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Abstract

Modified graphene and low dimensional carbon nano-electronic devices have the potential to
supersede current technologies in many respects although manufacturing and understanding
these materials poses a significant challenge which requires an incremental approach. Doping
of graphene, a prerequisite for modifying the electronic properties, is still poorly understood.
Band-modulation is therefore difficult to control. Resonant tunneling induced through the
incorporation of impurity clusters has not yet been addressed. On the other hand electron-
spin correlations in modified graphenes have hardly been studied. In this work we address
these issues through a tandem approach of theoretical and experimental studies. This work
begins with an ab-initio study of the electronic properties of bilayer graphene and the mod-
ifications induced through the substitutional incorporation of isolated nitrogen impurities.
Nitrogen modification results in a change from a zero-gap semiconductor to a metal as a
result of nitrogen incorporation while charge density calculations show the localization of
charge in the vicinity of the impurity. This work on isolated impurities was then extended

to impurity clusters.

The quantum transport properties of impurity clusters distributed within a high bandgap
material were then studied. Different geometrical configurations of the impurity clusters were
studied to tune quantum interference to control the carrier lifetime. The effects of randomly
distributed clusters were also studied to interpret the effects of disorder. These studies pro-
vide insight into the transport properties of naturally grown quantum dot systems such as
reduced graphene oxide which consists of low defect density graphene nano-islands randomly
distributed in oxygen and free radical functionalized graphene which was studied experimen-
tally. Resistance was recorded as a function of temperature for graphene oxide and reduced
graphene oxide two terminal devices. Evidence of mesoscopic resistance fluctuations, charge
carrier activation and enhanced elastic scattering was found while the magnetic properties of

reduced graphene oxide showed a phase transition from ferromagnetism at low temperatures
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to diamagnetism at higher temperatures.

Finally, the Kondo effect was demonstrated in reduced graphene oxide through trans-
port and magnetoresistance measurements which were interpreted within the Fermi liquid
description of the Kondo effect. These effects were explained through the microstructure
of reduced graphene oxide and illustrate the significance of spin in reduced graphene oxide.
These studies will inform the design of functionalized graphene spin-polarized devices and

spin valves.
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CHAPTER 1

Introduction

The promise of innovative quantum nano-electronic devices heralding progress beyond the
silicon era has spurned the study of low-dimensional carbon nano-materials which in many
respects have the capacity for unsurpassable device performance. One of the primary focus
areas is the development of ever faster-switching, lower power consumption and smaller
devices such as field effect transistors. Of increasing importance are new forms of sensors
for medical, environmental and bolometric applications. In parallel, quantum transport
devices are actively being pursued. Quantum phenomena, widely accessible with the advent

of nanotechnology, afford innovative device applications.

Naturally grown crystals, their growth reliant upon thermal energy and their structure
exposed to external influences, as a rule occur as bulk materials. 2D crystals were thought
to be too unstable to exist as free standing materials on the basis of thermal fluctuations [1].
With the advent of carbon nanotechnology, 1D and 2D materials can be synthesized and their
unique properties studied [2] within a new paradigm in which fundamental physics is con-
current with new device applications. Amid extensive theoretical studies of new phenomena,
hitherto inaccessible experimental studies of the fundamental behavior of low-dimensional
materials are ongoing. With the relentless advance of nano-scale technologies, ever greater
control and freedom to manipulate nano-materials is gained with a view to exploiting their
fundamental properties. Regarding electronic transport properties, mesoscopic and quantum

phenomena are widely accessible through nano-scale devices.

Graphene has shown promise for unrivalled electrical properties in many respects [2].

Graphene has generated widespread theoretical studies initially motivated by the “relativis-
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tic” nature of charge carriers, described as massless Dirac Fermions [3, 2], bringing quantum
electrodynamics to the forefront of condensed matter physics. Experimental discoveries
drive theoretical studies while ongoing theoretical studies motivate experimental investiga-
tions. Graphene has opened the door for research into truly 2D materials but still dominates
the field. Experimental condensed matter physics, until the advent of graphene, was reliant
upon high quality synthesis methods which are often time-consuming, highly technical and
costly. With the relatively simple isolation by mechanical exfoliation, researchers have gained

widespread access to a new material without the need for complicated synthesis techniques.

The physics of graphene is of significant interest. Symmetries in real space are conserved
in transformations to momentum space. The graphene lattice can be viewed as the super-
position of two equivalent sub-lattices. This is reflected in the valley degeneracy within the
hexagonal Brillouin zone. The majority of the early studies in graphene focused on the linear
dispersion around the Dirac points. This description is valid in the very low energy region
surrounding the K points, close to the Fermi energy (Er). The linear dispersion of graphene
is often illustrated using a tight-binding model. Ab—1initio calculations of the band structure
also show a linear dispersion in the vicinity of the K and K’ points, informing the choice of
hopping parameters for tight-binding calculations. In turn, subject to algebraic manipula-
tion and first-order approximations, the final form of the Hamiltonian yields insight to the
physics of graphene. The physical significance of the linear dispersion is illustrated in the

anomalous quantum Hall effect in monolayer and bilayer graphene.

The band structure of graphene is of significant interest and has been widely studied
[4, 5, 6]. The general approach begins with the definition of a basis with two atoms in a
rhombohedral unit cell. With a tight-binding Hamiltonian, nearest neighbour coupling is
assumed. The wavefunction is described as a superposition of Bloch states. The graphene
lattice is therefore effectively separated into two sub-lattices, A and B. The effective Hamil-

tonian is studied near the K points. The tight binding Bloch functions are defined by

N

O, (k1) = N71/2) e Bmig (v — Ry ,) (1.1)

i=1

where N is the number of unit cells in the lattice, ¢,, represents the atomic wavefunction,
(m =0,1,...,n), k represents the wavevector and R represents the atomic position. The

electronic wavefunction can then be defined as
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U,(k,r) = cjm®@m(k, ) (1.2)

m=1
where ¢;,,, are expansion coefficients. The eigenenergies are defined by

(W5 H | Wy)

Ey(k) = (W]0;)

(1.3)

Solving for the eigenenergies of Eq. 1.3 proceeds by reformulating the problem by minimiz-
ing the expansion coefficients ¢, ,, and finally solving an equation of the form det(H;—E;S) =

0. The transfer integral matrix H; and overlap matrix S are given by

Hy = (| H |Br) S = (B, |B1r) . (1.4)

Truncating the plane waves to contributions from the same unit cell, the transfer integral

matrix elements can be written as

N
Hian = N~ Z ¢a(r —Ra)| H|pa(r — Ray))

which can be considered as the summation over all unit cells of

€aa = (Pa(r — Ra;)| H |(¢ar — Ray)) -

For intrinsic graphene, €44 = egg = 0.

Considering the off-diagonal elements, coupling between nearest neighbours must be ac-
counted for through the introduction of the vector d; where the index [ runs over the nearest

neighbour vectors. The off diagonal elements can then be written as

N

3
Hiap 2 NN (galr — Ray)| H|op(r — Rai — )

i=1 =1

The transfer matrix can then be described as
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o €0 tfo(k)
Ht,AB—<t0f*(k) . ) (1.5)

where t is the transfer integral to = (pa(r — Ra;)| H |¢ps(r — Ra; — ;) and the function

f (k) defines the plane waves connecting a C' atom to its nearest neighbours.

The region of interest is close to Er where the 7 and 7* bands touch so f(k) may be
approximated in the region of the K (K’) points. A first order Taylor series expansion yields
f(k) = ky —ik,. This effectively yields a Dirac-like Hamiltonian in the vicinity of the K
(K") points,

0 k. — ik
H, = h v 1 =h -k 1.6
L= E (k ik, 0 ) vra (16)

where vp = 3at/2h and o is a 2D Pauli matrix. Close to the K and K’ points the full
band structure can be expanded and along with the approximation |q| < |K|, we find a

linear dispersion relation,
q
E+(q) = xvrla] + Olz7] - (1.7)

The dispersion relation, to first order is independent of mass. Many of the unusual
properties of graphene stem from this dispersion relation which is illustrated in Figure 1.1

while in Figure 1.2 the Landau levels are represented on the Dirac cone.

The description of charge carriers as relativistic Weyl fermions stems from analysis of
graphene within the tight-binding formalism [7]. Neglecting second nearest neighbour cou-
pling, and taking the Fourier transform of the electronic operators and expanding around
the K and K’ points, it can be shown that close to the K point the wavefunction satisfies

the Dirac equation

—vpo - Vip(r) = EY(r) (1.8)

where vy is the Fermi velocity (around 10° m.s~! in graphene), o represents Pauli matrices
which in this case do not act on spin but the sub-lattice degree of freedom (the so-called
“pseudo-spin” of quasi-particles in graphene). It is in fact a consequence of the of the

construction of the unit cell with two atoms together with the symmetry of the graphene
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lattice which is the combination of two sub-lattices. It is on the indices of these sub-lattices
that the Pauli matrices act. Considering momentum around the K point, the wavefunction

in in k space is given by the two-component spinor

1 ¢~/
vix(k) = 73\ Leiths (1.9)

where 0 = arctan (k,/k,). It is evident from (1.9) that the wavefunction undergoes a
change of sign if the phase 0y changes by 27. The Hamiltonian in (1.8) has two eigenvalues
as o-p 1Y) = £pl) where p is the momentum operator. Therefore, in an energy eigenstate,
the pseudospin o is either parallel or anti-parallel to the charge carrier momentum. This is
the origin of the chirality of quantum states close to the Dirac points. The density of states
(DOS) of pristine graphene is zero at Er while two symmetric van Hove singularities are
found at positive and negative energies [2]. In the vicinity of Er the density of states is

linearly proportional to the energy.

Although the propagation of charge carriers is not relativistic in the sense that the Fermi
velocity is only a small fraction that of light, charge carriers (treated as quasi-particles)
are most effectively described within the Dirac regime. With coherent transport over large
distances, quantum effects are expected to play a prominent role in electronic transport in
graphene. With its properties closely related to its high symmetry, many-body interactions
are also expected to be prominent in graphene generating a new avenue for research of quan-
tum many-body and quasi-particle interactions. Ultra-high frequency analogue transistors

have already been developed and will likely supersede current GaAs devices [8].

Shubnikov de Haas oscillations were demonstrated in graphene immediately after its iso-
lation sparking great interest [3]. At high fields, the quantum Hall effect was demonstrated
[9, 10]. However, in graphene the quantum Hall effect was found to occur at fractional,
instead of integer values for conductivity. This is related to the two sub-lattices which
define graphene layers as well as the description of charge carriers as massless relativis-
tic fermions. The two sub-lattices in conjunction with the Dirac framework results in two
pseudo-spins which are not related to the intrinsic spin of charge carriers [11, 9]. The en-
ergy levels of massless relativistic fermions within a quantized magnetic field are given by
En = 2ehc?B(N +1/2+1/2) where ¢, is the velocity of charge carriers (predicted to be 10°

1

m.s~ " in graphene) [9]. The lowest Landau level is therefore found when N = 0 for fermions
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Figure 1.1: a) A 3D tight-binding band structure plot of graphene. b) The band structure
in the region of the K points. Image from [15].

Figure 1.2: a) Landau levels represented on the Dirac cone of graphene under an external

field. b) Schematic density of states under an applied field. Image from [16].
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N (eV)

Figure 1.3: a) The band structure of graphene determined through angle-resolved photo-
emission spectroscopy. b) Constant energy map of at the binding energy of

the Dirac point, illustration the Brillouin zone of graphene. Image from [28].

described with a minus sign. The first plateau in o,, therefore occurs at a half integer value

and the subsequent quantized Hall plateaus are all offset by a fractional amount.

This serves as an illustration of the unusual features and rich physics associated with
low-dimensional materials, graphene in particular. An additional unusual discovery was the
quantum Hall effect at room temperature [12]. This was attributed to large cyclotron gaps,
a consequence of the Dirac-like nature of charge carriers in graphene. The cyclotron gaps
are much greater than the thermal energy, even at room temperature although the effect was
only observed at high fields. Additional studies confirmed the presence of massless Dirac
quasi-particles [13, 14]. Furthermore, it was found that only a 2D spatially quantized band
was populated at high gate voltages [3]. This intrinsic property of graphene is manifest in
a number of phenomena, for example the observation of the quantum Hall effect at room
temperature and the relative insensitivity of carrier mobility to temperature. Graphene can

therefore also tolerate high current densities.

High quality graphene exhibits ambipolar transport. As the gate voltage is swept from
positive to negative, the resistance varies symmetrically about the charge neutrality point
[6, 5] changing smoothly from electron to hole transport. This reflects the symmetry of
the dispersion relation about the K points, as shown in Fig.1.1 from [15] (Landau levels
on the Dirac cone are illustrated in Fig. 1.2 from [16]). In addition as charge carriers
behave as massless fermions in graphene there is symmetry between electron conduction

and hole conduction [17]. This is not the case in other materials as the effective mass of
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electrons and holes is different and therefore each satisfies a different Schrodinger equation
[17]. This ambipolar effect is relatively insensitive to temperature. In conventional 2D
electron gasses, populating the conduction band drastically reduces carrier mobility. In
graphene however high mobilities are maintained even at room temperature as it is a zero
bandgap semiconductor (sometimes referred to as a zero-overlap semi-metal) and charge
carriers exhibit ballistic transport over sub-micron distances. Therefore impurity scattering

presents a severe limitation to mobility in graphene systems.

Additionally, being a single atomic layer thick, interactions between graphene and under-
lying substrates are significant offering additional scope for tuning the electronic properties.
On the other hand, phonon interactions from the substrate can influence charge carriers
in graphene with the result that the mobility falls short of its potential [18]. Suspended
graphene, however, is free from these limitations. High mobilities, up to 200 000 cm?/(V.s),
have been recorded in suspended graphene [18]. This will have significant implications to-
wards the development of high-speed transistors. However, this was a demonstration on an
ideal sample and the major challenge remains in the fabrication of large-scale low-disorder
graphene. In contrast, other materials such as GaAs hybrids have exhibited even higher
mobility and are more amenable to large-scale production although the mobility decreases

dramatically with temperature.

The nature of carrier propagation in graphene has led to widespread theoretical studies
of Klein tunnelling. A manifestation of the Klein paradox has been illustrated in monolayer
graphene, using a transfer matrix method, where the transmission coefficient was found to be
unity, independent of the barrier height and width provided the wavefunction (wavevector)
is normally incident upon the barrier [19]. The generally accepted resolution of the Klein
paradox is that the electron barrier is an attractive potential for positrons. The virtually
perfect transmission is attributed to resonance between the electronic and positronic wave-
functions [20]. Bilayer graphene in contrast has a parabolic dispersion relation about the K
and K’ points which is mass dependent. The transmission coefficient is sensitive to the well

width which determines the energetic position and number of resonant states.

Conventional field effect transistors rely on a bandgap. As such, mono-layer graphene is
limited due to its lack of an intrinsic band-gap. Graphene nano-ribbons display a bandgap
however at present they are difficult to manufacture and manipulate. Alternatively, a
bandgap can be generated in bilayer graphene and could provide a route to the fabrica-

tion of field effect transistors [4]. Control over the bandgap through an external field has
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a)

T

Figure 1.4: a) 3D plot of the tight-binding band structure of bilayer graphene in the AB

configuration. b) Band structure with misaligned layers. Image from [26].

been demonstrated and it has been suggested that bilayer graphene is the only known ma-
terial with a controllable energy gap [21, 22]. Additionally, the electronic properties of
bilayer graphene are of significant interest. Furthermore, it has been suggested that bilayer
graphene is less sensitive to external influences, making it more robust and therefore suitable
for nano-electronic applications [23].

Insights into the physics of bilayer graphene can also be gained through analysis within a
tight-binding framework following a similar treatment to monolayer graphene. The transfer
integral matrix is constructed in a similar manner to the case for monolayer graphene with
four atoms in the unit cell. It is assumed that there is some inter-layer coupling although the
hopping term is weak in comparison to the intra-layer hopping terms. The inter-layer cou-
pling is strongest between atoms directly above each other [24]. There is also an intra-layer
hopping term between between atoms which are not directly above each other in addition
to the inter-layer term. The Hamiltonian is therefore expressed as a 4 x 4 matrix and the
corresponding spinor contains four elements instead of two [24] as is the case for monolayer
graphene. This matrix can then be reduced to a 2 x 2 matrix. The Hamiltonian is again
studied in the region of the K points. Hopping between the two furthest atoms in the unit

cell is neglected. More details are given in Chapter 2 of this work.

Bilayer graphene also exhibits a form of the quantum Hall effect although it is not the
same as the anomalous integer quantum Hall effect of monolayer graphene. In conventional
2D semiconductors, the Hall conductivity displays a distinct plateau where the carrier con-
centration is zero. This is not the case in monolayer graphene as discussed above. However
in bilayer graphene, not only is the conventional plateau at zero absent but the difference in

conductance between the first hole and electron plateaus is twice as large as the difference in
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Figure 1.5: a) Band structure of bilayer graphene determined through angle-resolved
photo-emission spectroscopy. b) Band structure close to the K point. c)
Comparison of the band structure for monolayer and bilayer graphene close
to the K point. Image from [26].
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conductance between subsequent Hall plateaus [4]. This is related to the double degeneracy
of the lowest Landau level. Through a tight-binding treatment, this can be related to the
bandstructure of bilayer graphene in the vicinity of the K points.

A generalized Hamiltonian can be developed which can treat both single and multilayer
graphene. Contours in momentum space are then related to phase shifts in charge carrier
wavefunctions (Berry’s phase). This Berry’s phase is related to the eigenstates of Landau
level functions [4] and as the Berry’s phase is 27 the lowest Landau level has two eigenstates.
With the additional spin and valley degeneracies, the lowest Landau level is eight-fold degen-
erate while subsequent Landau levels are four-fold degenerate. This could result in strongly
correlated quantum Hall states based on the electron-electron interaction [25]. Another
interesting observation which remains unexplained is that the longitudinal conductivity is
non-zero even at low temperatures and high magnetic fields, showing no gap in the Landau

spectrum.

The bandgap in bilayer graphene was investigated experimentally on the basis of theoret-
ical studies which indicated that a bandgap may form in the absence of perfect symmetry
between the two layers as shown in Figure 1.4 [25, 26]. Bilayer graphene on SiC was studied.
The interactions of the bilayer and the substrate are crucial in bandgap formation as charge
depletion in the substrate (and charge accumulation in the bottom graphene layer) induces
asymmetry between the graphene bilayers. The band-structure was probed through angle re-
solved photo-emission spectroscopy (ARPES) and shows good agreement with tight-binding
and ab — initio calculations of the band structure (see Fig. 1.5.). Constant energy maps
also showed high symmetry points as expected. In this study, the carrier density was varied
through potassium doping and switching applications were suggested subject to the control
of the relative potentials of the graphene layers. In a subsequent study, Dirac fermions were
also found in graphite using ARPES along with quasi-particles with a parabolic dispersion
relation [27]. A further study confirmed the linear dispersion in the region of the Dirac points
in mono-layer graphene [28]. Quasi-particle interactions were investigated as the cause of
small anomalies in the ARPES measurements. Electron-plasmon interactions were found to
be significant while electron-phonon and unusual electron-plasmon and electron hole decay

processes were also discussed [28].

The unusual carrier scattering in graphene is of significant interest. The impetus of
many of the initial graphene studies was the physical phenomena surrounding the dispersion

relation (such as the quantum Hall effect) however more general studies have now been
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performed. Inextricably bound to such studies is the problem of understanding the nature
of disorder in graphene systems. In this regard, graphene is an ideal test-bed due to its
sensitivity to structural as well as topological disorder. From the perspective of electronic
transport, disorder is often synonymous with weak localization however magneto-resistance
studies in graphene have indicated an unexpected suppression of weak localization [29].
It was pointed out that the behaviour of the magneto-resistance of graphene is significantly
different to that of metals in that most graphene devices showed no magneto-resistance while
conventional metals would show prominent magneto-resistance under the same conditions.
In addition, it was demonstrated that the magneto-resistance of monolayer graphene is very
different to that of graphite [29]. However universal conductance fluctuations (UCF) were

widely observed at high carrier concentrations.

The suppression of weak localization was attributed to topographical distortions of the
graphene lattice which induce a local (random) gauge field that breaks time reversal symme-
try, effectively preventing weak localization [29]. UCE’s on the other hand were unaffected
as the gauge field is randomly distributed. This study motivated additional studies of carrier
scattering in graphene. The scaling of resistivity with temperature provides some informa-
tion about the nature of carrier scattering and has thus been the focus of a number of studies
in graphene [30, 31, 32, 33, 34, 35, 36, 37, 38]. There is another factor which contributes to
the suppression of weak localization in graphene when considering long-range disorder. For
example, scattering from charge puddles, widely studied in graphene, is such a form of long
range order. The chirality of charge carriers, a consequence of employing the Dirac Hamil-
tonian, prevents direct backscattering [38]. This suppression of backscattering has even led

to the experimental observation of weak anti-localization [35].

