnetotransport measurements have revealed changes in the density of states in 

FM-MWNT as function of the applied magnetic field and suggested the possibility of 

phase transition in the temperature region between 50 and 65K. Investigation of those 

phenomena as a function of different embedded ferromagnetic materials as well as their 

cluster size and distribution in the tube will certainly constitute a complete new research 

area with possible application in future spintronics-based devices. 

Gate modulated transport in template grown multi wall tubes will also be addressed 

with a deeper and more detailed investigation in all three types of systems presented in 

this project. 
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Appendix A 
 

 

Platinum decoration on a single wall nanotube: 

a density functional theory (DFT) approach 

 

 

This work has been done in collaboration with Professor S.  Nayak and Mrs. Li Chen in 

the Department of Physics, Applied Physics and Astronomy here at Rensselaer 

Polytechnic Institute. 

 

It is imperative to investigate if platinum surface decoration can give rise to the 

observed channel enhancement in the HBT-modified devices. For a simple comparison, 

ab-initio DFT [1] using the VASP code [2] have been performed on a (5,5) single-wall 

nanotube using periodic boundary conditions along the tube axis when n number of 

platinum are added on the surface wall. Such tube has a length of 1.23 nm and a 

diameter of 0.7nm; the use of supercell and the boundary conditions allows reducing the 

size of the system to simulate without loosing of generality, being able to extend the 

result to an infinitely long tube where the surface cluster placement is periodic too. The 

calculation is based on generalized gradient approximation and on a supercell approach 

with planewave basis. In particular, PW91 functional for exchange and correlation 

energy have been used [3,4,5]. The supercell (x, y, z) is chosen to be (18, 18, 12.2976), 

where the z-component is optimized as well as the entire molecular structure. 
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A.1 Band structure and density of state (DoS) calculations 

 At first, platinum was randomly placed on the wall surface and the structure 

optimized; the most favorable location for the platinum placement was found to be at the 

six-fold site (as shown in the schematics drawing in Figure 1). 

Figure 1 summarizes the effect of placing 2 and 3 Pt atoms per supercell on the 

nanotube wall, on the electronic band structure and density of states (DoS).  

The pristine nanotube (Figure 1(a) and (b)) has a finite but small DoS around the 

Fermi level. Addition of 2 Pt atoms gives rise to new bands (Figure 2(c)), and enhanced 

DoS (Figure 2(d)) near the Fermi level. The effect of a third Pt atom causes more bands 

to appear (Figure 2(e)) with further enhancement of available states (Figure 2(f)) near 

the Fermi level. It is possible that this enhancement of accessible bands causes the 

experimentally observed increase in number of channels.  

A comparison between the band structure of a platinum decorated SWNT to a 

clean SWNT is made, with the Fermi energy EF scaled to 0eV. From the calculated band 

structure, it is found that extra bands are introduced around the Fermi energy when 

platinum atoms are attached to the nanotube wall. 
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1.1  

 

A.2 Conductance calculations 

In addition, conductance calculations have also been performed based on 

Landaüer formalism and Green’s function method; gold atoms were used as contacts for 
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Figure A.1: Modification of electronic band structure of a (5,5) SWNT by Pt adatom clusters. (a) low-

energy band structure of bare (5,5) SWNT near the Fermi energy and (b) its corresponding DoS. 

(c) and (e) show the band structure after the addition of 2-Pt and 3-Pt atoms, respectively. A 

number of new bands are seen to appear close to the Fermi level. The corresponding DoS are 

shown in (d) and (f), showing the systematic increase of the DoS near the Fermi level. The insets 

are schematics representing the corresponding energy-optimized structures of the SWNT-Pt 

clusters.  
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the tube. IV characteristics were then calculated in the case of the 2Pt attached to the 

wall of the tube (the case for 3Pt atoms is currently running). Within the experimental 

range (and up to ~.5V), the IV calculations confirm the enhancement in the conductance 

when platinum atoms are placed on the surface of the tube as shown in Figure 2. Such 

effect can be expected to grow incrementally with further Pt coverage of the nanotube 

surface. Although these calculations are performed in a single-wall nanotube, a 

somehow similar behavior is expected for multi-wall nanotube since the intershell van 

der Waal’s couplings [6] are weaker compared to the platinum coupling, which is 

chemical in nature. Hence we conclude that the platinum decoration of the nanotube 

surface can be at least partially accountable for the experimentally observed channel 

enhancement. 
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Figure A.2: Conductance calculations on a (5,5) SWNT where 2 Pt atoms are added onto the tube. Gold 

contacts are used.  
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Appendix B 
 

 

Electro-mechanically robust, flexible carbon nanotube-PDMS  

composite for high performance field emission 

 

 

This appendix presents work not directly related to this thesis project, but it does 

represent and additional characterization for multi wall carbon nanotubes, in particular 

when they are used for polymer-based composite structures. 