Based on the band structure of graphene, a recent study supported by experimental
evidence has suggested that the “valley” quantum state can be read based on measuring
mesoscopic conductance fluctuations (MCF’s) [35]. This is a dramatic illustration of the
symbiosis between the calculated band structure and mesoscopic conductance fluctuations
and could even have applications in quantum information technology. Elastic scattering, both
inter-valley and intra-valley, is expected to add a quantum contribution to the resistivity [5].
Changes in the carrier density influence the elastic scattering such that it can be tuned
through the application of a gate voltage. In turn, changes in the elastic scattering can
suppress MCF’s.

The low density of states surrounding Er suggests that little electron screening occurs in
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graphene close to the charge neutrality point. Charged impurities therefore also act as long-
range electron scatterers [38] . Doping is a prerequisite for tuning the electronic properties
for practical implementation. The high mobility of doped graphene has stimulated studies
into new high-mobility FET’s. However, the nature of scattering in these systems remains
unresolved [38]. Moreover, in the regime of nano-electronics, a thorough understanding of
the principle scattering mechanisms is more important than in conventional electronics. In
addition, the specific details of scattering will influence the performance of unconventional

spin valves and spin polarized devices [39].

Studies have demonstrated that pristine graphene is a marginal Fermi liquid as the imag-
inary part of the self energy as a function of energy is linear [5]. In graphene, the DOS at Er
is zero so there is little electron screening of conduction states close to Er. However the ratio
of the Coulomb energy to the kinetic energy is independent of the carrier density, a feature
which is uncommon in Fermi liquids [40]. Close to the charge neutrality point, the prevalence
of long range interactions results in a renormalization of the the quasi-particle characteris-
tics which is different to the Fermi liquid behavior for non-zero chemical potential where
the finite DOS allows conventional screening. Slight deviations from the conventional Fermi
liquid quasi-particle excitations have also been reported experimentally [28]. The decay of
a photo-hole through excitation of an electron from below Er showed that the expected
quadratic energy dependence was modified, likely as a result of the linear dispersion close to
Er [28]. Doped graphene, on the other hand is a Fermi liquid as the imaginary part of the
self energy (as a function of energy) depends on the product of the energy squared and the
logarithm of the energy [41]. In practice, due to unintentional surface-induced doping and

impurities it is likely that all graphene devices will be Fermi liquids.

Doping of graphene has been widely studied to tune the electronic properties [42, 43].
While the opening of a bandgap in graphene has been studied extensively additional band
modulation is required to realize graphene based electronics including metallic forms of
graphene. In addition, band modulation may likely pave the way for quantum transport
devices. With the persistence of coherent quantum effects to high temperatures, graphene
could play a role in developing superlattice structures for high frequency applications. Ni-
trogen doping in particular is of interest as it can form a number of different structures when
incorporated into graphene. Nitrogen can form pyridinic or nitrilic bonds with carbon which
result in vacancies and p-type doping [42, 44, 45]. Nitrogen can be stably substitutionally
incorporated in graphene and bilayer graphene [46]. Substitutional N doping induces n-type
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conductivity and preserves the hexagonal graphene lattice so the mobility of charge carri-
ers remains high [43]. Angle resolved photo-emission spectroscopy has shown that indeed
substitutional N doped graphene is metallic while a band gap opens up due to the loss of

intrinsic symmetry [43].

The electronic transport properties of N doped graphene were studied by Wei et al.
[47]. Transport measurements showed n-type doping while the mobility of N doped devices
was 1.5 to 3 times less than the mobility of pure graphene samples. N has thus far been
incorporated in graphene grown through chemical vapour deposition (CVD) however CVD
graphene is highly disordered, limiting the mobility. Practical realization of high mobility
N doped graphene is therefore subject to reductions in the disorder of CVD graphene or N
incorporation in pristine graphene, such as mechanically exfoliated graphene, through new
synthesis techniques. Nitrogen doping has also been widely studied in carbon nano-tubes
where p-type or n-type conductivity has been observed depending on the N complexes which

are incorporated during synthesis [47].

The combination of doping as well as controlling the number of layers has recently drawn
attention due to the tunable nature of the bandgap in bilayer graphene and the modifications
to the electronic properties which can be induced through N incorporation. In Chapter 2 of
this work we have therefore studied the electronic properties of substitutional N incorporated
bilayer graphene with electronic device applications in mind. While the band structure of
pristine bilayer graphene shows a 7 and 7* band which meet at Er at the K point, the
band structure of N incorporated graphene is metallic with a gap at the K point. We
have studied N incorporated bilayer graphene in both the AA and AB configurations. In
contrast to pristine bilayer graphene which is sensitive to the orientation of the graphene
layers, we find that there is little difference between the band structure of N incorporated
bilayer graphene in the AA and AB configurations. Nitrogen localizes charge in the vicinity
of the impurity, not only within the basal graphene plane but also perpendicular to the
graphene layers. We find that there is little inter-layer coupling even if the nitrogen atoms
are arranged one above the other. Nitrogen incorporation changes the nature of carrier

scattering although the structure of the graphene lattice is virtually unchanged.

Nitrogen is one of the principle dopants employed in the modification of the electronic
properties of carbon materials and nano-materials [48]. The performance of amorphous
carbon films can be enhanced through N incorporation. While N incorporation increases the

conductivity overall the non-linear increase of conductivity with N% and eventual saturation
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(the conductivity may decrease after attaining a maximum) indicates that N incorporation
is unlike conventional doping. Nitrogen can be substitutionally incorporated in both the sp?
and sp® phases of carbon. In addition N complexes can be formed during synthesis which
are incorporated into the material. This affords great flexibility in modifying the electronic
properties but also complicates the problem of understanding N doping in carbon. One of
the outcomes of the present study is a basic understanding of some of the features which are
induced in graphitic clusters which are prevalent in amorphous carbon films as a result of N
incorporation. Understanding the incorporation of NV impurities in bilayer graphene serves as
a precursor for future studies in consideration of the transport properties of N incorporated
amorphous carbon films. This study will aid in understanding the fundamentals of the

electronic properties of carbon modified through single N impurities as well as clusters.

Nitrogen doping has been widely studied towards modifying the electronic properties of
nano-crystalline diamond films [49]. Here too N doping enhances the electrical conductivity
however there is a non-linear increase in conductivity with the atomic incorporation of N
[50]. Strangely, N doping can induce p-type or n-type conductivity [49]. It seems that the
influence of N incorporation is strongest within the grain boundaries however a satisfactory
explanation for these features has proven elusive. Nitrogen doping is know to modify disorder
within the grain boundaries in addition to substitutional incorporation and the incorporation

of N complexes [51].

As an extension to single impurities, the electronic properties of impurity clusters in
graphene are also of significant interest [52]. The electronic properties of boron impurity
clusters on graphene layers and nano-ribbons were studied [52] where wiring of the system
would be provided by chains of boron impurities. In this study it was argued that while
impurities tend to diffuse in graphene, clusters would not diffuse as easily, an issue already
faced in MOSFET devices. In addition the rearrangement of carbon atoms at the edge of
a vacancy in graphene has been imaged in real time (Figure 1.6 from [53]). Resonant tun-
nelling features in current-voltage measurements have been predicted in graphene systems
where the impurity arrangement was controlled [54]. Nitrogen doping is also known to pro-
mote sp®> — C' clusters in amorphous carbon and nano-crystalline diamond films effectively
creating graphitic regions within predominantly sp® — C regions. Quantum transport prop-
erties through related graphene quantum dots has recently been studied. Beyond interesting
quantum phenomena, applications in quantum information technology have driven these

studies.
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[53]. In this study the rearrangement of carbon atoms at the edge of the va-

cancy was imaged in real time with an atomic resolution transmission electron

microscope.

In the study by Hewageegana and Apalkov, electronic transport through circular graphene
quantum dots within some high potential matrix was investigated [55]. In this study the
Dirac Hamiltonian was applied to electrons in the graphene quantum dots and coupling
through the continuum states was assumed while direct inter-dot coupling was neglected
as the energy levels of the graphene quantum dots are degenerate with the leads. The
confinement of states based on peaks in the scattering cross section as a result of the lead-
dot coupling (in contrast to the confinement in conventional quantum dots) and the electron
escape rate were discussed. The relationship between the energy of quasi-localized states and
the ratio between the quantum-dot separation and the radius of the quantum dot was briefly
discussed. In particular, resonances were described as eigenfunctions with the real part of the
complex eigenvalue associated with the resonant energy while the inverse of the imaginary
part is related to the lifetime of the decaying quasi-localized state [55]. This approach,
although unconventional, is related to previous studies of quantum dot systems where the
Dirac Hamiltonian has not been applied. However a realistic quantum-dot interface was
lacking in this study. It was assumed that the quantum dot interface with the high potential
matrix was perfectly sharp (i.e. the potential is described by a Heaviside function). In real

systems, the potential will vary over the interface due to the band mismatch and lattice
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mismatch.

Some fundamental studies [56] of quantum dot systems rely in principle on the framework
developed by Shahbazyan and Raikh [57]. They developed a treatment of transport through
a double impurity (double quantum dot) system which accounts for direct coupling between
the dots as well as coupling between the dots and the continuum states of ideal leads. There
is therefore indirect coupling between each quantum dot through the leads. They found the
formation of two states with different lifetimes, a sub-radiant state and a super-radiant state.
In subsequent studies, the formation of Fano resonances in conductance spectra was discussed
in terms bonding and anti-bonding states [58, 59, 60, 61]. Using the Hubbard model the spin
properties of quantum dot systems have also been studied [62] where an imperfect barrier-
well interface was considered. It was demonstrated that the total spin of the many electron
system can be controlled through an external magnetic field as a result of Aharonov-Bohm
oscillations [62]. However a combined study of potential device characteristics has so far
been lacking. In Chapter 3 we therefore study the DOS, conductance and current-voltage
characteristics of different geometric arrangements of three impurity clusters in order to
interpret and tune quantum interference phenomena. In addition, naturally grown systems
have not been considered at all so we also investigated disordered systems through different
forms of disorder. We consider an imperfect interface between the impurity and matrix

potentials as well as a random distribution of the impurity clusters.

We investigate the optimal conditions for the onset of resonant tunnelling. Of great
importance is the development of radio frequency devices which can out-perform current
devices. In this regard, low dimensional carbon resonant tunnelling diodes can excel at
high frequencies and have shown great promise [50]. Carbon superlattices, with resonant
tunnelling features and consequently ultra-high frequency capabilities could be developed
from a combination of sp® hybridized carbon and sp? hybridized graphene. Controlling
the graphitic clusters may make new applications available in amorphous carbon and nano-
crystalline diamond films. In addition this study may also aid in interpretation of some
of the transport features of some naturally grown systems such as reduced graphene oxide
(RGO).

A recent study has revealed that the micro-structure of RGO, a chemically derived form
of graphene, consists of intact graphene regions surrounded by functionalized regions (see
Figure 1.7) [63]. Oxygen-functionalized regions are insulating and RGO can therefore be

considered as a disordered, naturally grown quantum dot system. The synthesis of RGO,
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Figure 1.7: Atomic resolution transmission electron microscope image of reduced
graphene oxide. The scale bar represents 1 mm. Dark grey regions rep-
resent residual functionalized regions and red regions represent individual
adatoms. Blue regions represent regions dominated by topographical defects
while green regions represent individual topographical defects. Vacancies are
shaded yellow. Figure from [63].
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being chemically based, is well suited for industrial-scale device preparation. In addition, the
solubility of functionalized graphenes facilitates device fabrication [64]. Initially it was hoped
that quantum transport features in RGO would be similar to those of pristine graphene pro-
viding a route to large-scale production of graphene however the conduction was found to
suffer from strong localization. In another study, transport measurements showed Coulomb
blockade features [65, 66]. A model was developed in which single electron tunnelling oc-
curred through residual functionalized regions. Subsequent studies showed an improvement
in the conductivity with activated charge carriers contributing to conduction [67]. Concur-
rently the magnetic properties of graphene oxide (GO) and RGO were also studied. The
discovery of ferromagnetism in RGO at room temperature was surprising [68]. In paral-
lel, computational studies indicated the formation of local moments as a result of residual
functionalized groups, topographical defects and vacancies although many questions remain

unanswered, for example the nature of ferromagnetic ordering [68].

In the conventional reduction of GO to form RGO, hydrazine is employed as the reducing
agent. In addition to introducing defects and vacancies in the lattice, additional function-
alized groups are formed which remain attached to the lattice. Alternative reducing agents
were therefore investigated. Ascorbic acid (vitamin C') has been used to successfully reduce
GO [69]. Ascorbic acid is better suited to large-scale production as it is not toxic in contrast
to hydrazine which poses an environmental risk. The free radicals introduced in the reduc-
tion process are not necessarily the same as in hydrazine reduction. However studies of the
transport properties of GO reduced in this manner had not yet been undertaken. Hence we
have studied the electronic transport and magnetic properties of GO and GO reduced with
ascorbic acid (Chapter 5). We find evidence of mesoscopic resistance fluctuations at low
temperatures combined with activated carriers and prominent elastic scattering at higher

temperatures.

Magnetism in graphene has attracted a great deal of interest in parallel with the interest
in the transport properties. In Chapter 5 we have therefore also studied the magnetic
properties of GO and RGO in conjunction with the transport properties as recent reports
have demonstrated ferromagnetism in RGO [70]. The magnetic properties show a phase

change from ferromagnetism at low temperatures to diamagnetism at higher temperatures.

Graphene spintronics is an emerging field driven by theoretical studies. With a relatively
long phase coherence length, zero density of states at Er and a small spin-orbit interaction it

has been suggested that graphene may be well suited for specific spintronic applications [71].
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Spin valves, spin polarized devices and even spin qubits have been suggested in graphene
devices. On the other hand, it is difficult to induce stable magnetic moments due to the small
spin-orbit coupling. Some studies of the spin dependent resistance of graphene devices have
been carried out in the non-local measurement configuration. In this linear configuration,
a current is driven across two ferromagnetic electrodes while the potential is measured in
some region where there is no direct current flow [71]. In this way polarized spin currents
were demonstrated in graphene devices with a spin relaxation length in the range of 1-2 um,

which is more than sufficient of the development of nano-spintronic devices.

Spintronics in graphene is also synonymous with spintronics of the surface states of 3D
topological insulators [72] as low energy quasi-particles are described by the Dirac Hamilto-
nian in both cases. However the spin-orbit coupling in the two materials is very different.
In graphene the spin orbit coupling is small and the spin polarization relaxation time is
relatively long while the surface states of topological insulators have a strong spin-orbit cou-
pling and therefore have a short spin relaxation time. The two systems can complement
each other as the surface states of topological insulators can generate spin-polarized charge
carriers while graphene can allow them to propagate with the spin intact [72]. Interestingly,
the spin relaxation time in bilayer graphene is longer than in monolayer graphene possibly
as a result of screening [73]. Based on these properties, the formation of spin qubits has been
studied in graphene quantum dots [39]. In this study, the limitation of valley degeneracy
was overcome by working with graphene nano-ribbons. Quantum dots could then be coupled
through the Heisenberg exchange interaction while the coupling between dots was found to
be controllable. On the other hand, studies of functionalized graphenes for spintronics appli-
cations have so far been limited. One ab-initio study however has suggested that spin-filters
can be manufactured from zig-zag graphene nano-ribbons functionalized with oxygen on one
side and hydrogen on the other [74].

The physics of electron correlations in graphene is being studied intensely. In particular,
the interaction of local moments and conduction electrons has drawn significant attention
as graphene systems allow access to unusual features which may reveal variations in the
Kondo physics of these systems. In Chapter 6 we perform 4 probe transport measurements
of RGO at low temperatures and high fields. This study reveals the significance of the
interaction of local quantum spins and conduction electrons. We interpret a metal-insulator
transition in resistance as a function of temperature within the Fermi liquid description of the

Kondo effect. We find that the magnetoresistance scales with a characteristic temperature
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which is in fair agreement with the Kondo temperature determined from resistance versus
temperature measurements. We develop an interpretation based on the microstructure of
RGO where local moments form as a result of free radicals, defects and vacancies while

extended states form in low defect density graphene regions.

1.1 Outline

We begin this work with an ab — initio study of the electronic properties of graphene and
bilayer graphene chemically modified through the substitutional incorporation of single N
impurities in Chapter 2. The band structure, density of states and charge density of bilayer
graphene and N incorporated bilayer graphene are studied. We investigate the possibility
of magnetism in N incorporated bilayer graphene. The diffusion of N atoms in graphene
nano-ribbons is then studied by comparing the total energy of graphene nano-ribbons with

N incorporated in the bulk and on the edge of the nano-ribbon.

After studying doping in graphene, in Chapter 3 we study the electronic electronic trans-
port properties of impurity clusters embedded within a high potential matrix where the de
Broglie wavelength is significant over the scale of the device. Assuming coupling between the
leads and the clusters as well as indirect lead-cluster coupling through the direct inter-cluster
coupling, we calculate the density of states, conductance and current-voltage characteristics.
We study different geometric configurations in order to interpret quantum interference phe-
nomena. With elemental concepts founded in these theoretical studies we then perform
experimental studies on reduced graphene oxide which is effectively a disordered impurity

cluster system.

In Chapter 4 we discuss the experimental techniques used for subsequent chapters. In
Chapter 5 we present low temperature current-voltage measurements of GO and RGO sus-
pended between micro-electrodes. We discuss resistance versus temperature measurements
in detail and develop a model for the temperature dependence of RGO. We also present the
magnetic properties of GO and RGO. Temperature dependent magnetization as well as low

temperature hysteresis measurements are interpreted.

Extending the work of Chapter 5, in Chapter 6 we present four probe temperature de-
pendent transport measurements on RGO from 2 K. Resistance is studied as a function of

temperature and magneto-resistance is studied at different temperatures. The carrier den-
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sity and mobility are determined from Hall measurements in the van der Pauw configuration.
In Chapter 7 general conclusions with a view towards nano-electronic and spintronic device

applications are presented.
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CHAPTER 2

Electronic properties of Nitrogen

Incorporated Bilayer Graphene

In this chapter the electronic properties of bilayer graphene and nitrogen nitrogen incor-
porated graphene and bilayer graphene in both the AA and AB configurations are studied
through ab — initio calculations within density functional theory (DFT). A brief introduc-
tion to DFT is presented. A more detailed review of theoretical and experimental aspects of
nitrogen modification of graphene and bilayer graphene is given, building on the discussion
in Chapter 1. The incorporation and subsequent diffusion of nitrogen atoms in monolayer
graphene nano-ribbons is discussed based on a comparison of the calculated total energy of
graphene nano-ribbons with nitrogen situated in the bulk and on the edge of the nano-ribbon.
The band structure, density of states and charge density of bilayer graphene is then discussed
and compared with bilayer graphene modified through nitrogen incorporation with a view
towards electronic device applications. By stipulating different magnetic configurations and

examining the total energy, we also discuss the magnetic properties.
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CHAPTER 2: ELECTRONIC PROPERTIES OF NITROGEN INCORPORATED BILAYER
GRAPHENE

2.1 Introduction

2.1.1 Introduction to Density Functional Theory

Calculation of the electronic properties of a system from ab — initio principles begins with a

Hamiltonian describing electrons, nuclei and their interaction as follows

Z]€ 1 62 h2 Z]ZJ€
Z Zrz §;ri—rj_W;V% ZR]—RJ (21>
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where m and M are the electronic and nuclear masses, Z is the nuclear charge and
capitol and lower case subscripts refer to nuclei and electrons respectively. This Hamiltonian
accounts for electron-nucleus, electron-electron and nucleus-nucleus Coulomb interactions
as well as the kinetic energy of electrons and nuclei. However when this Hamiltonian is
applied within the Schrodinger equation, the resulting many-body problem, consisting of
coupled differential equations (due to the two-body Coulomb interaction) of the order of the
Hamiltonian, cannot be solved analytically while the computational expense of numerical
techniques poses a severe limitation [75, 76]. The problem must therefore be reformulated

to render it soluble.

A principle simplification exploits the fact that the nuclear mass is much greater than the
electronic mass, allowing nuclei to be treated adiabatically within the Born-Oppenheimer
approximation [77]. The Hamiltonian can therefore be separated into an electronic part and
a nuclear part. The electronic system then consists of an electronic kinetic energy term,
T (first term in the Hamiltonian), an electron-nucleus interaction term, V' (second term)
and an electron-electron interaction term U (third term). Wave function based methods for
solving the electronic part of Eq. 2.1 have been developed to find the ground state however

they are computationally expensive [76].

One of these methods is the Hartree-Fock method where the multi-electron wavefunction
U(ry,ry,...,ry) is expanded through a Slater determinant of single electron wavefunctions.
A set of single electron Schrodinger equations is then solved, using a modified potential.
However the Hartree-Fock method neglects correlation energy and therefore does not pro-
vide sufficient accuracy for general application of ab — initio calculations. In addition, the

computational demands increase rapidly with the system size. Density functional theory
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(DFT) provides an alternative route and its use has become widespread as it often pro-
duces satisfactory results and is computationally feasible. DFT provides an efficient route

to finding the groundstate density and energy of a system.

The ground state of a system can be obtained from a simple variational principle and we
therefore restrict our discussion to the ground state. Ground state DF'T methods essentially
rely on the variational principle of quantum mechanics [78]. Given a wavefunction @, the

energy of the system with Hamiltonian H as a functional of ® is

O H|P)

_
B[] = =g (2.2)

Formally, it can be shown that the ground state is given by the minimization of the energy
functional E[®]. The ground state energy is the lowest possible energy, i.e. E; > Ey VYV .
This implies that E[®] > Ej.

Hence, minimization of the functional E[®] yields the ground state energy, i.e.

Ey = mgnE[Cb] . (2.3)

DFT exploits the electron density as the basic observable. The electron density operator

is defined as

A(r) =) 6(r—r;) (2.4)
so the density may be expressed as

(W] n(r) W)
) (2.5)

i.e.

n(r) = N/ dry ... PryUr(r,ry, .. ty)0(r — 1) ¥(r,ry. .. Ty) (2.6)

where WU is some wavefunction (not necessarily the ground state wavefunction). DFT
relies on the reformulation of the kinetic energy, external potential and electron-electron
interaction terms of Eq. 2.1 in terms of the electron density. We consider valence electrons
as an inhomogeneous electron gas (following Hohenberg and Kohn [79]) including mutual

Coulomb repulsion (U) and kinetic energy (7"), confined to a region under the influence of

25



CHAPTER 2: ELECTRONIC PROPERTIES OF NITROGEN INCORPORATED BILAYER
GRAPHENE

an external potential (V,,;) i.e. the electron-nuclear interaction is replaced with a collective
external potential which acts on electrons. Considering a ground state ¥, the the ground

state energy may be expressed as

= (VT +V+UW) = (U T[0) 4 (U] Ve [¥) + (V[U [T) . (2.7)

The expectation value for each term may then be expressed in terms of the one and two
body density matrices [75] as

T8 = 19 e 28)

(U] Vit | U) = \I/|vat (r;) |¥) = /()vm(r)dr. (2.9)

where v, (r;) represents the potential when n(r) is the ground state density of a non-
interacting system. The Coulomb part of the electron-electron interaction term, Uc, (i.e.

the Hartree contribution), may be expressed as

(V| Uq |U) = // r_r‘ ) e dvr (2.10)

However this only includes the classical part of the electron-electron interaction (as in
the Thomas-Fermi model [78]). The total electron-electron interaction, U, also includes

exchange-correlation effects.

With the basic elements in place, a brief development of DFT may now be given. The
proof by Hohenberg and Kohn (H-K) that the ground state wavefunction of a many body
system can be completely determined by the electron density forms the basis of density func-
tional theory. The method of H-K allows the correct ground state energy to be determined
without directly solving the many-body Schrodinger equation [79]. The charge density is
the basic observable in the method of H-K. They proved that the ground state wavefunction
Uo(ry, ra,...,ry) may be calculated if the ground state charge density ng(r) is known. The

electron density is defined as

n(rl):N/d3r2/ d®ry ,...,/ PryU*(ry, vy, ... tn)U(r, ... Ty) (2.11)

26



CHAPTER 2: ELECTRONIC PROPERTIES OF NITROGEN INCORPORATED BILAYER
GRAPHENE

where N is the number of electrons in the system and W(ry,ry...ry) is general wavefunc-
tion.

They considered an interacting inhomogeneous electron gas under the influence of an
external potential v(r). The Hamiltonian also included kinetic energy terms and an electron-
electron interaction term [79]. In the treatment which follows, we use the constrained search
formalism as it clearly and concisely illustrates the essential features of the H-K theorems.
This formalism, developed by Levy, guarantees the anti-symmetry requirement of the ground
state wavefunction through a reformulation of DFT. The energy of the system, as a functional
of the density [79, 80, 81] may then be written as

E,[n] :glin<\I/|T+U+V|\II> (2.12)
—n

where the terms T, U and V represent the kinetic energy, the the electron-electron
Coulomb interaction and the external potential respectively and ¥ represents the wave-
function corresponding to the density n(r). If n(r) is not the ground state density then
application of the variational principle to Eq. 2.12 illustrates that the wavefunction which
produces n(r) is not the ground state wavefunction. The variational principle stipulates that

the the minimum of E,[n] > E,, where £, is the ground state energy.

The ground state density is therefore the density which minimizes the the energy func-

tional. This minimization may be written as

E,o[n] = mgn[gn_z}z((ﬁf\T +U|¥) + /v(r)n(r) dr)] . (2.13)

The kinetic energy and electron-electron interaction terms are universal [79, 81, 80] as
they are independent of the external potential and their sum can be denoted as a functional
of the electron density F[n(r)], following the original notation of H-K. This is often termed
the internal energy functional. In DFT calculations the external potential alone is system
specific and calculations proceed on the basis of prescribed methods for dealing with the
internal energy functional [80]. The ground state may then be represented as the minimum

of the functional

Eufn] = / o(F)n(r) dr + Fln(r)] (2.14)
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provided that

/n(r) dr=N . (2.15)

The density functional is associated with an anti-symmetric ground state wavefunction
and it is dependent on the external potential. It was shown that the electron density is
implicitly itself a functional of v(r) which in turn is a unique functional of n(r). Furthermore,
as the system Hamiltonian relies on v(r), the full many particle ground state is a unique
functional of n(r) [81]. This is illustrated in the so-called strong form of the H-K theorem
which shows that changes in the external potential result in changes in the density. Herein

lies the origin of the self-consistency requirements in DF'T calculations.

The work of H-K allows the ground state energy to be determined through minimiza-
tion of the energy functional with three spacial coordinates (non-degenerate case) without
directly solving the many-body Schrédinger equation. All ground state observables are in
turn functionals of the electron density so all the properties of the system can be uniquely
determined from knowledge of the electron density. The H-K theorems can be applied to

further simplify many particle systems.

H-K explicitly separated the Coulomb energy from the functional F'[n(r)], rewriting the

energy functional as
/
E:/v(r)n(r) dr—i—%//%drdr’JrG[n] : (2.16)

The H-K theorems may be employed in a different approach which reduces the many-
body problem of interacting electrons to the problem of non-interacting single particles
under the influence of an effective potential. In this approach the energy functional need not
be explicitly minimized as in the approach of H-K. This work was pioneered by Kohn and
Sham (K-S) [82]. They began with Eq.2.16 as an expression for the energy functional. K-S
considered approximations for treating an inhomogeneous system of interacting electrons
and developed methods for calculating the ground state of the system using self consistent

equations [82].

Physically, the exchange energy must be accounted for as the many-body wavefunction
must be anti-symmetric under exchange of electrons. The correlation energy can be inter-
preted through consideration of the actual wavefunction as a series expansion in which each

term in the expansion is a Slater determinant, with each term satisfying the anti-symmetry
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requirements [78]. This additional energy is incorporated in DFT through the combined

exchange-correlation potential which depends on the one-electron density.

Beginning with Eq.2.16, K-S suggested an expression for G[n] which includes exchange-
correlation effects where the functional is separated into a kinetic energy functional and an

approximated exchange-correlation functional based on a slowly varying electron density i.e.
Gn] = Ts[n] + Exc[n] (2.17)

where Ty[n| is the kinetic energy functional and Ex¢[n] is the exchange correlation energy

functional.

Originally, the electron density was approximated as the density of a uniform electron
gas in order to neglect local variations of the electron density [83, 76]. This approximation,
the local density approximation (LDA), is robust and is still widely used. It simplifies
inhomogeneous systems and allows the energy per unit volume to be used to determine the

density and external potential [80].

The condition of a slowly varying density allows the exchange-correlation energy func-

tional to be defined as
Excln] = /n(r)exc(n(r)) dr (2.18)
where exc(n(r)) is the exchange correlation energy per electron.

This approximation facilitates the expression of the functional G[n| and the functionals of
the kinetic energy and the exchange-correlation energy as a function of the electron density
and allows the exchange-correlation energy to be expressed as the integral of the product
of the density and the exchange-correlation energy per electron of a uniform electron gas.

Finally, minimizing Eq. 2.16 yields

[oneter [ 2D gy BB ety g

This equation may be more easily interpreted in terms of the original Hamiltonian consisting

of a kinetic energy term, an electron-electron interaction term and an external potential
E[n] =T[n] 4+ Un] + V[n] = T[n] + V[n] + Uln] + Excn] (2.20)

where this equation clearly shows that the exchange-correlation energy can be interpreted
as the difference between the real energy of the interacting system and the energy of a

non-interacting system.
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Provided that the integral over the electron density yields N (Eq. 2.15) we can divide
Eq. 2.20 by an infinitesimal change in the the density and minimize yielding

0B,  0Tyn] 6Vin] 6U[n] O0Excn]

= = 2.21
on(r)  on(r) * on(r) * on(r) * on(r) 0 (221)
which may be rewritten as
OE, 0Ty
_ L[] +v(r) + vu(r) + vxe(r) =0 (2.22)

sn(r)  on(r)

where the definition of the potential energy as a functional of the density is
Vin] = [w(r)n(r) dr. The variational principle requires that the ground state density

satisfies the stationary principle [78] which can be written as

S{Ey[n] - u[/ n(r)dr — NJ} = 0 (2.23)

where p is the Lagrange multiplier which is invoked to minimize the energy functional
E,[n] subject to the constraint imposed by Eq. 2.15. The charge density for the non-

interacting system can be defined as

ns(r) = z:filcbi(r)l2 (2.24)

where f; is the occupation of the i’th K-S orbital and ¢;(r) is the K-S wavefunction which

are required to be orthogonal.

The three potential terms may be replaced with a single potential term v,(r) for electrons

in a non-interacting system. This results in the first of the K-S equations

vs(r) = v(r) + vg(r) + vxe(r) . (2.25)

Using Eqgs. 2.23 and 2.25 the chemical potential can be written as

(2.26)
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Thus the problem of a many-body interacting system has been replaced with a non-
interacting system within an external potential vg(r). This potential may then be used in

the Schrodinger equation with the single particle K-S orbitals

2

[—h—V2 + (1)) i (r) = €:0:(x) . (2.27)

2m

The explicit form of the non-interacting kinetic energy as a functional of the density is

Tl =53 [ @iV (2.28)

In the approach of K-S the potential vy(r) is expressed as a functional of the electron
density n4(r). Practical implementation begins with some initial estimate for the density
ns(r). This charge density is then used to calculate the potential in terms of the K-S
equations vg(r) so that the K-S orbitals ¢;(r) can be calculated. An updated charge density

may then be calculated and the process is repeated iteratively.

An exact, general expression for the exchange and correlation energy has not yet been
found either in terms of a density functional or the single-particle K-S orbitals. The success
of DFT approaches relies on the exchange-correlation energy being considerably smaller than
the kinetic energy, electron-electron interaction energy and the external potential (which is
effectively the lattice potential). In DET approaches, the Hartree approximation is employed
to reduce the many-body wavefunction to a product of single particle wavefunctions which is
a Slater determinant in order to preserve the anti-symmetry requirements. The correlation
energy is the difference between the real ground state energy and the energy using one Slater

determinant.

An explicit form for the exchange energy is

B [ [ S0, ()0, ()
E,¢i[n] = 5 %/d /d 0 = @] ) (2.29)

Thus far, only electronic charge has been considered. When considering spin, the density
must be divided into spin up and spin down components i.e. the total density is defined by
the relation n(r) = n4(r)+n,(r) and the magnetization is defined as m(r) = po(ns+(r)—ny(r))
where i is the Bohr magnetron. DF'T can be generalized to include spin without significant
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changes through the spin Hohenberg-Kohn theorem which is similar to the charge only H-
K theorem but states that when coupled to an external magnetic field, the ground state
wavefunction and consequently all ground state observables are unique functionals of the
density (spin up and spin down) and consequently the magnetization. The primary difference
is that the exchange-correlation functional is replaced with a modified exchange-correlation
functional which accounts for the relative spin up and spin down densities. The LDA is
replaced with the local spin density approximation (LSDA). The external potential becomes
Uso(r) = v(r) + vy (r) + Vgeo(r). The exchange-correlation energy may be expressed as a

functional of the electron density as

B4l = [ et ) (2.30)

where euxnéf is the exchange-correlation energy per particle of a uniform electron gas.
With charge densities for the spin up and spin down electrons, the K-S equations remain
self consistent. It is possible that the K-S equations may converge to a minimum which is
not the global minimum but a local minimum. This problem may be resolved by testing a
number of different spin configurations. If all configurations converge to the same minimum,
this is indeed the global minimum. A DFT approach can then be used to determine the

magnetic properties of a system.

More accurate exchange-correlation functionals than the LSDA have been developed.
One such functional is the generalized gradient approximation (GGA) of Perdew, Burke and
Ernzerhof (PBE) [84]. The GGA differs from the LSDA in that it includes changes in the
gradient of the local density as well as the local density itself. It is therefore better suited

to non-uniform densities and may be expressed as

E)C?gA[nT7 ni] = / dgrf(nTa ny, V?’LT, Vni) . (231)

A similar expression for the GGA, without a spin polarized charge density dependence,
exists for the spin independent case. A number of different functions f(ns,n;, Vg, Vn)
have been developed although the method of PBE is one of the simpler GGA’s to implement

while maintaining accuracy.

To simplify computation of the K-S electronic wavefunctions, they are expanded in a

plane wave basis set, effectively treating the wavefunctions within the free electron approxi-
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mation. A plane wave basis is ideally suited to periodic boundary conditions and simplifies
transformations from real space to reciprocal space by fast Fourier transform. Based on ideal
periodicity, Bloch’s theorem can be invoked. The eigenstates of the K-S equations may then

be represented as a summation of plane waves over reciprocal lattice vectors G

Ori(r) = Z ciqe' (2.32)

G

where the wavevector k£ is inside the first Brillouin zone. It is these eigenstates of the K-S
equations that form the band structure which is plotted along different paths in the first

Brillouin zone.

However a prohibitively large plane wave basis set is required to expand the wavefunc-
tions of the core electrons as these wavefunctions oscillate rapidly to fulfil the orthogonal-
ity requirements of the Pauli exclusion principle [83]. This computational limitation was
circumvented through the use of pseudo-potentials which replace the ionic potential by a
weaker, smooth pseudo-potential. The inner electrons of an atom are closely bound to the
nucleus and therefore participate little in bonding. It is only the outer electrons which
partake in bonding and we can therefore approximate the inner electron density and solve
(self-consistently) only for the valence electron density while core electrons need only be

considered as a pseudo-potential.

This approach is valid as the valence electrons play a more prominent role in the electronic
properties than the core electrons (treated as fixed electrons) so the core electronic properties
may be approximated with a smooth function provided that phase shifts are accounted for
[83]. The Hartree and exchange-correlation potentials can then be calculated using the
valence electron density and the external potential is approximated by the pseudo-potential.
Using pseudo-potentials the oscillations of the wavefunction in the vicinity of ionic cores
(all electron) can be minimized by replacing the wavefunction with a pseudo-wavefunction
with the restriction that the norms of the wavefunction and pseudo-wavefunction are the
same [85]. The plane wave basis set is therefore drastically reduced as the potential varies
smoothly. The entire energy functional of the K-S equations is then modified and calculations
are performed using the pseudo-wavefunctions of the pseudo-potential and a pseudo charge
density. However fairly extensive computations are required to determine pseudo-potentials

[85]. A related frozen core method overcomes these issues.
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The projector augmented-wave (PAW) method of Bléchl uses the all electron wavefunc-
tions and potentials [86, 85]. The eigenstates of the K-S equation are referred to as the
all-electron (AE) wavefunctions. The real AE wave functions are mapped onto pseudo wave-
functions in a new Hilbert space by a linear transformation [86]. The Hilbert space is
effectively separated into a spherical core region (each individual sphere is denoted p) and

an interstitial region. The linear transformation may be represented by

[én) = T10) = (L+ Y T)I9) (2.33)

where 7T is a linear operator, the summation runs over the spherical core regions p and
the operator 7, acts only inside the sphere. This linear transformation is only effective in
the local spherical region surrounding the core and smooths out the oscillations of the real
wavefunction in the region of the core while leaving the wavefunction outside the core region
(where the real wavefunction is relatively smooth) unchanged. The pseudo-wavefunction can
be described by a smooth function, reducing the computational burden. However in using
the PAW to reduce the number of plane waves required to describe the strong electron-ion
interaction, each energy functional must also be treated within the PAW. Computations
(self-consistent in the case of the present study) are then performed using the pseudo wave-
functions, the all electron wavefunctions can subsequently be retrieved using linear transfor-

mations.

Considering the local terms 7, within the core (augmentation) region, we can expand the

AE wavefunctions through a linear combination of partial waves

6) = le) e (2.34)

The pseudo-wavefunctions can be similarly expanded

|6) = Z |@i)ci (2.35)

where the index i labels the atomic site, quantum numbers and the partial waves for the

same site and atomic numbers. We can therefore express the AE wavefunction as
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|6) = |9) — Z |Pi)ei + Z i) ci (2.36)

To specify T as a linear operator, the expansion coefficients ¢; must be scalar products

of the form

¢ = (pil9) (2.37)

where (p;| are projectors for the pseudo partial wavefunctions. In the core region, the
pseudo-wavefunction must be equal to itself hence

1) =D _ L) (Bild) (2.38)

Therefore

Z i) (i =1

which also implies that

(Dil ;) = 0y (2.39)

Using the expansion coefficients of Eq. 2.37 together with the expression for the pseudo-
wavefunction in Eq. 2.38, the final expression for the AE wavefunction is given by

[9) = |¢) + Z(I%) — li)) (Bl ) (2.40)

The pseudo-wavefunctions can then replace the AE wavefunctions in the K-S equations
with improved computational efficiency. The total energy becomes a functional of the new

charge density of the pseudo-wavefunctions.

In this study we employ self-consistent ab—initio methods for calculating the K-S ground

state. Self-consistent methods have long been employed and have shown great reliability. The
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calculations in this study were performed within the Vienna ab — initio Simulation Package
(VASP). VASP uses two independent, concurrent iterative procedures to determine the K-S
ground state. One is the self-consistent determination of the charge density from which the
potential can be calculated while the other is the diagonalization of the K-S Hamiltonian
(expanded in a plane wave basis set) for a fixed potential whence the eigenfunctions of
the K-S ground state can be determined. Both sub-problems are relatively easily solved
[87, 88]. Iterations begin with some set of trial wavefunctions consisting of occupied states
with additional unoccupied states and a “well informed” charge density. The initial charge
density is the combined atomic charge densities of the atomic species. In the iterative
minimization of the charge density, the input and output charge densities are mixed while

the difference, the residual R[n], is minimized.

The Hellmann-Feynman theorems can then be used to find the ionic forces which can be
minimized to find the optimal (relaxed) ionic positions [83]. The Hellmann-Feynman force
is the partial derivative of the total free energy of the K-S functional with respect to the
positions of the ions [87].

2.1.2 Electronic Properties of Bilayer Graphene

In 2D materials thermal fluctuations are of great significance. Graphene exists as a metastable
state mechanically exfoliated from stable 3D graphite, grown on SiC or by chemical vapour
deposition, or chemically exfoliated from bulk graphite. It is believed that topological distor-
tions perpendicular to the basal plane provide additional stability [1]. The band structure of
bilayer graphene in the Bernal configuration has been widely studied. Tight binding studies
assume both inter-layer and intra-layer hopping. Lattice sites directly above each other are
referred to as dimer sites as a result of the relatively large overlap of p, orbitals perpendicular
to the graphene planes. Lattice sites which are not directly above each other are referred to

as non-dimer sites.

Neglecting second nearest neighbour interactions, the transfer integral matrix is defined
as the product of the sum of nearest neighbour plane waves and the nearest neighbour tight-
binding matrix elements, following the brief treatment presented in the introduction (Bloch
states are defined in Eq. 1.1). Out-of-plane coupling between all 4 atoms in the unit cell is

considered. The resulting transfer integral matrix is of the form
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ex (k) (k) taf*(k)
R st taflk
L) H ew tof(
tsf (k) taf (k) tof*(k)  em

where the primed indices indicate sites on a different graphene layer and
to = (0a| Hlop) = (Pu|H|op) , 1 =(oa|H|¢B)
ts = (Pal Hlop)  ta=(0a|H|oa) = (¢ H|¢p)

Hiapap =

)
) (2.41)

Only the small momentum regime is studied as in the description of monolayer graphene
in Chapter 1. This facilitates reduction of the transfer integral matrix to the sum of a number
of 2 x 2 matrices which illuminate the physics of bilayer graphene. The band structure in the
region of the K points shows two parabolic bands, which mirror each other above and below
Er (see Fig. 1.4). Two bands touch at Er which are related to non-dimer sites. There is a
strong overlap between the p, orbitals therefore there is an energy gap between the bands
associated with dimer sites. Bilayer graphene may be described by 4 sub-lattices, one each

atom in each layer.

The electronic structure of sp? hybridized carbon films has received significant attention
not only towards practical device applications but also as a fundamental problem in the
study of amorphous materials [89, 90]. The extreme fast-switching capabilities of carbon
films has drawn widespread attention. Nitrogen incorporation has long been employed to
enhance the conductivity of such films although the mechanism is not fully understood.
With the advent of graphene, it is natural to study nitrogen (N) incorporation to modify
the electronic properties. Additionally, studies of graphene systems will provide additional
information which may help to interpret some of the features of graphitic systems specifically
with regard to substitutional nitrogen incorporation. The incorporation of N in carbon films
provides unique opportunities to modify the electronic structure. N may be incorporated as
a substitutional dopant in either sp? or sp® hybridized phases [89]. In a — C' films especially,
many C' — N complexes may form. The potential of N trap sites can therefore be tuned
to enhance the electronic properties although further research is required to gain enhanced

control of the gas-phase chemistry.