 

Flexible multi-wall carbon nanotubes (MWNTs)-polymer (poly-dimethylsiloxane, 

PDMS) composites for high performance field emission devices and other flexible 

electronic applications have been fabricated. The polymer matrix isolates individual 

nanotubes on its surface, reducing mutual [1] screening and giving rise to impressive 

field emission properties. The MWNT-PDMS composites are extremely flexible and 

electro-mechanically robust since they remain electrically conducting under large 

strains. The above mentioned features make these MWNT-PDMS composites suitable 

for future applications as multifunctional flexible devices such as pressure and gas 

sensors as well as flexible sensors and display devices. 

 

B.1 Field emission in carbon nanotubes 

An extremely high aspect ratio and favorable electrical conductance make carbon 

nanotubes excellent field emitters [2]. In the past, field emission from carbon nanotubes 
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in various architectures, with both single-walled and multi-walled nanotubes, has been 

extensively studied. The low radius of curvature of the tip of the carbon nanotube (1-10s 

of nm) compared to its length (~μm) causes a very high magnification of the applied 

field at the tip, when a nanotube is biased with a voltage V against a counter electrode, 

and therefore acts as efficient field emitter. When a counter electrode is placed anywhere 

between a few tens of μm to a mm near the nanotube tip, relatively low applied fields 

(~10V/μm) in vacuum are usually enough to emit electrons from the tip or other sharp 

locations along the nanotube.  

When the effective electric field around a nanotube tip is large enough to 

overcome the work function φ of the nanotube (φ~5eV) [1], electrons are emitted 

following Fowler-Nordheim (FN) mechanism and the current density is given 

approximately by:  
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The ratio between the effective field F and the actual field applied E=V/d between the 

electrodes is defined as the field enhancement factor β. The measured current is then 

given by I=αJFN where α is the effective surface area of the region where the emission 

takes place. The presence of other nanotubes near the one emitting has been shown [3] to 

drastically screen the enhancement factor β, if the separation of the nanotubes is less 

than the length of the emitting nanotube. Assuming that the field-emission current 

density at threshold is about 1mA/cm2 and since an individual nanotube can give about 

~1nA at turn-on, we estimate that only approximately 106 nanotubes/cm2 are required to 

obtain this emission current density. The rest do not contribute, and actually screen down 
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the field enhancement, making the emission process less efficient. Hence, it is desirable 

to electrically isolate the emitting nanotubes from its neighbors by an insulator that 

prevents the screening. This allows just a few nanotubes to remain exposed on the 

surface, so that a more efficient field emission is achieved. In our devices, the emission 

takes place from a very small region of the tips of individual nanotubes. This 

substantially decreases mutual screening of the electric fields and gives rise to the large 

field enhancement factors and hence low turn-on fields. 

 

B.2 CNT-polymer composites 

An effective method for fabricating such structures using vertically aligned 

multi-wall carbon nanotubes impregnated into a soft PDMS polymer matrix is presented. 

Various significant features uniquely characterize such MWNT-PDMS composites. To 

start with, any nanotube architecture of diverse shape and dimension can be easily and 

entirely transferred into the PDMS matrix without perturbing/destroying the original 

nanotube alignment. Next, the resulting MWNT-PDMS composites are extremely 

flexible and are able to retain their conducting nature under large tensile and 

compressive strains, opening up to variety of new possible applications such as strain 

gauges, tactile [4-5] and gas sensors [6]. The excellent conformal filling and infiltration 

of the polymer between individual nanotubes in the entire nanotube architecture produce 

an effective suppression of the mutual screening [1,7] providing these composites with 

excellent field emission properties. These hybrid structures are characterized by large 

field enhancement factors [1,3,7] (β~104) and extremely low (sub-1V/μm) turn-on fields, 

allowing them to easily operate at high current densities (>1mA/cm2) at low voltages. 
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These features make the CNT-PDMS composites suitable for applications in flexible 

field-emitters [1-3,7], electrically and mechanically stable flexible display devices and 

sensors [8]. 