The realization of a bandgap in functionalized and disordered graphenes has motivated

numerous studies [91, 92]. Furthermore negative differential resistance features have been
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demonstrated in impurity-patterned graphene systems, a precursor to extreme fast-switching
capabilities. In conjunction with the realization of localized magnetic moments in disordered
and functionalized graphenes [70, 93] spin polarized devices may be developed. Nitrogen
doping of graphene may result in a number of device applications including field emission,
bio-sensing and possibly in the formation of novel field-effect transistors based on quantum

transport phenomena [94].

Nitrogen incorporation through substitution has been achieved through a modified chemi-
cal vapour deposition technique (with the addition of N Hj3 in the reaction) as well as through
exposure of graphene to a radio-frequency nitrogen plasma [94]. It was found that substi-
tutional NV incorporation induces spatially localized states in the conduction band. In that
study, ab—initio calculations were employed to generate simulated STM images which illus-
trated depletion of charge above the nitrogen atom while experimental STM studies indicate
the preservation of the original atomic configuration of graphene although with localized

features appear with a triangular charge distribution [94].

In another study the electronic band dispersion near Er and hence the transport prop-
erties of few layer graphene was shown to depend significantly on the number of layers as
well as the stacking geometry of the layers and that ambipolar transport is only possible
with Bernal stacking [95]. In addition it was shown that for two or more layers the m bands
are split due to bonding/anti-bonding patterns while the ¢ bands remain largely unaffected.

These calculations also show a small pseudo-gap in the vicinity of the K point.

A recent ab-initio study has illustrated the possibility of bandgap engineering in doped
bilayer graphene [46]. Charge transfer between the graphene layers was studied through
simulated STM images. Nitrogen was substitutionally incorporated in one of the layers
with the other layer remaining pristine. Different stacking configurations were considered
although the inter-layer stacking distance was not relaxed as van der Waals interactions are
known to be a limitation in DFT calculations. The inter-layer separation has only a slight
effect on the energy band dispersion although Er can be shifted as a result of charge transfer
from the nitrogen atom to the graphene [46]. Simulated STM images revealed a triangular
region of localized charge centred around nitrogen atoms related to the spatial extension of
electronic states associated with the nitrogen atom. Furthermore simulated measurements
of bilayer graphene with N incorporated only in the bottom layer showed asymmetry in the
charge distribution of the top layer, suggesting charge transfer between the layers. However,

these results are likely an artefact of the coupling between the STM tip and the graphene
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layers which is assumed in the simulations.

In a previous ab — initio study of bilayer graphene the band gap was investigated as a
function of the defect concentration (both nitrogen and boron substitutional impurities were
considered in a single layer) which showed saturation in both cases [96]. It was also found
that the band gap can be tuned through the application of a perpendicular external field as
a result of screening effects between the layers. This was extended to include asymmetric
substitutional doping through a modified tight-binding model consisting of short range and
long range interactions [96]. The short range interaction was considered through a change
in the on-site matrix elements at the substitutional site while the long range interaction was
accounted for through a homogeneous field effectively incorporated in the on-site energy of
all of the atoms in the layer where substitutional doping occurs. It was found that if doping
is considered in both layers, the energy gap is smaller than if doping is considered in one

layer only and it was noted that the energy gap is related to sub-lattice disorder [96].

Polymeric nitrogen chains situated in between two layers of graphene have also been
investigated through ab — initio studies [97]. The composite band structure was found to be
a superposition of the band structure of both materials although both were offset as a result
of electronegativity. Consequently, there is charge transfer between the graphene sheets and
the nitrogen chain while the accumulated charge generates an electrostatic potential which
stabilizes the hybrid structure. The transport properties of bilayer graphene suspended
between gold electrodes were studied though a non-equilibrium Green’s function (Keyldysh
formalism) based on ab—initio electronic structure calculations [98]. Interest in the electronic
properties of bilayer graphene in the AA stacking configuration is growing amid mounting
evidence that it can be realized practically. Ab — initio calculations have demonstrated
improved transmission in bilayer AA graphene nano-ribbons (GNRs) [98]. For realistic values
of the inter-layer separation in the AA stacking configuration it was found that the coupling
between the two layers influences the band gap. The transport properties of bilayer GNRs
show higher conductance than monolayer GNRs although the conductance is larger in the
AA than in the AB stacking configuration. It was illustrated that the inter-layer interaction
has a marked effect on the transport properties which might be related to the overlap between
7 electrons localized at the edges of the graphene layers and it was found that GNRs may

be metallic or semiconducting depending on the geometry of the edges.

The electronic transport of graphene is very sensitive to disorder, both topological and

structural. Intuitively, bilayer (few layer) graphene is expected to be more robust to the
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effects of disorder although the inter-plane coupling is small. We suspect that through
the incorporation of nitrogen impurities the conductivity may be enhanced. We therefore
study the effects of nitrogen incorporation through ab — initio calculations. We begin with
ab — initio studies of N incorporated monolayer graphene to determine whether the energy
is minimized with N incorporated in the bulk or on the edge of graphene nano-ribbons. We
then study bilayer graphene and incorporate a nitrogen atom in each layer with AB stacking.
We compare the nitrogen incorporated system with the pristine bilayer graphene. Similar
analysis is repeated with the AA stacking configuration. We aim to determine if there is
enhanced coupling between the layers. In addition we investigate the possibility of local

magnetic moment formation.

2.2 Model and Computational Details

Nitrogen incorporation in bilayer graphene was studied through ab—initio DFT calculations
performed within the generalized gradient approximation (GGA) of Perdew, Burke and
Ernzerhof (PBE) for the exchange-correlation energy. The LDA yields more accurate results
than the generalized gradient approximation concerning the interaction between graphene
layers in graphite [99]. However the electronic properties are more accurately determined
using the GGA. The PAW [85] was used. The Kohn-Sham wavefunctions were expanded in
a plane wave basis set with an energy cut-off of 600 eV/. This large energy cut-off was used to
find convergence despite the large vacuum. A I' centred Monkhorst-Pack grid of 13 x 13 x 3
was used for the first Brillouin zone to achieve convergence of the total energy with different &
points and optimized for performance and accuracy. Electronic minimization was performed
to an energy difference of 1 x 107% eV between successive iterations. For final band structure
and density of states calculations, non-self consistent calculations were performed to keep

the charge density fixed.

Ion and volume relaxations were performed until the energy difference between successive
iterations was less than 3 meV and the external pressure proceeding a final static self-
consistent calculation was less the 5 kB. In graphene systems, simultaneous relaxation of
both the volume and the ionic positions is not advisable due to the large vacuum. Therefore
the ionic positions were relaxed, then the relaxed ionic positions formed the input for volume
relaxations, which were in turn used as the input for the next set of ionic relaxations and

the process was repeated iteratively. A final static calculation was performed from which
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the charge density was determined. Eventually the band structure and the density of states

(DOS) could then be determined through non self-consistent calculations.

An initial inter-layer distance of 3.5 A was used based on recent reports. Due to the
periodic boundary requirements, repetitive sets of bilayer graphene are required to perform
density functional calculations so the inter-layer-distance between the each set of bilayer
sheets was assumed to be 10.6 A to avoid any artefacts in the final results. The in plane

inter-atomic distance was initially chosen to be 1.42 A.

Initially, NV incorporation was studied in monolayer graphene nano-ribbons. A sufficiently
thick nano-ribbon was used to minimize artificial effects as a result of boundary effects. This
was determined by finding the total energy per atom as the width of the graphene strip was
increased until sufficient convergence was achieved. The total energy for N incorporated in

the bulk and on the edge was then determined after ionic and volume relaxation.

For pristine bilayer graphene, a unit cell with four atoms was used which was repeated
indefinitely to form an infinite structure. Ionic relaxations, followed by volume relaxations
were performed until the change in free energy was less than 3 meV. The Bernal (AB) and

AA stacking configurations were considered.

(b)

Figure 2.1: AB configuration for nitrogen incorporated graphene from (a)viewpoint per-

pendicular to the basal (b) rotated view. Carbon atoms maroon while nitro-

gen atoms are white.

Figure 2.1(a) shows N incorporated substitutionally in bilayer graphene in the Bernal
configuration. In the unit cell, consisting of 16 atoms, there is a single N atom in each
graphene layer (Fig. 2.1(a)). The unit cell preserves the symmetry of the 4 atom unit cell

of pristine bilayer graphene while the translational lattice vectors are scaled with the size
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of the unit cell. In this configuration, we assume that the nitrogen atoms are not directly

above each other.

In addition, N incorporated bilayer graphene in the AA configuration was studied to
determine if there is enhanced inter-layer coupling (shown in Fig. 2.2(a)). In this case, we
therefore assume that the nitrogen atoms are directly above each other. For both configura-
tions (and in the case of pristine bilayer graphene) we begin with an inter-layer separation
of 3.5 A and an inter-atomic spacing of 1.42 A before performing ionic and volumetric re-

laxation.

(a) (b)
Figure 2.2: AA configuration for nitrogen incorporated graphene from (a) viewpoint per-

pendicular to the basal graphene plane and (b) a rotated view.

Nitrogen incorporated bilayer graphene was subsequently studied considering substitu-
tional N incorporation in both layers. A supercell with 16 atoms (14 C' and 2 N, one in
each layer) was investigated. The total atomic N percentage is approximately 14%. The
inter-layer distance was assumed to be large, 10.6 A with an initial in plane inter-atomic
distance of 1.42 A between C' atoms and between C' and nitrogen atoms. Relaxations were
performed as described above. The AB and AA stacking configurations were considered. In
the AA configuration, the nitrogen atom in one layer was placed above the nitrogen in the

other layer while in the AB configuration the layers were shifted by a single atomic position.

2.3 Results and Discussion

After ionic and volume relaxation, the inter-atomic separation obtained for pristine bilayer

graphene in both the AA and AB configurations was 1.42 A, which is practically the same
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as the C'— C bond length found in other studies [44]. Considering N incorporated bilayer
graphene in both configurations, the inter-atomic spacing of the C'— N bond is 1.41 A. This
slight change modifies the inter-atomic distances throughout the lattice however this slight
shift is within the expected error of the calculations. The inter-atomic distance between
two C' atoms (where one is bonded to a N atom) is 1.41 A while the inter-atomic distance
between C' atoms which are bonded to C only is also 1.41 A. The inter-layer separation of
N incorporated AA bilayer graphene is 3.48 A while that of the AB configuration is 3.49
A. An inter-layer separation of 3.5 A has been used in previous studies of bilayer graphene
[100, 101, 102]. Substitutional N incorporation only slightly modifies the structure of bilayer
graphene and therefore any changes in the electronic properties induced by N incorporation

are independent of structural changes.

The band structure of pristine bilayer graphene in the Bernal configuration (determined
from the eigenvalues of the Kohn-Sham equations) plotted along the path I', M, K, T, in the
first Brillouin zone is shown in Fig. 2.3. Of primary significance are the four bands close to
the K point where the energy bands coalesce near Efr. This is mirrored at the K’ point at
the corner of the Brillouin zone. At the K point, the valence and conduction bands touch
at EFr. This is similar to monolayer graphene although the dispersion relation is parabolic
in the region close to the K point. The energy bands only merge at the K and K’ points.
This similarity with monolayer graphene indicates that some of the symmetries of monolayer

graphene are carried over to bilayer graphene.

There are two additional bands which are separated by a small energy gap, also with a
parabolic dispersion relation close to the K point. From tight-binding studies, it was shown
that the two bands which split are related to dimer sub-lattices while the two bands which
touch are related to non-dimer sub-lattices [103, 25, 104]. In the tight-binding studies, the
energy gap is approximately the same as the hopping term between the dimer sub-lattices.
The hopping term between dimer sites is greater than the hopping term between non-dimer
sites so the enhanced tunneling shifts the valence band below Ep. This is mirrored by an
increase in the conduction band. It was also found that the in-plane hopping term is about a
factor of nine greater than the inter-plane hopping term. The dispersion relation is parabolic
only in a small region close to the K point. Further from the K points, the dispersion relation
is linear over a small region. The conduction and valence bands are separated throughout

the other high symmetry points in the Brillouin zone.

There is no intrinsic bandgap in bilayer graphene. However, the application of an external
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Figure 2.3: Band structure of pristine bilayer graphene in the AB stacking configuration.

potential can open up a controllable gap at the K points. Through a combination of tight
binding and ab — intio approaches it was shown (and experimentally verified) that the band-
gap is related to the difference in on-site energies of the 4 atoms which make up the unit
cell. This difference in the on-site energies is a result of the inter-layer asymmetry between
the layers, the difference in energy of dimer and non-dimer sites and the different energy of

in-plane sites in the unit cell induced by an external potential [105].

The parabolic dispersion relation of bilayer graphene is indicative of the difference between
bilayer and monolayer graphene induced by the weak inter-layer coupling. Charge carriers
in monolayer graphene are treated as massless chiral Dirac fermions close to the K points.
In contrast, by studying only the region close to the K point (the low energy region) and
the dispersion relation of non-dimer sites (i.e. the energy bands which touch at Er) it can
be shown that charge carriers in bilayer graphene can be described as massive chiral Dirac
fermions [105]. There is also a difference in the Berry’s phase between bilayer and monolayer

graphene. The band structure in the AA configuration is significantly different.

The band structure of bilayer graphene in the AA configuration is shown in Figure 2.4.
Close to the K point it is significantly different to the band structure of bilayer graphene in

the AB configuration. Close to the K point there are still four bands around Er as there are
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Figure 2.4: Band structure of pristine bilayer graphene in the AA stacking configuration.

four atoms in the unit cell. However, the two conduction and valence bands meet at Er with
a linear dispersion close to Er. Two sets of triangles are formed which are symmetrically
distributed about the K point and Er. The four energy bands correspond to a pair of 7
bonding orbitals (valence band) and a pair of 7 anti-bonding orbitals (conduction band).
In contrast to AB stacked bilayer graphene where charge carriers behave as free particles,
charge carriers in AA stacked bilayer graphene behave as massless Dirac fermions, close to
the K points. This may have implications for the mobility in AA bilayer graphene as direct
carrier backscattering is prohibited (and nearly direct backscattering is reduced) in the Dirac

regime although the increase in mobility might only be by a factor of two.

Comparing the band structure of the AA and AB configurations yields physical insight
into the origins of the unusual electronic properties of bilayer graphene. In the AA config-
uration, all four sub-lattices are effectively dimers. The on-site energies are therefore the
same for each term in the effective Hamiltonian. In the AB configuration the on-site en-
ergies are not necessarily the same, with the asymmetry destroying the linear dispersion of
pristine graphene. The band structures are otherwise identical. As the inter-layer coupling
is relatively small, the in-plane features dominate the band structure for both stacking con-

figurations. In both the AA and AB stacking configurations, the valence (conduction) bands
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which meet at Er originate from 7 bonding (anti-bonding) bonds while the the other bands
are related to to the in-plane sigma bonds [106]. These bands are therefore virtually identical

for both configurations.

Subject to the neglect of non-dimer coupling, it has been shown through tight binding
studies that the effective Hamiltonian for the AA configuration can be reduced to a 4 x 4
matrix in which the 2 x 2 matrices of monolayer graphene are repeated [107]. Each band
is symmetrically shifted by the inter-layer coupling energy. Our ab — initio calculations
essentially show the same features. Physically, as the coupling between non-dimer sites is
small the band structure is essentially composed of the band structure of two monolayers

which are shifted from the K point as a result of the symmetry of the inter-layer coupling.

DFT calculations of the band structure of graphite are prone to numerical errors. The
origin lies with the large inter-layer separation and the concomitant weak inter-layer interac-
tions which are improperly accounted for in DFT. Long range interactions can be partially
accounted for through a modified exchange-correlation term however this modification is not
exact and can introduce artefacts. As DF'T is not well suited for long range electrostatic in-
teractions, including the van der Waals interaction in calculations for bilayer graphene is not
expected to improve the accuracy of calculations of the electronic properties. Additionally,
there is only a slight change in the potential with inter-layer separation in the region of 3.5
A so numerical errors are to be expected. Interpretation of DFT calculated band structures
of graphitic systems must therefore be checked thoroughly for consistency. In the present
study, the band structure calculated for the AA configuration is similar to the band structure
calculated using the tight binding method [100, 101, 102]. In those studies, the inter-layer

separation was assumed to be in the region of 3.5 A.

The inclusion of the van der Waals interaction is expected to play a role in the determining
the inter-layer separation as it influences the charge distribution of the layers. The GGA
employed in the present study depends predominantly on the local charge density and takes
no account of the non-local van der Waals interaction [108] which in this case is the Coulomb
interaction between the nuclei and electrons of the two graphene layers. In fact, the inter-
layer separation of graphite obtained from calculations using the LDA has been found to
be more accurate than the inter-layer separation found using the GGA for the exchange-
correlation energy [109]. A complete description of the van der Waals interaction would
entail solving the many body problem for long range electron correlations, infeasible for all
but the barest systems [76].
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Conventional DFT describes accurately covalent interactions but even with modifications
to the theory there is still contention surrounding the inclusion of non-covalent interactions.
A number of van der Waals functionals have therefore been developed however the relia-
bility of these functionals is not guaranteed. The accuracy of these methods is specifically
dependent on the system under investigation so it is difficult to determine the applicability
of specific functionals prior to calculation [110]. Where there is some overlap between the
charge densities of the two layers, the van der Waals interaction may be included in the
semi-local LDA/GGA [109]. However, in bilayer graphene the inter-layer separation even
larger than that of graphite so inclusions of the van deer Waals interaction are even more

prone to error.

In ab —initio studies of bilayer graphene nano-ribbons, the van der Waals interaction has
been included as a modification to atomic orbitals through a non-local potential in the K-S
equations, however the accuracy of these results is subject to interpretation and verification
using a fully non-local van der Waals density functional [111, 112]. In a subsequent study, a
non-local density functional [113] was employed [112]. The binding energies calculated in this
study were similar to the experimental values. However, the inclusion of the van der Waals

interaction may induce artefacts as a result of the artificial non-local density functional.

The principle effect of including the van der Waals interaction would be to change the
inter-layer separation but previous studies have shown that the electronic properties are
not highly sensitive to the inter-layer separation, the general features are not significantly
effected [114]. For the purposes of the present study, the general features as a proof of
concept are more important than the exact electronic properties based on an exact value
for the inter-layer separation. In this study we have therefore neglected the van der Waals
interaction, opting instead to interpret the results of our calculations using the LDA with
the effects of the van der Waals interaction in mind, rather than running the risk of finding
artefacts in the electronic properties as a result of the van der Waals functional. Indeed, it
is only in the case of pristine bilayer graphene where the calculated inter-layer separation
has been unexpected, all other values have been within acceptable range of the experimental

values.

In the present study, ionic relaxations were performed in an attempt to determine the
correct inter-layer separation with the known limitations of relaxing graphitic systems in
mind. This approach was favoured over introducing a van der Waals density functional to

eliminate artifacts of this functional as described above. For the AA configuration, we find
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that by performing ionic relaxation the inter-layer separation, initially assumed to be 3.50 A,
relaxes to 4.49 A. This is most likely an artefact as the inter-layer separation is quite large
so the charge densities of each layer experience a long-range interaction which influences
the inter-layer relaxation. In the AA configuration, the charge densities are stacked directly
on top of each other and a slight increase in the inter-layer separation might therefore
expected although the increase in inter-layer separation seems to be too large as the inter-
layer interaction at 3.5 A is already weak. The inter-layer separation in the AA configuration
was therefore held fixed at 3.5 A.
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Figure 2.5: Band structure of nitrogen incorporated bilayer graphene in the AB stacking

configuration.

When N is incorporated, three of the valence electrons form ¢ bonds with adjacent carbon
atoms. Of the two remaining valence electrons, one occupies a m bonding state while the
other occupies a 7 anti-bonding state [43, 115]. In studies of nitrogen incorporated monolayer
graphene, the local DOS was used to affirm that the bands closest to Er at the K point
are m and 7* bands [115]. Figure 2.5 shows the band structure of N incorporated bilayer
graphene in the AB configuration. The two pairs of bands closest to Fr at the K point
are similar to the 7 and 7* bands of pristine graphene. The 7 and n*-like bands dip below

Er at the K point while both pairs of bands become separated. N incorporated bilayer
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graphene is therefore metallic. The bands separate due to modification of the p, orbitals of
the non-dimer sites. The bands are likely pairs of 7 and 7* bands as in monolayer graphene
where the there are two bands instead of one as a result of dimer sub-lattices as discussed

earlier. This could be confirmed through future studies of the projected density of states.

The 7*-like bands approach each other close to the K point while the separation of the
m-like bands is much greater. A parabolic dispersion around the K point is maintained which
is symmetric close to the K point although the gradient is less steep than the gradient of the
parabolic dispersion of pristine bilayer graphene. This shows that the mobility is reduced
with N incorporation. The reduction in the gradient is related to the loss of symmetry when
N is incorporated in the unit cell as the energy levels of C' and N are different. There are
still four bands at the K point (close to Er) as a result of the p, orbitals of dimer and
non-dimer sites which still dominate the electronic properties. The o-like bonding bands are
also modified due to the substitutional incorporation of the N as NN plays a role in bonding.
There are more bands in the band structure plots than for pristine bilayer graphene as a
larger unit cell was used to incorporate nitrogen atoms in the graphene planes. The basis
vectors are therefore larger in real space, so the Brillouin zone is smaller in reciprocal space.

The correct symmetry (hexagonal) was still found in the output of the VASP software.

Substitutional N incorporation in one of the layers of bilayer graphene was studied by
Guillaume et al. [46]. Structural modifications as a result of the N incorporation were found
to be minimal. In that study, the inter-layer separation was not relaxed, the reason being
the difficulties of incorporating the van der Waals interaction in DFT calculations. They
considered a small concentration of N incorporated in the graphene layer, 0.25%, however
N was found to have a substantial effect on the band structure, inducting metallicity (n-
type doping). The low concentration, together with the minimal structural change suggest
that the change in band structure is principally related to the loss of symmetry in one of
the graphene layers. A gap (within the valence band at the K point) was also induced
in a study of substitutional nitrogen doping in one layer of a graphene bilayer by Menezes
[96]. In these studies, the band structure was not symmetric about the K point as N was
incorporated in a single layer only so the symmetry was broken in a single layer only. A
comparison of the gap found in the study by Guillaume (using the LDA) and that found by
Menezes (using the GGA) shows a 0.1 eV difference indicating there is little difference in the
band structure calculated using the two different exchange-correlation functionals although

it should be noted that DFT is known to underestimate the band gap, regardless of the
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exchange-correlation employed. The principle difference between the present study and the
previous studies just mentioned is that N was incorporated in both layers, not only a single

layer.
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Figure 2.6: Band structure of nitrogen incorporated bilayer graphene in the AA stacking

configuration.

Figure 2.6 shows the band structure for N incorporated bilayer graphene in the AA
configuration. The most significant change in comparison with pristine AA bilayer graphene
is that the linear dispersion close to the K point is lost so the nature of charge carriers
changes. The band structure bears significant similarity to the band structure of the N
incorporated bilayer graphene in the AB configuration although there are slight differences.
The 7*-like bands do not approach each other as in the AB configuration. The separation
between the bands is still smallest at the K point while the dispersion relation is also
parabolic in this region. However the separation of the m and 7*-like bands, related to the
overlap of p, orbitals of dimer and non-dimer sites, is greater than in the AB configuration.
In the AA configuration, there is likely greater overlap of the p, orbitals so the bands split.
The bands remain widely separated across all paths in contrast to the AB configuration
where the bands approach each other. Concurrently, the separation between the 7 and

m*-like bands of non-dimer sites (where the energy bands at the K point almost touch) is
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reduced. The changes in the o-like bands in comparison with the AB configuration are

minimal despite the increase in the prevalence of the p, orbitals.

When N is substitutionally incorporated in the sp? hybridized graphene network, a lone
pair of electrons is localized in the region of the N atom. This will also reduce the mobility

as scattering increases. However n-type doping is advantageous in many applications [116].
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Figure 2.7: Comparison of the band structure of pristine (black) and nitrogen incorpo-

rated (red) bilayer graphene in the AB stacking configuration.

Figure 2.7 shows a comparison of the band structure of pristine bilayer graphene (black)
and N incorporated bilayer graphene (red). This comparison clearly shows the difference
in the gradient close to the K point. In addition, the dispersion along the path from M to
[' (and from K to I') is very different, increasing rapidly for pristine bilayer graphene but
decreasing for N incorporated bilayer graphene. Similar features are also found in comparing

pristine and N incorporated bilayer graphene in the AA configuration (shown in Fig. 2.8).

The density of states (DOS) for pristine bilayer (black) and N incorporated bilayer
graphene (red) in the AB configuration is presented in Fig. 2.9. The DOS of pristine
bilayer graphene is zero close to Er, in accord with the band structure where the 7 and

m* bands touch at the K point. However the DOS is zero over a fairly large range. This
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Figure 2.8: Comparison of the band structure of pristine (black) and nitrogen incorpo-

rated (red) bilayer graphene in the AA stacking configuration.

Figure 2.9: Density of states for pristine bilayer graphene (black) and nitrogen incorpo-

rated bilayer graphene (red) in the AB stacking configuration.
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Figure 2.10: Density of states for pristine bilayer graphene (black) and nitrogen incorpo-
rated bilayer graphene (red) in the AB stacking configuration the nitrogen
incorporated DOS shifted.

unexpected feature may be due to a combination of factors. For a parabolic dispersion (as
for bilayer graphene), the density of states is constant. In bilayer graphene, as in monolayer
graphene, the density of states is zero at Er. Therefore for bilayer graphene the DOS is
zero over a finite region where the dispersion of the 7 and 7* bands is parabolic. This is in
contrast to monolayer graphene where the DOS is zero only at Er and non-zero everywhere
else [6]. In addition, there may have been too few sampling points in the calculation. Future
studies might resolve the discrepancy. In monolayer graphene, the DOS is expected to be
linear close to Er as the dispersion relation is linear. In the present case, there are two sharp
peaks in the DOS, one just below 2eV and the other just below —2eV .

These are van Hove singularities which coincide with the M point in the Brillouin zone
where the derivative of the energy dispersion relation is zero. These van Hove singularities
are also a feature of monolayer graphene which is to be expected as the band structure of
bilayer graphene is similar to the band structure of monolayer graphene except for the region
close to the K point. In the present case, two prominent peaks at each of the first van Hove
singularities can be resolved. This is related to the first two bands at the M point above
and below Fr (in contrast to monolayer graphene where there is only a single band). The

DOS in higher (lower) energy regions is similar to the DOS of monolayer graphene as the
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higher energy regions are related to o bands.

The DOS of N incorporated bilayer graphene is shifted to lower energies compared to the
DOS of pristine bilayer graphene. This shift in the DOS is related to the electrons added
to the system through N incorporation. The DOS is still zero in the vicinity of -1.75 eV
indicating that the dispersion relation might be parabolic in that region. The van Hove
singularities are still prominent with the secondary peaks (around 0 and -3.5 €V') showing
even greater separation than for pristine bilayer graphene. Other features are comparable

with pristine bilayer graphene as shown in Fig. 2.10.
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Figure 2.11: Density of states of AA stacked bilayer graphene (black) and nitrogen in-
corporated bilayer graphene (red).

The DOS of pristine (black) and N incorporated (red) bilayer graphene is shown in Fig.
2.11. The DOS for the pristine case is zero only at Er as it is for monolayer graphene.
Close to Ef there is a small region where the DOS is linearly dependent with energy. Other
features, such as the van Hove singularities, are virtually the same as monolayer graphene.
In agreement with the AB configuration, the introduction of N effectively shifts the DOS
spectrum to negative energy (-1.75 eV'). Circa-1.75 eV the DOS is zero as a result of the band
gap induced through N incorporation. The secondary peaks in the van Hove singularities
are clearly separated as the separation between the energy bands is large. Fig. 2.2(a) shows
the DOS with the N incorporated DOS shifted by 1.75 eV so that the features can be
compared. The features are practically identical. In Fig. 2.13 the DOS for N incorporated
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Figure 2.12: Comparison of density of states of AA stacked bilayer graphene (black) and

nitrogen incorporated bilayer graphene (red) with the nitrogen incorporated

shifted.
0.5 i
0.4
o 03
@)
O 4,
0.1-
| —— ABNBLG
— AA NBLG
0.0_ T T T T T T T T T T T T T T T -
10 -8 -6 -4 2 0 2 4

E-E, (eV)

Figure 2.13: Comparison of the density of states of nitrogen incorporated bilayer
graphene in the AA (black) and AB (red) stacking.

bilayer graphene for both configurations is shown. The most significant difference is in the

region of -1.75 eV where the DOS is zero in the AB configuration over a wider range than
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for the AA configuration.

Figure 2.14: Charge density of pristine bilayer graphene in the AB configuration (a) view

from above (b) viewed at an angle.

The charge density of pristine AB bilayer graphene is shown in Fig. 2.14(a). Red indicates
regions of high charge density while green indicates regions of lower charge density. The
charge density is highest along the o bonds. From a rotated perspective (Fig. 2.14(b)), it
can be seen that the charge density is restricted to the graphene planes. The charge density
hardly extends out perpendicularly from the graphene planes although the charge density
of the p, orbitals extends slightly out of each atom. In addition, there is no charge between
the graphene planes as the inter-layer separation is relatively large, hence the inter-layer

coupling is minimal.

The charge density of N incorporated bilayer graphene is shown in Fig. 2.15(a) (AA
configuration) and Fig. 2.16(a) (AB configuration). The inclusion of N results in localized

charge density in the vicinity of N impurity. The charge density is highest in a symmetric,
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roughly triangular region surrounding the impurity. Substitutional N partakes in sp? bond-
ing, hence the charge density is highest in the vicinity of the o bonds. The two N electrons
which are not involved in bonding are localized above (and symmetrically below) the N atom
(see the bottom layer). In a region close to the atomic plane but perpendicularly above the
plane (the top layer) the charge density above the nitrogen atoms is triangularly distributed.
This has also been reported in other studies [46, 94].

The localization of charge, coupled with the reduced gradient of the dispersion relation
will be of significance in the carrier transport of N incorporated bilayer graphene. In the AB
configuration, the localization of charge will increase scattering while the reduced gradient
of the dispersion relation implies reduced mobility. In the AA configuration, the effect of
N incorporation is more dramatic. The localization of charge, coupled with the change in
the dispersion relation in the vicinity of the K point from linear to almost parabolic implies
that carrier transport will be in a different regime. However it is in the induced metallicity

that the advantage of N incorporation is realized.

The vast majority of research in graphene has been towards applications in nano-electronics.
Driven by the advantages afforded by ever smaller devices, graphene nano-ribbons will likely
form the backbone of graphene based nano-electronic devices. However, diffusion of dopants
becomes significant in nano-scale devices. To this end we have also studied N doping of
(monolayer) graphene nano-ribbons. A graphene nano-ribbon was studied with sufficient
width that boundary effects were negligible. Due to the periodic boundary requirements
of DFT, the abrupt edge of a nano-ribbon can affect the plane waves used in calculations.
However, the width of the nano-ribbon dramatically increases computational time as well.
We found that a graphene nano-ribbon about 7.5 A thick was sufficient to preclude artifacts
associated with the boundary. We assumed that the nano-ribbon is infinitely long as it is not
required to be of finite length to study the diffusion of impurities. Each edge was terminated

in the zig-zag configuration.

Identical nano-ribbons, one with /N in the bulk and the other with N on the edge were
studied. Proceeding ionic relaxation, the total energy was compared when a N impurity
was incorporated into the bulk (close to the centre of the nano-ribbon) and incorporated
onto the edge of the nano-ribbon. It was found that the total energy is far less when N
is incorporated onto the edge. The difference in the total energy of the system was found
to be 2.4 eV which is a fairly substantial change considering that the position of a single

atom changes. The pristine graphene lattice is stable and in a low energy state. Although N
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Figure 2.15: Charge density of nitrogen incorporated bilayer graphene in the AB config-

uration (a) view from above (b) viewed at an angle.

can be incorporated substitutionally, the total energy of the system increases. The system
responds by attempting to eject the N impurity so the N impurity moves around in the
lattice until the edge of the nano-ribbon is reached. The diffusion of the N impurity can
be hindered by lattice distortions, vacancies etc. This effect must be borne in mind when
considering high levels of N incorporation. As more nitrogen atoms migrate to the edge of
the material, recombination to Ny becomes more likely, therefore the atomic N percentage
would saturate at some level. In addition, the effective modification of the edge states of
graphene nano-ribbons may be achieved by exploiting the migration of N impurities.

We have also studied the possibility of the formation of local magnetic moments in bilayer
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(b)
Figure 2.16: (a) Charge density of nitrogen incorporated bilayer graphene in the AA
configuration. (b) Viewed at an angle

graphene induced through N incorporation based on the lone pair of electrons which are
localized in the region of the N impurity. The total energy of the system was compared with
two excess net spins (-143.20 eV') and with zero net spin (-143.66 eV'). As the energy of the
system is less with zero net spin, the system is unlikely to be magnetic.

2.4 Conclusion

N incorporation has little effect on the structure of bilayer graphene, only slightly modifying
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the bond length. The charge density shows that excess charge is localized in the vicinity of
the N impurities not only in the basal graphene planes but also in the out-of-plane direction.
Studying the charge density of the AA configuration with N impurities situated one above
the other revealed that there is little inter-layer coupling of the impurities as a result of the
large inter-layer separation. A comparative study of the total energy of different possible

spin configurations shows that the system is unlikely to display any net magnetization.

Band structure calculations show that the 7 bonding and anti-bonding bands meet at
Er at the K point for bilayer graphene in the AA and AB configurations. In the AB con-
figuration, the dispersion relation is parabolic while in the AA configuration the dispersion
relation is linear close to the K point. Some previous works have studied the band structure
of bilayer graphene as the stacking arrangement changes from the AA configuration to the
AB configuration. What has as yet been unknown is how the band structure of both config-
urations differs in chemically modified graphenes. We have studied the electronic properties
of bilayer graphene modified through the substitutional incorporation of nitrogen. The band
structure of NV incorporated bilayer graphene is metallic with the 7 anti-bonding bands dip-
ping below Er and is similar in both the AA and AB configurations which indicates that the
stacking-alignment of the graphene layer is insignificant in relation to the changes induced

through N incorporation.

The reduction in the gradient of the dispersion relation with N incorporation for the AB
configuration indicates that the effective mass of charge carriers increases in the vicinity of
the K point, implying reduced mobility. For the AA configuration, the nature of the charge
carriers changes from Dirac-like to free electron like. The segment of the dispersion relation
which is free electron-like is larger for the AB configuration than for the AA configuration

implying that the mobility is less in the AA configuration.

The changes in the dispersion relation also suggest that the nature of carrier scattering
changes with NV incorporation. Carrier scattering from long range potentials has been widely
studied in pristine graphene and bilayer graphene however studies of chemically modified
graphenes have so far been lacking. The localization of charge in the vicinity of nitrogen
impurities indicates the formation of charge puddles. Carrier scattering from charge puddles
is being actively studied in graphene and bilayer graphene. In this respect, N incorporated
bilayer graphene may provide an ideal system for studying carrier scattering from charge
puddles (an active area of research in graphene and bilayer graphene) as nitrogen does not

induce significant structural changes.
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CHAPTER 3

Tuning Resonant Transmission
Through Geometrical Configurations

of Impurity Clusters

In Chapter 2 the changes to the electronic properties induced through the chemical mod-
ification of graphene and bilayer graphene by single N impurities were studied. Impurity
clusters are more stable in nano-materials and are less likely to drift than single impuri-
ties as discussed in Chapter 2. In this chapter we extend the study of Chapter 2 to an
investigation of the quantum transport properties of nano-electronic devices composed of
impurity clusters within a high bandgap material. Resonant tunnelling features were exam-
ined through the inter-play between the size of the clusters and the inter-cluster distance.
Constructive interference phenomena were tuned through a systematic study of different
geometrical configurations, thereby controlling confinement in quasi-bound states. Gaussian
trap potentials have been used to simulate the imperfect barrier-well interface associated
with disordered materials. Strongly localized states can be formed successfully despite weak
disorder as illustrated by breaking the symmetry in the horizontal configuration. To this
end, triangular cluster configurations were investigated under a variety of conditions includ-
ing various shapes and orientations. The effects of disorder, created effectively by arbitrary
configurations, destroy the Fano resonance which is prevalent in conductance spectra and
consequently reduce the peak to valley ratio of the resonant peak in current vs. voltage
curves. However the formation of two quasi-bound states is demonstrated, suggesting pos-

sible applications for disordered naturally grown systems of impurity clusters. This study
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addresses the controlled lifetime of quasi-bound states and can inform the design of fast
switching devices based on high band gap materials by the astute incorporation of impurity
clusters with specific geometrical configurations. This analysis can be extended to carbon-
based quantum dot systems and could play a role in the development of innovative quantum

transport devices.

3.1 Introduction

The introduction of dopants to high band gap semiconductors to form single and isolated
impurity centres is motivated by the promise of electronic transport properties superior to
those of conventional devices [117, 118]. In carbon systems this results in the formation of
localized clusters [48, 119, 120, 121, 122] which have also demonstrated resonant tunnelling
features and related improved electrical transport however a thorough theoretical model has
not yet been available to interpret these results [123, 124]. The tunnel electronic properties
of sp? — C' clusters embedded in sp® — C' regions have been studied considering a quasi-1D
system where resonant features can be tuned by N incorporation [125]. Further studies have
investigated the tunnelling properties of different N complexes which can be incorporated
into sp? clusters. For a distribution of N centres and clusters in defective graphene systems,
tunable negative differential resistance (NDR) features have been illustrated [54, 126]. Nev-
ertheless these models cannot interpret the effect of the geometry of impurity clusters on
device characteristics as effectively as described in the seminal work by Matveev and Larkin
(127, 128].

In this model, a low concentration of impurity centres was considered, yielding a small
value of inter-coupling constant, which was successfully used by Savchenco and co-workers for
two impurity centres in GaAs systems although the effect of geometry of the clusters was not
discussed [129, 130]. It was later illustrated that the geometry of the impurity cluster array
strongly influences the conductance maxima, the energy of conductance maxima and the
lifetime of quasi-bound states formed though quantum interference phenomena [57]. Based
on this work, quantum device applications have been suggested in a number of studies
however only artificially grown perfectly ordered systems were considered [61, 59, 58, 131,
132, 56, 60]. Here we investigate the possibility for device applications in naturally grown
impurity clusters considering their wider spectral tolerance. Hence a detailed understanding

of quantum interference phenomena arising from geometrical considerations is essential in

62



CHAPTER 3: TUNING RESONANT TRANSMISSION THROUGH GEOMETRICAL
CONFIGURATIONS OF IMPURITY CLUSTERS

the development of devices.

It has been widely noted that the indirect inter-dot coupling through the leads is more
prominent than the direct inter-dot coupling, so the transport properties are dominated by
the indirect coupling through the leads [57, 61, 59, 58, 131, 132, 56, 60]. A study of two
quantum dots showed conductance spectra described by the superposition of two Lorentzians
representing two states. As the lead-dot coupling was changed, the rate of decay of one of
the states increased while the rate of decay of the other state decreased correspondingly
[57]. This is analogous to the Dicke effect where the interaction of non-degenerate two level
molecules with a common radiation field leads to the formation of a “super-radiant” state
(at a specific eigenvalue of the system) where the spontaneous radiation rate in the super-
radiant state is far greater than in any other state [133]. In graphene quantum dot systems,
strongly localized states can be produced with an infinite trapping time [134, 55]. This has
motivated the construction of a wave-guide structure using an array of multiple i.e. three
quantum dots [58, 131, 132, 56, 60].

Previously some idealized configurations of three dots were studied in the context of
quantum interference phenomena under the application of an external magnetic field [58,
131, 132, 56, 60, 134] however a systematic analysis of arbitrary configurations has not yet
been carried out. Most importantly, previous theoretical models have not been employed
to generate negative differential resistance (NDR) features for an electronic device whose
characteristics would suffer from both structural and topological disorder associated with
a distribution of impurity clusters. It is well known that quantum interference effects are
strongly influenced by the geometry of the quantum dot array. Furthermore the size of the
clusters can enhance the direct coupling between the dots [62] revealing that a combination
of quantum dot size and inter-dot spacing would be necessary to improve the transport of

an inhomogeneous system treated as a superlattice.

Here we study the prominent NDR features for three impurity clusters (quantum dots)
of variable size and inter-cluster spacing embedded in a high potential material for different
geometrical configurations i.e. horizontal, vertical and triangular. A comprehensive study
of these different geometrical as well as rotational configurations can unveil the optimum
configurations for observing NDR features which could lead to control of these features in
nano-electronic devices. We show that the geometry of the quantum dot configuration can
be exploited to control the lifetime of bonding and anti-bonding states as a principle step

towards practical implementation of embedded arrays of impurity clusters.
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3.2 Model

The conductivity through a quantum dot array can be described within a modified form of the
Shahbazyan-Raikh model [57] by extension of their original work on two impurity channels to
n impurities. We consider impurity clusters (quantum dots) distributed within a high band-
gap material. The device dimensions are of the order the de Broglie wavelength and ideal
semi-infinite leads, with a continuum of states, are assumed. In the present study devices up
to 16 nm from source to drain were investigated. There is an implicit gate voltage dependence
built into the model as well. We consider circular impurity clusters with an imperfect
interface between the impurity clusters and the high bandgap matrix. The potential is
therefore represented as a two dimensional Gaussian. A schematic diagram is shown in
Figure 3.1. In real space, this model allows two-dimensional geometric configurations of the

clusters to be considered.

L R

Figure 3.1: Schematic 3D diagram of the impurity cluster system including the leads
and the 2D Gaussian potential. The regions in red indicate the high bandgap

matrix while the multicoloured regions indicate the impurity cluster potential.