 

B.2.1 Materials and methods 

These composite structures have been fabricated by impregnating vertically 

aligned arrays of MWNTs into a transparent PDMS polymer matrix.  

Figure 1 describes the various steps involved in the fabrication of these 

composites. Various pre-patterned SiO2/Si substrates are used to grow vertically aligned 

MWNT architectures by thermal chemical vapor deposition (CVD) of Ferrocene and 

Xylene at 800°C [9]. A PDMS pre-polymer solution is first prepared by mixing the base 

and curing agent in the weight ratio of 10:1. Then it is poured over the aligned nanotube 

structures on the substrate. Any excessive PDMS solution is carefully removed to obtain 

the desired composite’s thickness. Then, the polymer is thermally cured at 100°C for 1 

hour. After that, self-standing nanotube-PDMS composite films can be carefully peeled 

off from the substrate, directly.  

 

Figure B.1: Schematics describing the fabrication steps of the aligned MWNT-PDMS array 

structures. 

CVD  Peel-off MWNT-PDMS 

Si substrate Si substrate

PDMS infiltration/cure 

Si substrate 

SiO2 

Patterned Si/SiO2 

vertically aligned 

MWNT
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Figures 2(a) is a tilted SEM image of an array of cylindrical pillars of vertically 

aligned MWNT (d~500μm) before polymerization while Figure 2(b) shows the same 

structures after the polymer has been infiltrated. Original alignment, shape and size are 

not altered in the resulting composites, even after the polymerization process and the 

subsequent peeling off from the substrate, as visible in Figure 2(c) and (d). No visible 

distortion or defects (bubbles etc.) are noticeable in the resulting composites.  

 

Figure B.2: SEM images showing the MWNT architecture before (a) and after (b) PDMS 

infiltration in an array of nanotube pillars. (c) Top view of nanotubes walls before PDMS 

polymerization. (d) Cross-sectional SEM image of the same nanotube wall after infiltration. 

(Inset) High magnification SEM image shows that nanotube pattern and alignment remain 

intact after polymer infiltration. 

 

500 µm

(a) (b)

(c) (d)

50 µm
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MWNT architectures of various geometries and sizes were transferred into the 

PDMS polymer matrix. Figure 3(a) shows a MWNT network (in a mesh structure) 

embedded in a relatively thick polymer matrix. Figure (b-d) on the other hand show the 

extreme flexibility of such composites in a film structure. 

 

Figure B.3: Optical images demonstrating (a) the versatile geometry and (b-d) the flexibility of the 

MWNT-PDMS composites. 

 

B.3 Electrical characterization under mechanical strain 

The electrical resistance of the nanotube-PDMS composite structures was tested 

against two types of structural deformations, since electro-mechanical stability of these 

composites is a key feature in flexible electronic applications. Both deformations and 

measurements were performed in the direction perpendicular to the alignment of the 

(a) (b)

(c) (d)



 

     168

nanotubes by mean of a mechanical puller. The composites were found to retain 

conducting properties over large percentages of strain. Figure 4(a) and (b) show the 

behavior of resistance with tensile and compressive strain, respectively. In both cases, 

ΔR/R0 increases by almost 40% compared to its initial value. Beyond this value of 

compression, the resistance changes were irregular and have not been plotted. However, 

it is significant that the structures remain equally conductive for much larger strains than 

the ones shown. 
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Figure B.4: Typical variation of the normalized resistance ΔR/R0 in a MWNT-polymer composite 

device under an applied (a) tensile strain and (b) compression. 
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It is believed that the resistance change is due to a change in the internal 

connectivity between neighboring nanotubes. In particular, SEM images (not shown) 

suggest that the observed change in resistance is mainly due to a change in the effective 

contact area between neighboring nanotubes in the architecture. The ability to retain 

conducting nature under strain is extremely useful for various flexible electronic 

requirements. 

 

B.4 Field emission in CNT-PDMS composite 

Having explored its conducting nature under strain, the field emission properties of 

such CNT-PDMS composites have been tested. 