Here we consider direct coupling of each of the impurity clusters to the leads. We also
consider direct coupling between the impurity clusters and indirect coupling between the
impurity clusters through the continuum states of the leads. The Hamiltonian of the leads

and the quantum dot array [57] can be expressed by
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H = ZE aLvaLv—I—ZERaRvaRU—O—ZEa az—i-z (aLvaz—I—aLv T)
Z <aRvaz + agrya ) + Z‘/UCL a;

i#]

(3.1)

where EL (ET) | al v (a}w> and ar, (ag,) are the energy and creation and annihilation

operators of the left (right) continuum state respectively. F;, aZT, and a; are the energy,
creation and annihilation operators of the i-th impurity state (i = 1,2,..., N) respectively.
The term V% ( VI represents the matrix element of the impurity potential between the
left (right) continuum state v and the i-th impurity state. Vj; is the overlap matrix element

between the impurity clusters.

The exact time-dependent wavefucntion is the superposisiton of the continuum wavefuc-

ntions of the leads (\115, \I/f) and the wavefunctions of the impurity clusters (¥;) i.e.

V=) CHOUL+ > CROWE+ > Ci(t)Y; . (3.2)

The prefactors are determined through the separated Schrodinger equations.

0

. L EL L L
i CL(t) = ELCL( § VEC(t
0
h—CH(t) = EyClH(t § ; :
ih= Cl(t) = BLC( VEC(t (3.3)
: 9 E : L L § R R E

Initially, the wavefucntion is restricted to the left lead as all other states are as yet

unoccupied. We therefore impose the boundary condition

CH0) =6y, , CEO)=0 , Ci(0)=0. (3.4)
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The system of differential equations may be solved to find Cfo (t). The rate of transfer
from a state vy in the left lead to a state pg in the right contact may then be defined by

W (LoolF) = fim | ZICEOP] (35)

The limit is taken to infinity as the misalignment of the chemical potential (induced when
a potential difference is applied across the leads) eventually drives the system to the state
1o in the right lead. Using the expression for Cﬁ) (t), Eq. 3.5 can be reduced to the golden

rule form

21
W (Lol Rp) = |1, 26 (BE — B (3.6)

where T, = ZVJ;JS”V;IZ is amplitude of the transition between the states v and .
ij
Here, S;; is a propagator matrix which describes all transitions between the impurity and
. . AN N1
continuum states. The matrix S is given by S = [EF —-E-V+3 (FL + FRH where

V=V i#]
po V=V WEL Ly
0, =

and E is the diagonal energy matrix. The matrix elements of L) are given by F;Lj =
27 Z VEVES (Ep — EF) and FR =27 Z VRVES (Er — EF). These matrices represent the

w g w Youj

left and right lead coupling constants respectlvely

The conductance through the impurity system is given by a summation which runs over

all states, from the initial states to the final states at Fp,

G (Ep) =2y W(L,|R,)(Er — E) . (3.7)

JIRe

Using the golden rule form and the terms defined previously, the conductance can be

expressed by

2

G (Ep) = %TT (fLﬁfRéT) . (3.8)
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The matrix elements \/;f(R) are given by

VL) _ / a0 ()Y (1) TP (1)~ TH) (3, ) / () V (r) | (3.9)

Treating the lead wavefunctions as plane waves (along the y direction) and the wave-
function within the high potential as an evanescent mode (along the x direction) the matrix

elements can be represented as

VT = b 80,0) [ )V () = Bt = gt (310

I is defined by a summation over the lead states, which can be reduced to the averaging
over k. For diagonal elements which do not depend on the orientation of k the model yields
Fg(R) = 27rg(EF)(6iL(R))2 where g(FEr) is the density of states at Fr. For non-diagonal
elements the matrix product V;ﬁ(R) va(R) has an additional prefactor e’*»:=¥%) and averaging
over k yields FZ-L]-(R) = QWQ(EF)ﬂiL(R)ﬁjL(R) Jo(kssij), where s;; is the distance between the i-th

and j-th impurities along the y axis and J; is the Bessel function.

Combining these relations we can determine the I' components

L(R) _ pL(R) _ L(R)L(R)
Fij _Fji = g\ 1 Fjj

where a;; = JO(kFSij) = J0(27T5z‘j/)‘d)

We now consider the specific case of three impurities. We define the centre of the device

(half way between the leads) as the centre of the co-ordinate system,

PHB = arg(B) (8 )? = 2mg(Bp) (e A2

)

3.11
_ QWQ(EF) <€fk(D+di/2))\L(R)>2 — TL(R) o —kd; ( )

7

where d; represents the distance from the centre of the device to the centre of the i-th
cluster and D is the centre of the co-ordinate system. We assume that the leads are identical
therefore Al = A\® and 'Y = I'® = T". The coupling matrix for the left lead may then be
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written as

efkd]_ 012 e—kdl e—kdz Ol13 e—kdl e_kdB
'l =T | apVe kdekd: e~ hd2 oz V e kd2ekds (3.12)
13\ /e—kd1 e—kdg 93\ /e—kdge—kdg €_kd3

the coupling matrix for the right lead is given by

6kd1 O{]_Q A/ ekdl ekdg a131 / ek‘dl 6kd3
TR =T | ay,/ekdiehds ckdz roz ez ckds (3.13)
a3V ekdighds oo/ ekda pkds ekds

To simulate realistic, imperfect barrier well interfaces we use a Gaussian potential for
the impurity clusters. As the impurity clusters are assumed to be circular, in the three
dimensional parameter space of the potential the trap potentials look like inverted Mexican

hats (see Fig. 3.1). The trap potential is modelled as

r-rg )2

3
Vi)=Y Vige '@ (3.14)
=1

where the constant V;o represents the magnitude of the ¢-th impurity potential. The
potential was separated into harmonic and non-harmonic parts [62]. We consider low level
s-states for the clusters which were approximated as Fock-Darwin states. It was shown
that a Gaussian potential can be represented around its centre as a sum of the harmonic
potential plus a small an-harmonic potential. The coupling between the clusters due to the
direct overlap is evaluated by V;; = (¢;| V;i(r) + V() [¢;). We considered identical clusters
therefore V;o = V and R; = R where R is the radius of the impurity. The final expression

for the matrix elements ¢;; of the matrix V s

V R?
where d;; is the inter-cluster separation and a is given by a = (Rh/(2mV)" 2)1/ 2 (m is
the effective mass) [62].

The DOS is calculated from the imaginary part of S, g(E) = —Im[Tr Y. S]. The carrier
lifetime is related to the inverse of the width of the DOS peaks. Finally the I — V' char-
acteristics are calculated using I = ¢~' [ dEG(E)(fr, — fr) where fr(g) is the Fermi Dirac
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distribution with the appropriate chemical potential for the lead and ¢ is the elementary

charge.

3.3 Results and Discussion

Horizontal Configuration

DOS spectra of the horizontal configuration (see Fig. 3.2) show two peaks corresponding to
two quasi-bound states: one is broad corresponding to the shorter-lived bonding state while
the other is sharper corresponding to the longer-lived anti-bonding state. The full width
at half maximum (FWHM) of the DOS peaks was plotted as a function of a scaling factor
defined as the ratio of the inter-cluster separation to the cluster size (see Fig. 3.2). As the
inter-cluster separation increases in the horizontal direction, the lifetime of the anti-bonding
state increases as the sharper peak shifts to lower energies and the FWHM of the peak
decreases (while the amplitude increases). The bonding (weakly localized) state becomes
less localized as the FWHM increases while the amplitude correspondingly decreases, also
shown in Figure 3.2. It is evident that while the localization of one state increases, the

localization of the other state decreases.

DOS spectra were also studied under varying cluster size (see Fig. 3.3). The lead-cluster

'R are directly related to the inter-cluster distance, as is the direct

coupling matrices
overlap matrix V. However, the alteration of the cluster size changes only the direct overlap
matrix V. As the cluster size increases, the FWHM of the narrower peak (corresponding
to the anti-bonding state) increases indicating that the lifetime of the anti-bonding state
decreases (Fig. 3.3). This is to be expected as increasing the cluster-size increases the
overlap and therefore the direct tunnelling between the clusters. However, the bonding state
(the broader DOS peak) is insensitive to changes in the cluster size, in contrast to the vertical
and triangular configurations. This shows that the bonding state is independent of the direct
overlap between the clusters. In the horizontal configuration there is only one conduction
channel, therefore the lead-cluster coupling interferes with the direct inter-cluster overlap.
For this reason, the broader DOS peak is invariant under increasing cluster size. Changing
the cluster size has a significantly smaller effect on the DOS spectra than changing the
inter-cluster distance. The origin lies with the positive exponential dependence of the right

lead-dot coupling matrix I'%,
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Figure 3.2: FWHM for the horizontal configuration with changing inter-cluster separa-
tion as a function of the scaling factor d/R defined as the ratio of inter-cluster
separation to cluster size. Inset are the corresponding DOS spectra, for inter-
cluster separations ranging from 2.5 to 4 nm, as a function of e = Er— E (for

all figures).

The wavevector k has a dramatic effect on the DOS peaks. When the wavevector is very
small, there is an intense, sharp peak in the DOS at the Fr and a broader peak below the
Erp. If k is increased the amplitude (FWHM) of the sharp peak decreases (increases) rapidly
indicating that the lifetime of the anti-bonding state decreases while the peak remains close
to Er. A similar but far less rapid decrease is observed with the broader peak although this
peak shifts towards the Fermi energy. Physically, &k, as the evanescent parameter, influences
constructive and destructive interference and therefore variations of k change the degree of
localization of a state. The potential V' controls the separation between the DOS peaks, the
higher the potential the larger the separation.

In the horizontal configuration the single conduction mode maximizes Bragg reflection

resulting in the formation of a quasi-bound state inside the continuum (i.e. at energies
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Figure 3.3: FWHM for the horizontal configuration with changing inter-cluster size, from
2.5 to 4 nm, as a function of the scaling factor d/R. Inset are the correspond-

ing DOS spectra as a function of e.

greater than the trap depth). The conductance spectra therefore show a prominent Fano
resonance as a result of interference between this longer lived state and the continuum. The
energy of the minimum of the Fano resonance coincides with the energy of the maximum
of the anti-bonding state of the DOS (see Fig. 3.4). There is another minimum in the
conductance spectra which corresponds to the energy of the bonding state. As the inter-
cluster separation increases, the Fano resonance peak migrates to lower energies while the
amplitude of the maximum (in-between the minima) decreases. This amplitude is closely
associated with the prominent NDR observed in the I — V' curves shown in Figure 3.4.
Secondary features can also be induced depending on the system parameters. Figure 3.5
shows the peak to valley ratio (PVR) of the I —V curves as a function of the FWHM of the
left and right DOS peaks. In fact the PVR increases as the inter-cluster separation increases
although the amplitude of the current decreases as the feature shifts to lower potential.

There is therefore a limit to the maximum possible PVR for practical applications given by
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Figure 3.4: I —V curves for the horizontal configuration with changing inter-cluster sep-
aration, from 2.5 to 4 nm. Inset: the corresponding conductance spectra as

a function of e.

the noise floor of the measurement system.

Vertical Configuration

Under rotation from the horizontal to the vertical configuration, the lifetime of both states
increases as constructive interference diminishes as shown in Figure 3.6. The anti-bonding
state shows cosine dependence however the dependence of the bonding state is unusual,
displaying a maximum at 45 degrees (i.e. maximum non-resonant transmission). As the
system rotates towards the vertical the Fano resonance becomes less sharp and shifts to
slightly lower energies (see Fig. 3.6).

In the vertical configuration, changes in the wavevector affect the DOS similarly to the hor-

izontal configuration. The DOS spectra for the vertical configuration for the same wavevector
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Figure 3.5: Peak to valley ratio of the resonant tunnelling feature as a function of the
FWHM of the left (narrow) DOS peak. Inset: The corresponding curve as a
function of the right (broad) DOS peak FWHM.

as the horizontal configuration, show two merged peaks which are the superposition of two
Lorentzians (see Fig. 3.7). The amplitude of the broader peak in the vertical configuration
is slightly less than the corresponding peak in the horizontal configuration. This is the result
of the decrease of the coupling factor a as the inter-cluster spacing in the vertical direction

1S non-zero.

Under the simulated increase of the inter-cluster distance in the vertical direction, the
FWHM of the narrow peak increases (the lifetime of the anti-bonding state decreases) while
the FWHM of the broad peak decreases as shown in Figure 3.8. In this configuration
the FWHM as a function of the geometrical factor d/R undergoes oscillations. This is
reflected by the Bessel function dependence of the coupling factor a, which is extremely
sensitive to changes in the vertical separation — changes in the vertical separation result
in relative phase changes between electrons travelling through the different channels (this

also explains the unusual behavior of the FWHM of the bonding state in the transition from
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Figure 3.6: Conductance spectra as the horizontal configuration is rotated to the vertical
configuration, each curve corresponds to a different angle measured from
the horizontal. Inset is the FWHM of the corresponding DOS spectra as a

function of the rotation angle from the horizontal.

horizontal to vertical). This changes the degree of constructive or destructive interference and
consequently the lifetime of the state. As the separation between the clusters in the vertical
direction increases, the DOS peaks merge into a single Lorentzian. The corresponding [ — V'
curves, shown in Figure 3.8, do not show resonant tunnelling features due to the absence of
a strongly localized state.

Under increasing cluster size, the FWHM of both of the peaks in the DOS spectra in-
creases monotonically (not shown). The bonding and anti-bonding states are therefore both
influenced by the direct overlap in the vertical configuration — with increased coupling the
lifetime of both states decreases. As the direct overlap increases, transport via the multi-
ple conduction channels increases therefore the lifetime of the quasi-bound state decreases.
However, the matrix elements of the lead-cluster coupling between the first and third clus-

ters are significantly smaller than the matrix elements of adjacent clusters so the direct
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ration, from 2.5 to 4 nm, as a function of e¢. Inset are the corresponding

conductance spectra as a function of e.

overlap is insignificant. A feature common to the DOS curves in both configurations is that
as the inter-cluster separation increases the sharper peak shifts to lower energies while in
contrast as the cluster size increases the sharper peak shifts to higher energies. In the trian-
gular configuration, the single DOS peak also migrates to higher energies as the dot size is

increased.

Triangular Configuration

Apart from the idealized horizontal configuration arbitrary cluster arrangements were inves-
tigated in the form of triangular cluster configurations for implementation in materials where
the arrangement of impurity clusters may not be precisely controlled. Initially we consider
vertical symmetry-breaking in the horizontal configuration by shifting one of the quantum
dots in the vertical direction. We find that the lifetime of both quasi-bound states decreases
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separation, from 2.5 to 4 nm. The FWHM of the corresponding DOS spectra

as a function of the scaling factor d/R is inset.

(Fig. 3.9) as the constructive interference is reduced. The minima in the conductance spec-
tra shift from zero to higher conductance, as shown in Figure 3.9. Furthermore, the inset in
Figure 3.9 shows that the lifetime of the bonding and anti-bonding states decreases as the
FWHM of both DOS peaks increases. The peak to valley ratio of the resonant peak in the

I —V curves correspondingly decreases.

Additionally an equilateral triangular configuration was studied with changes in the inter-
cluster distance maintaining an equilateral triangle i.e. the horizontal and vertical compo-
nents are changed simultaneously when the inter-cluster distance is varied. We find that
two relatively short-lived bonding and anti-bonding states are still formed, one with a longer
lifetime than the other, while the formation of strongly localized states is prohibited. Using
the same wavevector as in the vertical and horizontal configurations, the DOS is a super-
position of two Lorentzians although their separation is very small as shown in Figure 3.10.

However, changing k has a very small effect in the triangular configuration as there is mini-
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Figure 3.9: Conductance spectra as the central cluster is shifted vertically from the hor-
izontal where each curve corresponds to a different vertical separation of the
central cluster measured from the horizontal plane of the outer clusters, rang-
ing from 0 to 2 nm. Inset is the FWHM of the DOS peaks as a function of

the angle between the outer clusters and the central cluster.

mal constructive interference. The formation of strongly localized states is inhibited as the
inter-cluster distance is the same between all three clusters so electrons can“bypass” con-
finement as the transition probability from one cluster to the other two clusters is the same.

The I —V curves therefore show no resonant tunnelling features as illustrated in Figure 3.11.

Under increasing inter-cluster distance the FWHM of the longer lived state increases (as in
the vertical configuration) while the FWHM of the shorted lived state increases initially (as
in the horizontal configuration) then decreases abruptly (Fig. 3.11) where the change may be
ascribed to the Bessel function dependence in the vertical inter-cluster distance. The FWHM
therefore shows trends related to both the horizontal and vertical configurations. When the
cluster size is increased, the FWHM of both peaks increases, in agreement with the vertical

and horizontal configurations. This reflects the slight increase in the direct overlap between
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Figure 3.10: DOS spectra in the triangular configuration (equilateral) with increasing
uniform inter-cluster separation from 2.5 nm to 4 nm. The corresponding

conductance spectra are inset.

the clusters, reducing the lifetime of both states.

It is well known that a random distribution of point defects produces hopping conduction,
which is an inherent property of a disordered system [135, 136]. We attempt to extend our
analysis to interpret some asymmetric configurations as a study of disordered systems. If the
inter-cluster separation is non-uniform, the DOS spectra, showing a single prominent peak,
are in fact the superposition of three Lorentzians rather than two (not shown here). We find a
longer lived state and two shorter lived states. In symmetric triangular configurations, there
is only one short-lived state but when the coupling between all three clusters in different,
the quasi-bound states are found at different energies, separating out the short-lived states.
Consequently the FWHM of each Lorentzian is different although the two short-lived states
are found at almost the same energy with significant overlap. The loss of symmetry, both
horizontal and vertical, therefore effectively separates out the conduction channels. This

analysis suggests that even in the non-ideal case, useful devices can still be engineered based
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Figure 3.11: I-V curves for the triangular configuration (equilateral) with increasing
inter-cluster separation, from 2.5 to 4 nm. The FWHM of the corresponding

DOS spectra as a function of the scaling factor d/R is inset.

on the short trapping time of the disordered configuration.

3.4 Conclusion

By employing the Shahbazyan-Raikh model with a modified Gaussian cluster potential strong
resonant levels are demonstrated based on the coupling between impurity centres [57]. The
Gaussian potential represents weak disorder as would be expected in devices. The effect of
geometrical variations on the direct overlap matrix was also investigated, allowing for com-
parisons between the direct coupling and indirect coupling through the leads. We highlight
the horizontal configuration which enhances constructive quantum interference effects and
produces the most prominent negative differential conductance in the I — V spectra. How-

ever even the vertical and triangular configurations can show step-like features indicating
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that the trapping time of the bonding and anti-bonding states can be controlled effectively.

The representation of the potential in a Gaussian form is applicable to weakly disordered
systems where sharp discontinuities might not be possible so this study can be extended to
disordered systems. The triangular configuration was studied as it represents a disordered
system, albeit symmetric. The triangular configuration does not show prominent NDR
features, although it can show step-like features when the correct parameters are chosen.
The single channel horizontal configuration is conducive to constructive quantum interference
and consequently shows a strong NDR peak. The prominent Fano resonance relies on the
interference between a bound state formed at energies greater than the trap depth and
the continuum. Bound states in the continuum are most easily formed in the horizontal
configuration due to Bragg reflection at the interface between the high and low potentials,

in spite of the Gaussian profile of the potentials.

Constructive interference can also occur in the vertical configuration although this occurs
at smaller wavevectors than in the horizontal configuration i.e. NDR could only be achieved
in ordered material or very weakly disordered materials. The potential involved in the
direct overlap between the clusters strongly influences the Fano resonance as it decreases,
the Fano resonance shifts towards the Fermi energy and the magnitude diminishes. The
Fano resonance therefore relies on the direct coupling between the clusters as well as the
coupling through the leads. Quantum interference phenomena were found to be strongly
influenced by the wavevector k. The wavevector determines the number of peaks in the DOS
(and conductance) which can be tuned from one peak to three peaks. As k determines the
rate of decay of the evanescent modes it controls the degree of constructive and destructive
interference. Furthermore, the formation of bound states in the continuum has been shown to
be dependent on the wavevector. We have investigated two different values for the wavevector
the first was to compare with the earlier study on a double-dot system by Shahbazyan and
Raikh while the second was chosen to maximise the peak to valley ratio in the I — V' curves
[57]. In addition to the Lorentzian line shapes for (symmetric wave functions) Fano resonance
peaks (for anti-symmetric wavefunctions) can be seen in the conductance spectrum. However,
Fano resonance peaks can be suppressed by adjusting the coupling between the defect centres

for av # 1.

The triangular configuration disrupts constructive interference preventing NDR. If the
triangle is rotated (not shown here), the FWHM of the strongly localized state increases
while the FWHM of the weakly localized state decreases. This related to the change in
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constructive interference as the triangle rotates. In this configuration the direct overlap
between all three clusters is the same, therefore there is no preferred conduction channel so
constructive interference cannot be maintained. In the horizontal configuration, breaking
the symmetry by shifting one of the quantum clusters in the vertical direction decreases the
NDR peak. As the asymmetry of the array increases, the constructive interference decreases

so the strongly localized state becomes weakly localized.
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CHAPTER 4

Experimental Procedures

4.1 Sample Preparation

Reduced graphene oxide (RGO) samples were provided by Messai Mamo. Graphite oxide was
prepared as in previous studies, beginning with natural graphite powder, using the modified
Hummers method [137]. A procedure for the reduction of graphene oxide (GO) was adopted
from Fernandez-Merino et al. [69]. The critical process was reduction with ascorbic acid as

opposed to the conventional hydrazine reduction.

GO has a great deal of epoxy, hydroxyl, carboxyl and carbonyl groups attached to the
sheets. Therefore, sheets of GO and RGO can be stably dispersed in water to form colloidal
dispersions. GO and RGO devices were manufactured across a pair of rectangular gold
micro-electrodes with a gap of approximately 1 pm. Dielectrophoresis (DEP) was used
to align GO/RGO sheets by dropping a fraction of a ul of ultrasonicated GO/RGO in
suspension in water across the gap in the micro-electrodes using a micro-pipette while an
alternating current of 10 V,_, at 2 M Hz was applied across the electrodes using a home-
made micro-manipulated probe station. DEP is the process whereby a dipole moment is
induced materials in suspension using an electromagnetic field. In the present study, DEP
induces a dipole moment in GO/RGO so the sheets align with the applied magnetic field.

Devices showed no sign of a Schottky barrier and proved to be robust.
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4.2 Transport Measurements

To perform transport measurements, a number of different micro-structures were designed
within the Nano-scale Transport Physics Laboratory. Devices composed of tungsten over-
laid with gold (approximately 100 nm thick) on a quartz substrate were fabricated using
standard lithographic techniques at the Carl and Emily Fuchs Institute for Microelectronics
(CEFIM). Waveguides designed for high frequency operation in the ground-source-ground
configuration (with a gap of approximately 1 um) were used to perform two-probe DC trans-
port measurements as the electrode structure was well suited to dimensions of the GO/RGO

sheets.

Two terminal current-voltage (I —V') measurements were performed under high vacuum in
a Janis free flow cryogenic micro-manipulated probe station. The system was evacuated using
an Edwards turbo-molecular pump down to approximately 107¢ torr at room temperature
overnight. The sample heater was then set to room temperature while cryogen was circulated
through coils (isolated from the vacuum) surrounding the sample stage. This promotes
the removal of atmospheric adsorbate from the GO/RGO surface and ensures that any
condensation from residual moisture within the chamber does not condense on the GO/RGO
surface. The reduction in temperature as the cryogen circulated through coils within the
chamber facilitated cryo-pumping down to a base pressure of approximately 10~ torr which
was maintained throughout the experiment. The sample mount inside the cryostat is also
shielded from radiation with a platinum radiation shield. A thin layer of thermally conductive
grease was used to ensure sufficiently rapid transfer of thermal energy applied to the sample
mount (chuck). The sample temperature was controlled with a Lakeshore 336 Temperature
Controller. The micro-manipulated probes are manufactured from tungsten due to its high
electrical conductivity and the probe assembly is engineered for high accuracy low noise
measurements. The entire assembly rests on a passive pneumatic vibration isolation table
which protects devices and probe tips as the probes are manoeuvred into position to make

contact with the micro-structure.

The electrical properties were analysed using an Agilent Semiconductor Device Analyser.
The analyser combines source monitor units and allows for the application and measurement
of bias and current. The system is designed for low current measurements with a resolu-
tion of approximated 1 pA in the two-probe configuration. Current voltage sweeps were

programmed within Agilent’s custom software. The potential was varied from -2 V' to 2
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Figure 4.1: Janis micromanipulated probe station. Upper left inset: Viewed from above.

Upper right inset: Agilent B1500A Semiconductor Device Analyser.

V' while the current was recorded. The semiconductor device analyser has been interfaced
with the temperature controller via GPIB so that the temperature can be controlled and
recorded while simultaneously recording I — V' measurements. A sequence was programmed
to automate the reading of I — V' measurements with temperature. The resistance is then
available over a wide range of potentials which aids in interpretation of the transport prop-
erties. Concurrently, the flow of cryogen was carefully controlled by adjusting the pressure
of the dewar and the flow valve of the transfer line. Although the temperature controller
was programmed for maximum stability within the Agilent software, the temperature stabil-
ity was constantly monitored and the cryogen flow adjusted accordingly to ensure accuracy
during the duration of each I — V' measurement.

Four probe transport measurements were performed using a cryogenic free measurement
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system of Cryogenic Ltd. design. The system relies on two closed refrigeration cycles. A
compressor (cooled by an external chiller) cools helium gas to 40 K in the first stage relying
on the rapid expansion of helium gas to reduce thermal energy. In the second stage, helium
gas at 40 K is injected into an evacuated cryostat and driven by an external oil-free pump.
The helium gas is further cooled to 4 K where is condenses to the liquid phase. In the second
stage, excess thermal energy is dissipated in an external helium dump. Inside the cryostat,
liquid helium is collected and further cooled to approximately 2 K by decreasing the vapour
pressure using a sorption pump while the flow is controlled using a needle valve. This cooled
helium is then circulated around the sample chamber, which is referred to as the variable
temperature insert (VTI). The VTI is in thermal contact with the circulating cryogen while
it is otherwise isolated. A vacuum is therefore created inside the VTT before the sample is
lowered into the VTI.

Samples were mounted on probes which were lowered into the VTI. At the top of the
VTI, a series of O-rings allows a vacuum to be maintained within the VT while the probe
is lowered into the VTI. The upper section of the VTI (isolated using a gate valve) was
flushed with helium gas, then evacuated with a rotary pump and the process was repeated
for at least 5 minutes to ensure that any residual gas in the VTI would be a small amount
of helium. After the final flush with helium gas, the VTI was evacuated, the gate valve was

opened and the probe was lowered while the rotary pump maintained the vacuum.

Transport measurements were performed using a Keithly 2400 to source current and a
Keithly 2182A nano-voltmeter to measure voltage in the four probe configuration. The K2400
and K2182A were connected to a Keithly matrix scanner and the scanner was connected to
the probe via a 16-pin connector. RGO devices were manufactured across a custom designed
gold Hall bar with a gap of approximately 1 um using dielectrophoresis in the van der Pauw
configuration. The micro-electrodes were then connected to the probe using silver conductive
paste under an optical microscope. A source current of 10 uA was used after investigating
currents from 1 pA to 20 pA as it was low enough to protect the sample from damage while

also providing a high enough current to increase the signal to noise ratio.

The sample temperature was controlled using a Lakeshore 336 temperature controller.
The cryogenic system is controlled using Labview software which controls the temperature
and Hall measurement systems (K2400 and K2182A) simultaneously and measurements were
automated by programming sequences to control the virtual instruments within the Labview

software. Resistance versus temperature measurements were recorded from 2 K to room
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VTi gas cireuit inler

Figure 4.2: Cryogenic free measurement system.

temperature while magneto-resistance measurements were performed up to 12 T using a

superconducting magnet (power supply also provided by Lakeshore).
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CHAPTER 5

Electronic and Magnetic Properties of
Reduced Graphene Oxide

In Chapter 2 we studied the electronic properties of graphene and bilayer graphene chemically
modified through the incorporation nitrogen impurities which do not form clusters as a
result of recombination to Ny. Experimentally it is difficult to incorporate nitrogen while
impurity clusters have a more significant effect on the transport properties and offer greater
control of quantum transport features as demonstrated in Chapter 3. In this chapter we
present an experimental study of the electronic transport properties of reduced graphene
oxide (RGO) which, as illustrated through previous studies, consists of intact graphene
nano-islands embedded within residual functionalized regions. As mentioned in Chapter 3,
this is effectively a disordered quantum dot system. The chemical synthesis is well suited
to mass production of graphene. We demonstrate semi-metallic transport in graphene oxide
layers treated with an organic acid through a nearly linear current vs. voltage relationship
and the weak temperature dependence of resistance from high temperatures down to 20 K.
Additionally an energy gap was observed below 17 K due to the formation of local barriers
by residual oxygen groups and disorder in reduced graphene oxide (RGO) sheets. At higher
temperatures resistance shows a negative 72 temperature dependence. These results show
evidence of the decay of the magnitude of mesoscopic resistance fluctuations and well as
prominent effects of elastic scattering associated with graphene, as discussed in Chapter
1. Temperature dependent magnetization measurements showed a phase transition from
diamagnetic to ferromagnetic at around 10 K, in agreement with the electronic transport
properties of the RGO films.
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5.1 Introduction

5.1.1 Mesoscopic Resistance Fluctuations and Carrier Scattering

in Graphene

Mesoscopic resistance fluctuations (MRF’s), closely related to universal conductance fluctu-
ations (UCF’s), have been widely studied in graphene. These effects originate with the band
structure of graphene [38] which contributes to the prominent role of elastic scattering pro-
cesses [36] in spite of dephasing due to inelastic scattering. Graphene-specific treatments of
UCEF’s consider a 4 component spinor, indexed not only by the sublattice but also by the two
inequivalent points in the Brillouin zone where the conduction and valence bands meet, the
K and K’ points. This approach highlights the role of inter-valley and intra-valley scattering.
A Hamiltonian is developed which has symmetries of chirality and time-reversal symmetry.
Disorder, introduced through an additive term to the Hamiltonian, destroys translational

and rotational symmetry and may break the chiral and time-reversal symmetries [38].

If long range disorder is considered, with the disorder varying smoothly over a length-
scale greater than the lattice constant, then little scattering from the K to the K’ points is
expected. In addition, the chirality of charge carriers acts to suppress inter-valley scattering.
This effect is especially prominent close to the charge neutrality point where impurities result
in charge “puddles” [31]. Weak localization is therefore suppressed in favour of UCF’s. In the
extreme case, this may result in weak anti-localization. Shifts of the Dirac point from Er can
break chiral symmetry. In conjunction with short-range disorder (induced by, for example
charge neutral impurities), strong localization effects can occur. Short-range disorder can
induce inter-valley scattering while preserving time-reversal symmetry, reducing the variance

of the conductance and promoting weak localization.

A number of experimental studies of resistance as a function of gate voltage, magnetic field
and temperature have been performed to illuminate the nature of MRF’s in graphene. The
decay of the amplitude of MRF’s with temperature in conventional, disordered metals follows
an inverse power law [138]. Such a dependence has been observed in heavily doped graphene
[139]. As illustrated in Chapter 2 with N doping, doping of graphene can induce metallicity.
However, other studies of undoped graphene have found an anomalous exponential decay
with temperature (confirmed by the MRF amplitude as a function of gate voltage at constant

temperature) which has not yet been fully understood [30, 31, 140].
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In these studies, the behaviour of the resistance as a function of temperature was in-
vestigated at different gate voltages, which were used to tune the MRF amplitude from
constructive to destructive. It was found that the behaviour of the resistance with tempera-
ture is entirely different depending on whether the interference is constructive or destructive.
Sample widths between 1.2 ym and 1.5 um were investigated. It was also noted in these
studies that at high temperatures, impurities may become mobile (as discussed in Chapter
2) which also influences MRF’s so when the temperature was varied from low to high (above
50 K), measurements of the trend of resistance from high temperature to low temperature
were found to be different [30]. In another study, a strong super linear increase was found
in the resistance as a function of temperature at high gate voltages which was attributed to

phonon scattering with a contribution from the substrate (SiO2)[31].

Carrier scattering from a wide range of sources has been studied extensively in graphene
[141, 142]. Considering graphene as a metal which is to some extent disordered (diffusive
rather than ballistic) calculations for the resistivity /conductivity are performed within the
Boltzmann theory applied to Dirac fermions. One of the notable results of the treatment
is that, for scattering from radially symmetric potentials, backscattering is completely sup-
pressed. It was also demonstrated that scattering from short range potentials has little
overall effect as a direct result of the quasi-particle treatment of charge carriers as Dirac
fermions. In addition it was predicted that the conductivity of rippled graphene would show
a (positive) quadratic temperature dependence. When interpreting the electronic properties
of RGO, naturally we found deviations from the expected transport mechanisms of graphene
although there is some overlap. We have therefore considered some of the ideas developed in
the theory of transport in disordered amorphous metals in order to make progress towards

understanding electronic transport in RGO.

The unusual transport properties of high resistivity amorphous metals, in particular Ag-
Cu-X metallic glasses with X = Mg, Si, Sn, Sb and Mg; _{Zn; alloys have been studied
extensively primarily to gain insight into the nature of transport in disordered materials
(143, 144, 145, 146, 147, 148]. Resistance as a function of temperature showed a dependence
following p o< 1+ AT? however it was discovered that the temperature coefficient of resistivity
(TCR) A could be positive, negative or change from positive to negative with temperature.
A correlation between the resistivity of the material and the TCR was also noted (the Mooij
correlation). For relatively low resistivity disordered alloys, the TCR is positive while for

relatively high resistivity alloys the TCR is negative. Within some intermediate range of
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resistivity, a metal-insulator transition might be expected. The fundamental premise of the
Ziman theory is that the scattering term of the Boltzmann Transport Equation is extended
to include the structure factor which is invoked to determine the scattering probability
[146]. Within the Ziman theory, electron scattering from ions is treated quasi-elastically and
is described by the static structure factor. The existing Ziman theory at the time could
not account for experimental findings and eventually an explanation was developed with an

extension to the Ziman theory which could explain the quadratic term for a positive TCR.

The origin of a negative TCR proved to be more elusive. The eventual explanation relied
on a postulate (called the interaction postulate) that phonons with wavelengths greater than
the electronic mean free path play little role in carrier scattering [145, 146]. The resistivity of
the structure factor was then examined. The interaction postulate restricts the summation
over reciprocal lattice vectors and a general expression is obtained for temperatures higher
than half of the Debye temperature. This treatment explicitly showed that the TCR de-
pends on the resistivity of the material — the TCR is positive for relatively low resistivity
samples while the TCR is negative for high resistivity samples in agreement with the Mooij
correlation. This theory is often cited in the explanation of temperature dependent metal
insulator transitions in simple metallic glasses. Elastic scattering reduces the resistance with
increasing temperature due to the temperature dependence of the Debye-Waller factor [143]
while the contribution of inelastic scattering increases the resistance with temperature. In
high resistivity alloys, where the mean free path is of the order of the inter-atomic spacing,

elastic scattering wields great influence and the TCR is negative.

5.1.2 Electronic Transport in Reduced Graphene Oxide

With the ultimate goal of achieving a chemical route to graphene production, graphene ox-
ides have recently received significant attention [149, 150, 151, 152, 153]. Furthermore the
possibility of tuning the energy gap has generated keen interest in the fundamental trans-
port properties of functionalized graphenes [154]. The removal of functional groups in GO
has been demonstrated with hydrazine reduction however many topological defects are in-
troduced in the reduction process resulting in highly disordered RGO. This provides strong
motivation for the investigation of other reducing agents. A recent study revealed that ascor-
bic acid, which is environmentally friendly, provides an excellent alternative to hydrazine as

a large-scale reducing agent [69]. In this Chapter we therefore study the electrical transport
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properties and magnetic properties of GO reduced with ascorbic acid. The resulting RGO

shows less pronounced localization induced by disorder than GO reduced with hydrazine.

The relatively low electrical conductivity of RGO in comparison to graphene is due to
the presence of residual functional groups and disorder in RGO [155, 66]. RGO sheets are
composed of pristine graphene regions (in the range of 3-6 nm) intermittently dispersed
within highly oxidized regions with yet other regions dominated by topological defects in-
duced in the oxidation-reduction process [63]. Conduction has consequently been attributed
to variable range hopping (VRH) [156, 157] occurring from highly conductive intact graphene
nano-islands across disordered regions, which present potential barriers to charge carriers,
resulting in localization [156, 67, 157]. Deviation from the VRH regime has been reported
with a contribution from thermally activated carriers or a field dependent (and temperature

independent) term in the conductivity [67, 156].

Joung et al. found the conduction mechanism in RGO to be space charge limited with
a transition from trap free space charge limited conduction to exponentially distributed
trap space charge limited conduction [155]. Subsequently a schematic model was proposed
with graphene regions as quantum dots separated by oxidized regions, which act as tunnel
barriers. The transport mechanism was found to be Efros-Shklovskii VRH with localization
length comparable to the dimensions of the graphene quantum dots [66].In this study, current
suppression was also reported at low temperatures below a threshold voltage, indicating a
Coulomb blockade of charges.

5.1.3 Magnetic Properties of Reduced Graphene Oxide

With regard to the magnetic properties, several theoretical and experimental studies have
focused on magnetism in graphene and graphite [70, 158, 159, 160, 93, 68]. The observation
of ferro magnetism in graphene and graphene based materials has not yet been fully under-
stood [70]. A number of theoretical works have suggested that edge effects play an important
role in ferromagnetism, with defects and vacancies also contributing [68, 160, 93]. However
the stability of local moment formation of graphene edge states is questionable at higher
temperatures. Zhou et al. have shown that semi-hydrogenated graphene is a ferromagnetic
semiconductor, with the explanation that the introduction of hydrogen destroys the con-
jugated 7w bonding network, localizing unpaired p electrons resulting in magnetic moments

which can couple ferromagnetically [158]. A DFT study has indicated that graphene func-
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tionalized by oxygen and hydrogen on opposite sides of the graphene layer can form a highly
polarized, stable ferromagnetic metal [74]. This study also found that OH functionalized
graphene has a lone 2p electron while extended p-p interactions could facilitate ferromag-
netic coupling [74]. In this study, different magnetic and non-magnetic configurations were

investigated to determine the lowest overall energy as discussed in Chapter 2.

Ferromagnetism has been recorded in RGO even at room temperature [70, 68]. Strong
evidence suggests that defects, vacancies and lattice distortions play a significant role [159,
160, 93, 68]. Furthermore the large 7 conjugation of residual C' — O — C, C — OH, COOH
and C' = O groups clinging to the main graphene skeleton provides the stability for localized

magnetic moments [68].

Here we demonstrate a magnetic phase transition from diamagnetism at room tempera-
ture to ferromagnetism below 10 K due to localized magnetic moments. This is in agreement
with the observation of a small energy gap in RGO films. The electrical transport properties
and magnetic properties of our RGO samples are not dominated by the effects of disorder
induced localization. Thus reduction via ascorbic acid introduces fewer topological defects in
the removal of oxygen than hydrazine reduction resulting in RGO with improved qualities.
Consequently the electronic and magnetic properties of RGO films are found to be different

to previous reports.

5.2 Experimental Procedures

Experimental details are given in Chapter 4. Two-probe I — V' measurements were recorded
from 4.2 K for RGO and from 77 K for GO to room temperature with an Agilent B1500 Semi-
conductor Device Analyser in a Janis continuous flow cryogenic micro-manipulated probe
station. Measurements were performed under high vacuum (107® torr) to reduce the effect

of atmospheric adsorbate on transport.

The magnetic properties were measured by Brice Jamieson at the Tyndall institute. The
magnetization of GO and RGO samples was determined using a Quantum Designs MPMS-
XL5 SQUID Magnetometer with a measurement accuracy of 1.0 x 10~8 emu, where the
magnetic moment, on the order of 107% emu, was measured under a bias field of 50 Oe
through a temperature sweep of 300 K down to 2 K. While subsequently warming the

sample, hysteresis curves were taken for each material at set temperature points with an
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applied field varied between 10 kOe and -10 kOe. The weights of the samples were then used
to determine the magnetization in emu/g. To ensure maximum measurement accuracy, any
residual magnetic field present in the system was nullified using Ultra-Low Field techniques.
This was achieved by characterizing the residual field profile of the SQUID chamber after a
full demagnetization using a high-precision gauss-meter under zero applied field. A low-field
coil was then set to cancel out any remaining field resulting in a zero-field point at the centre

of the SQUID where the sample was measured.

5.3 Results and Discussion

I—V curves for GO (Fig. 5.1) show pronounced non-linearity and the conduction mechanism
of GO was indeed found to be 2D VRH (see Figure 5.2) as reported previously, described by
the expression [161]

G(T) = Ae BIT? (5.1)

where B = 3/kpN(Er)L?, kg is the Boltzmann constant, N(EF) is the density of states
at the Fermi level and L is the localization length of charge carriers. In comparison the
logarithmic conductance of RGO is plotted as a function of 77'/3, inset in Figure 5.2. The
temperature dependence of the current at constant voltage for GO and RGO films, shown in
Figure 5.1, is significantly different and can be correlated with the density of defects. Carbon-
oxygen bonds are sp® hybridized and disrupt the extended sp? conjugated network of pure
graphene regions in GO sheets resulting in localization of charge carriers and consequently

VRH as a result of the high oxygen content.

The I — V' curves of RGO show greater linearity (see inset in Fig. 5.3). As functional
groups are removed the effects of localization are reduced, although a small concentration
of residual functional groups remains. Resistance vs. temperature (R vs. T) measurements
of RGO show an exponential dependence in the range 4 K to 17 K (see Fig. 5.3). A small
energy gap is opened up in this temperature range as at low temperatures, charge carriers

are localized by defects and residual functionalized groups.