A patterned CNT-PDMS matrix of cylindrical shape with diameter of 500μm was 

chosen for the field emission measurements. By suitably adjusting the quantity of PDMS 

used during the fabrication, it is possible to obtain composite films with very few 

exposed nanotubes on the top surface, as shown in Figure 5(a), where few entangled 

nanotubes 10s of μm long are visible. A composite cathode was fabricated coating the 

bottom surface of the film, where the ends of the nanotubes were completely exposed, 

with Ti/Au (10nm/50nm) and fixing it to a metal electrode using a highly conducting 

silver paint. 

While placed in air, the devices were initially “conditioned” by placing the anodes 

at a distance d~10μm from the surface and applying a high voltage. At higher fields, the 

longer nanotubes get lifted off from the surface and touch the anode. This causes a 

current flow high enough to burn the longer nanotubes and leave behind shorter (1-3μm) 

and broken nanotubes with very sharp tips, as shown in Figure 5(b). 
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Figure B.5: (a) SEM images of the active surface of a typical device as-fabricated and (b) after 

“conditioning”. The conditioning process removes long strands of exposed nanotubes and 

leaves behind shorter tips, which are ideal for the field emission process. It also leaves 

partially incinerated debris of PDMS behind, which does not interfere in the field emission 

process.  

 

This process was repeated several times until a steady current-voltage response 

was obtained for applied biases V less than ~100V.  The anode was then fixed at a 

distance d=50μm and placed in vacuum (~5x10-4Torr) for field emission measurements.  

Figure 6 shows the FN fits for two MWNT-PDMS composites. The emission 

mechanism follows equation (1) fairly well. An estimate of the values of the field 

enhancement factor for these two devices is possible from the slope of the fits. Values of 

β~.8x104 and β~1.9x104, are obtained for device A and device B, respectively. The value 

of the electric field at which a change in field current of approximately ~1nA was 

detectable is defined as the turn-on field Eto (Eto~0.87V/μm and Eto~0.5V/μm for device 

A and B). Assuming a nominal current density of 1mA/cm2, threshold field of (A) 

2.16V/μm and (B) 0.76V/μm was achieved for those devices. Patterning smaller 

diameters pillar on the Si/SiO2 substrate can further reduce this value.  
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The effective surface area (α~10-18 m2), estimated from equation (1) in this 

device indicates that the emission takes place from a very small region of the tips of 

individual nanotubes. This implies that the emitting region is much sharper than that of a 

closed-capped MWNTs (usually obtained in CVD processes), and it is probably due to 

the “conditioning” process. This, along with the isolation of the emitting nanotube from 

the “parent” forest gives rise to the large field enhancement factors and low turn-on 

fields. 

 

Figure B.6: Fowler-Nordheim (FN) plot of field emission in two representative devices. 

 

Similarly patterned but non-isolated MWNT array shows a significantly less 

efficient field emission with value of β and Eto of ~5x103 and 0.6V/μm, respectively 

[10]. Various other SWNT-based field emission structures show also overall less 

efficiency compared to our MWNT-PDMS composite with values of β<104 and 

Eto>1V/μm [11-13]. To date, the only structure which is characterized by field emission 
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properties similar to the present devices is carbon nanotubes grown on carbon cloth 

(β~1.8x104 and Eto~.2V/μm) [1].  

 

Conclusions  

In conclusion, vertically aligned MWNT-PDMS architectures in various 

geometries and sizes have been fabricated. These composites show an extreme 

flexibility, ability of retaining their conducting properties under large applied physical 

deformations, both tensile and compressive. These composites are also shown to be 

really good field emitters with sub-1V/μm turn-on fields and threshold fields of a few 

V/μm, opening up a complete new area of applications as flexible field emission devices. 

So far, only few architectures have been reported to have such high values for the field 

enhancement factor and low turn-on field. Of these few, none is at the same time easily 

transferable, flexible and capable of retaining conducting properties under strained 

conditions. The combination of all these features renders these MWNT-PDMS 

composites outstanding candidates for future applications in electrically and 

mechanically stable flexible sensors and display devices. 

 

This work has been published in Nano Letters (issue) in 2006. In addition, is has 

appeared in numerous non scientific journal as a promising proof demonstration for 

possible flexible emitters or “nanoskin”. My personal contribution to such work is 

related to the electrical characterization of such composites structures when subjected to 

mechanical strength and the field emission measurements.  
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