The linearity of the I — V measurements further supports a small bandgap. However,

resistance then changes little with temperature between 20 K and 35 K where it begins
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Figure 5.1: I —V measurements for GO. Inset: Current as a function of temperature for

GO and RGO.

to decrease steadily with temperature. As the temperature increases thermally activated
electrons become delocalized as a result of the relatively low defect density of the RGO
samples. The magnetization data also show a magnetic phase change from ferromagnetism

to diamagnetism in the same temperature range.

We focus on the origin of the R vs. T" behaviour of RGO samples which shows a marked
similarly in profile to results obtained from monolayer graphene samples [30] although the
present samples exhibit reduced conductivity. We have therefore attempted a fit to our data

(dashed lines, Fig. 5.3) by implementing the model suggested by Skdkalové et al. given by

_ Ryexp(—=T/Ty) 4+ Ry + aT + bT*?

R(T) 1+ exp(—FE./kgT)

(5.2)

where we have included a (negative) T2 term. The model suggested by Skdkalova et

al. was implemented without the inclusion of a quadratic term but in our case does not
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Figure 5.2: Logarithmic conductance of GO as a function of 7-1/3. Inset: the corre-
sponding plot for RGO.

accurately capture the full data range. The term Ry exp(—1"/Ty) arises from the decay of the
amplitude of mesoscopic resistance fluctuations where 7% is a constant which determines the
rate of exponential decay. With increasing temperature, the amplitude of MRF’s decreases
due to progressive dephasing (loss of coherence) of electrons. The term linear in 7" is due to
electron-phonon interactions (acoustic phonons) and resistance Ry is included as a scaling
factor [30]. The denominator accounts for the increase in carrier density with temperature
[30] where kp is the Boltzmann constant. We find good fits to the data are achieved with
activation energy E. = 11.3 meV and Ty = 3.3 K.

The sign of the coefficient b in Eq. 5.2 carries a very specific physical meaning and we have
therefore made a comparative study (Figure 5.3, dashed lines) of the fits using b =10, b > 0
and b < 0. We confirm that the addition of a negative quadratic term is required to fit the
data over the low temperature range (4 K to 100 K) although the origin is subject to further

investigation. Similar behaviour has been reported in high resistivity amorphous metals
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Figure 5.3: Resistance as a function of temperature in RGO. The dashed lines are fits to
the data with the suggested model e.g. for b > 0, b = 0 and b < 0. Upper

inset: Low temperature I — V measurements of RGO.

as discussed in the introduction. In these alloys the electron-phonon interaction becomes
ineffective as saturation effects develop with increasing temperature and the Debye-Waller
factor dominates the resistivity [143, 144] resulting in a negative 7% dependence due to the
contribution of elastic scattering [145, 146].

This model for transport in RGO suggests that the decay of mesoscopic resistance fluctu-
ations has a prominent effect on transport in RGO at low temperatures and highlights the
role of elastic scattering processes.The band structure of graphene does imply a greater con-
tribution of elastic scattering than in other materials as discussed above. RGO does contain
intact graphene nano-islands so it is possible that the importance of elastic scattering arises
in these regions however the exact origin of the T2 term is subject to further investigation.
In this regard, Hall measurements of RGO reduced to different degrees (through controlled
chemical reduction) would be illuminating as they would highlight the specific role of the

intrinsic resistivity of RGO devices. In addition, optical studies of the Tauc gap could pro-
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vide information on the role of activated charge carriers and the mobility edge. Mesoscopic
resistance fluctuations could be studied as a function of the carrier density although contri-
butions to the resistivity from the substrate would then need to be considered as well. The

dephasing induced by the application of an external magnetic field can also be used to study
MREF’s.

We have also checked the applicability of a model of combined variable range and nearest
neighbour hopping (applied to bilayer graphene). In bilayer graphene, a similar R vs. T
profile to the current measurements has been observed. At very low temperatures, conduc-
tion occurred through variable range hopping (less than 5 K') while at higher temperatures
conduction occurred through nearest neighbour hopping [162]. At higher temperatures still,
conduction was through thermal activation to the mobility edge. Localised states are found
in the band tail, separated from delocalized states by the mobility edge. This picture is qual-
itatively very similar to the analysis of our data with the exception of MRF's. The suggested

model has the form

R(T)™' = R{'exp(—FE1/kT) + Ry  exp(—Ey/kT) + R3* exp(—Ts/kT) (5.3)

where R, 53 are scaling resistances, I o are activation energies and 73 is a hopping energy
[162]. Our data can be well fitted by this model although a very small activation energy
(~ 0.1 meV) is required for either of the activated terms [162] which is non-physical for the

present system.

Prompted by the unconventional transport properties of RGO we have studied the mag-
netization and hysteretic behaviour of GO and RGO samples with the goal of investigating
localized spins and the possibility of long range interactions. Magnetization as a function of
temperature for GO and RGO is presented in Figure 5.4. Ferromagnetism was observed in
GO between 2 K and 9 K, indicated by the positive magnitude of the magnetization curve.
The ferromagnetic hysteresis curve at 2 K has a saturation magnetization in the order of
0.25 emu/g (see Fig. 5.5).

The origin of the ferromagnetism in GO is ascribed to localized spins formed on stable
organic radicals which also provide m conjugation. As the temperature increases phonon
scattering destroys the ferromagnetic ordering and a magnetic phase transition occurs at
10 K from the ferromagnetic phase to the diamagnetic phase, which persists to room tem-

perature. Hysteresis curves at 10 K and 300 K showed a significant difference in gradient,
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Figure 5.4: Magnetization as a function of temperature for GO and RGO. Inset is the
magnetization of GO and RGO as a function of applied field at 10 K.

with a 60 % difference in the diamagnetic response at 10 kQOe, as predicted by the negative
magnitude of the magnetic moment in Figure 5.4.

When GO is reduced to form RGO free organic radicals are destroyed as oxygen is removed
and defects and vacancies are introduced into the RGO lattice although a small concentration
of residual free radicals remains. Topographical defects and vacancies play a more prominent
role in the ferromagnetism of RGO than residual functionalized groups as the concentration of
free radicals is low. Although the mechanism of ferromagnetic ordering is still a topic of some
contention, it is believed that long-range coupling of localized spins is responsible [160, 163].
With the results of a recent study of the structure of RGO in mind [63], we believe that
ferromagnetic domains are found in disordered and functionalized regions. Ferromagnetic
coupling would then occur across intact graphene nano-islands. As such, the ferromagnetic
coupling would be weaker for larger intact graphene nano islands. These intact nano-islands

would also be expected to respond diamagnetically to an applied field.
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Figure 5.5: Hysteresis curves of GO at 300 K and 2 K indicating diamagnetism and

ferromagnetism respectively.

Near the transition between the ferromagnetic and diamagnetic phases the sharp increase
in magnetization in the RGO curve with local maximum at 7 K may indicate the competitive
coexistence of the ferromagnetic and diamagnetic phases. A similar feature noted in a
previous RGO study was attributed to the conflict between anti-ferromagnetic correlations
and ferromagnetic order [70]. Figure 5.6 shows hysteresis curves for RGO at 8 K which do
not saturate at 10 kOe. With increasing temperature, thermally activated electrons become
delocalized, phonon interactions disrupt the ferromagnetic ordering and diamagnetism is
therefore observed between 10 K and 300 K. There is little difference between the hysteresis
gradients at 10 K and 300 K with only a 25 % difference in the magnetization at 10 kOe,
predicted by the relatively flat magnetization profile from 10 K to 300 K. This rapid
saturation of the diamagnetic response suggests that the ferromagnetic ordering in RGO is
extremely sensitive to temperature changes indicating weak ferromagnetic coupling between
ferromagnetic domains. In comparison the diamagnetic response of GO continues to increase

due to the larger concentration of localized spins.
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Figure 5.6: Hysteresis curves of RGO at 300 K and 8 K indicating diamagnetism and

ferromagnetism respectively.

Below the ferromagnetic transition temperature, both materials exhibit a low coercivity
which is unfortunately masked by fluctuations in the magnetisation at low applied fields.
This low coercivity may indicate a superparamagnetic behaviour in RGO however a more

detailed hysteresis trace at low temperature will be necessary to investigate this possibility.

5.4 Conclusion

We have shown delocalized transport at intermediate temperatures in RGO layers with
an energy gap observed at low temperatures. At low temperatures, MRF’s are prevalent
indicating a low mobility of charge carriers due to successive elastic scattering although weak
localization is absent as is the case for pristine graphene. The decay of the amplitude of
MREF’s also displays the as yet unexplained exponential decay of pristine graphene. At higher

temperatures, through activation of charge carriers (with an activation energy of 11 meV'),
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the effects of elastic scattering again dominate the transport properties. I —V measurements
also show evidence of a small band gap. The scaling of the resistance with temperature
deviates from the general features associated with graphene and shows a negative quadratic
dependence. This is most likely due to residual free radicals attached to RGO sheets. A

small contribution to the resistivity from acoustic phonons was also found.

A ferromagnetic to diamagnetic phase transition was observed with increasing tempera-
ture in both GO and RGO. The saturation of the magnetization of RGO was more rapid than
that of GO. We find evidence of the coexistence of diamagnetic and ferromagnetic phases at
low temperatures for RGO. Localized spins are found at defects, vacancies and residual free
radicals with long range coupling taking place across intact graphene nano-islands. While
GO has an abundance of free radicals, the pristine graphene regions of RGO may promote

ferromagnetic ordering.

The reduction of GO with ascorbic acid proved highly effective. We believe that reduc-
tion with ascorbic acid introduces fewer defects and vacancies in the process of reduction
than conventional hydrazine reduction. Consequently the present transport properties are
not dominated by the effects of disorder and the phase change from ferromagnetism to
diamagnetism occurs at a lower temperature. However, delocalized states combined with
ferromagnetism suggest that correlations between conduction electrons and local magnetic
moments could be significant. Further studies on RGO including low temperature magneto-
resistance and Hall measurements were therefore carried out in the four probe configuration
(see Chapter 6).
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CHAPTER 6

The Kondo Effect in Reduced
Graphene Oxide

In Chapter 5 unusual transport features in reduced graphene oxide were demonstrated.
Those studies were therefore extended to four probe measurements at low temperatures and
high magnetic fields. We find a metal-insulator transition in the resistance as a function of
temperature. At very low temperatures, resistance shows a quadratic temperature depen-
dence with a positive temperature coefficient of resistivity. After attaining a maximum, the
temperature coefficient of the resistivity then changes as resistance decreases quadratically
with temperature followed by a logarithmic dependence. The magneto-resistance, decreas-
ing with the applied field, scales with a characteristic temperature. These novel features in
reduced graphene oxide may be a result of the interaction between conduction electrons and
localized moments (the Kondo effect) and a schematic model of intact graphene nano-islands
embedded within disordered regions is suggested as a possible explanation where the disor-
dered regions form localized moments and extended states form in intact graphene regions.
In Chapter 3 the conditions for the existence of Fano resonances close to Er was discussed.
In this chapter, we discuss the formation of the Kondo resonance as a result of the coupling
between local moments and delocalized conduction electrons. We begin with a brief intro-
duction to the Kondo effect, focusing on the Fermi liquid description. We then discuss some
of the intrinsic properties of Kondo physics in graphene as opposed to conventional materials.
We then present transport measurements interpreted within the Fermi liquid description of
the Kondo effect.
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6.1 Introduction

6.1.1 The Kondo Effect

The term “Kondo effect” has come to be associated with a number of different forms of
interaction between localized magnetic moments and conduction electrons. While treat-
ments vary according to the number of conduction channels, the number of impurities, the
form of local moments (whether isolated impurities, densely packed impurities or clusters
of impurities) and the nature of spin flip scattering (whether only s-wave behaviour or if
spins greater than 1/2 are allowed), the underlying Kondo physics is similar in each process
[164, 165, 166]. We begin with a discussion of the single impurity Kondo model which reveals
some of the elementary physics associated with the correlations between localized magnetic
moments and conduction electrons. We then discuss the single impurity Anderson model.
The generic physical interpretation of the Kondo effect, stemming from the single impurity
Anderson model involves a localized magnetic moment embedded in a sea of delocalized
electrons around the Fermi level where there is some hybridization between conduction band
states and the local moment. The single impurity Kondo model is in fact a condensed form of
the Anderson model which neglects hybridization, focusing only on the exchange interaction

[165].

The logarithmic temperature dependence of the low temperature resistivity of certain
alloys evaded a satisfactory explanation for over 30 years [164]. While Friedel suggested
the notion of virtual bound states as a result of resonant scattering, the problem remained
unresolved. Anderson, extending this notion, realized that short range interactions involving
localized electrons had to be incorporated with the formation of a narrow resonance [165].
Finally the single impurity Kondo theory was developed which could explain the logarithmic
divergences although this theory raised new questions and much of the underlying physics
remained unclear [164]. This problem generated great interest due to the wealth of physics
surrounding it and became known as the Kondo problem. Jun Kondo’s great insight was that
the interaction between localized magnetic moments and conduction electrons was related
to the logarithmic divergence at low temperatures. Treating the system to second order
in perturbation theory, Kondo was able to provide an explanation [165]. However, it was
only with the development of Wilson’s numerical renormalization group theory that the true

nature of Kondo physics was revealed. This regime plays a central role in the physics of heavy
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Fermions [167]. However it is still an emerging field in the physics of graphene devices.

The Kondo effect stems principally from the interaction of conduction electrons with
local spins. The Kondo effect is infused with the rich physics, complexities and subtleties
of the many body problem. In solving the Kondo problem, a wide variety of methods were
employed while new theoretical tools were developed. The Kondo effect encompasses a
number of related phenomena in different systems but the underlying principles begin with
the single impurity Kondo model which is also inherently a many-body problem [168]. Here,
we give a brief introduction to the single impurity Kondo model. Consider a local spin within
the Fermi “sea” of conduction electrons. Such a situation may arise in the limit of low doping
when ferromagnetic impurities are introduced to metals. Naturally, the conduction electrons
will interact anti-ferromagnetically with the local spin. We consider initially a localized d
electron and an itinerant electron which scatters isotropically from the impurity (s- wave)
[168]. The Hamiltonian of interaction between the conduction electron and local spin (s-d

exchange interaction) is described by

Hint = _QJSzmp * Sce (61)

where J characterizes the strength of the interaction, S;,,, is the impurity spin and s, is

the conduction electron spin. The single impurity Kondo Hamiltonian may be written as

Hint = Z EkCLSCkS + g Z Z C;f(so-ss’ck’s : Simp (62)

k,s kk’/ ss’

where J is most often negative, indicating an anti-ferromagnetic interaction although in
principle it could also be positive. States are labeled by momentum (k) and spin (s). The
first term accounts for kinetic energy in the conduction band. The second term accounts
for the interaction between the localized magnetic moment of a d electron and an electron
in the conduction band where o represents the conduction electron spin and S, represents
the impurity electron spin. This model assumes implicitly that there is a localized magnetic
impurity. In addition only s-wave behavior is assumed. In Kondo’s original approach, a small
interaction term J was considered and the Hamiltonian was expanded within perturbation
theory [164].

After describing the interaction, scattering theory may be applied to the system to deter-

mine the temperature dependence of the resistance [166]. Exchange scattering is included
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in the total elastic scattering probability as a spin-flip process [168]. Kondo calculated the
scattering matrix by expanding the interaction term to second order. The resistivity was
found to depend logarithmically on the temperature at low temperatures. This was suffi-
cient to explain the negative logarithmic temperature dependence of the resistivity at low
temperatures but the theory predicted divergences as the temperature approached zero. The
physical insight that was gained from the Kondo model was that spin-flip scattering due to
s-d interactions dominates carrier scattering at low temperatures (where the electron-phonon
interaction is reduced) but below some temperature known as the Kondo temperature (T )
spin-flip scattering was suppressed. Tx was found to be a principle scaling factor [164, 167].
Additionally, it was known that the magnetic moment vanished as temperature approached

Zero.

These unresolved issues became known as the Kondo problem and were finally resolved
with the introduction of Wilson’s numerical renormalization group theory which is discussed
later. Currently, Kondo physics is most often treated within the Anderson impurity model.
The Kondo Hamiltonian considers a fixed local moment. The Anderson model on the other
hand includes the possibility of tunneling of the localized moment and conduction electrons
on and off the impurity site. In this model a finite Coulomb interaction is assumed on the
impurity site [169]. The Anderson model is often applied to quantum dot systems where the

dots are ferromagnetic or induce ferromagentism. The Anderson Hamiltonian is given by

Hint = Y exlhytir + Y _ €odldy, + Udldrd]d,
k,o o

6.3
+ Z (vkdffcka + vl’icfmd0> (6:3)

k,o

The first term describes the kinetic energy of electrons in the conduction band. The
second term describes the quantized electronic energy states of the spin-degenerate state
near Er of the localized impurity (usually a d or f electron). The third term describes the
Coulomb interaction energy, which allows the doubly degenerate site to be occupied by a
single electron and maintain a net magnetic moment. As 7" — 0, the Coulomb repulsion
also facilitates the formation of a singlet ground state [165]. The fourth term represents
the coupling between the local magnetic moment and the conduction electrons. In this
case, coupling is effectively hybridization of s and d (f) electrons. This hybridization allows

electrons to tunnel into and out of the localized state while preserving their spin. Through
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approximation, this term can be reduced to Eq. 6.1. A schematic diagram of the Anderson

model is given in Figure 6.1.

A

Figure 6.1: Schematic diagram of the Anderson single impurity model.

The Kondo model is in fact a reduced form of the Anderson model [166]. If the coupling
(hybridization) between the local moment and the delocalized states of the conduction band
is small and the Coulomb repulsion is large then the local moment is effectively localized on
the impurity site and a model qualitatively similar to the Kondo model is recovered. The
Anderson model is more generally applicable as it incorporates mixed-valence effects [165].
The formation of the Kondo singlet ground state is a continuous phase transition as the
temperature decreases where the Kondo temperature (7}) is the energy scale for the phase

transition. The Kondo temperature within the Anderson model can be expressed as

Ty ~ VTUExp(meo(eq + 1) /TU) (6.4)

where I" is the rate of change of occupation of the dot, U is the Coulomb repulsion of the

localized impurity and ¢y is the occupied level of the impurity, as shown in Figure 6.1. The
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Kondo temperature increases with increasing I and is higher if ¢ is close to Ep.

Due to the Coulomb interaction the degeneracy of the localized moment at energy ¢
is effectively destroyed as the energy of next available localized state (of opposite spin) is
the sum of the intrinsic energy and the Coulomb energy, €y + U [169]. This model also
incorporates the mixing of the s and d states i.e. the coupling of the conduction band states
and the localized moment. In the scattering of conduction electrons with the local moment
at temperatures higher than the Kondo temperature, the magnetic quantum number of both
states may change i.e. the conduction electron may spin flip the local moment or vice versa
or both.

The coupling between the conduction electron and the local spin allows the local moment
to tunnel off the impurity site into the conduction band, preserving its spin. With the
impurity site vacant, an electron from the conduction band may tunnel onto the impurity
site, also preserving its spin. In this process, the spin of the impurity site changes while
the Coulomb repulsion prevents double occupation of the impurity site. This process is

illustrated in Figure 6.2.

Figure 6.2: Schematic diagram of a conserved tunneling process within the Anderson

impurity model.

The influence of the exchange interaction increases with decreasing temperature as phonon
interactions disrupt the s-d interaction. Temperature scaling is one of the most critical
features of the Kondo effect, not only the scaling of the resistivity with temperature but
also the scaling of the magnetization and specific heat. For the time being, we consider
the low temperature regime where phonon interactions are insignificant in comparison to
the exchange interaction. Conduction electrons within the energy range Er + kT shield
the local moment due to the anti-ferromagnetic interaction with conduction electrons. The
exchange interaction is most prevalent close to the Fermi surface due to the phase constraints
(developed by Friedel) [167].
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At the Kondo temperature, a quasi-bound singlet state forms [168, 169, 164, 166]. With
the singlet state formed, the mixing of the local moment and the conduction electron states
forms a sharp resonance at Er, the width of which is directly related to the strength of the
interaction [169]. In this low temperature limit, the coupling is strong, pJ — oo where p is
the density of states. With the local moment entirely screened, it no longer directly influences
conduction electrons. Instead, scattering of both the spin up and spin down channels results
in a phase shift of 7/2 i.e. 0y = 7/2.

Mattiesen’s rule states that the total resistivity is comprised of contributions from different
interactions [166]. As the temperature increases, phonon interactions interfere with the
resonance at the Fermi energy. The formation of the Kondo quasi-bound ground state is
prohibited and the contribution to the resistivity from Kondo scattering diminishes with
contributions from phonon interactions dominating the resistivity. The opposite natures of
the scaling of the interaction term and phonon terms with temperature leads to the notion
of the Poor Man’s Scaling technique for treating the Kondo problem [168]. In this approach,
as the temperature decreases different scattering mechanisms, treated within perturbation
theory, are eliminated. However this approach could not account for the interaction close to

the Kondo temperature.

Wilson’s numerical renormalization group theory (NRG) provided the tools for a complete
description of the Kondo effect across the Kondo temperature and provided access to the
physics of the spin singlet ground state while perturbative methods break down [168]. In
this approach, energy and space are discretized to focus on effects at Er at ever lower
temperatures while the Hamiltonian, which is reformulated into integrals over energy, is
updated. New operators are constructed to be spherical waves about the impurity site as
s wave states couple. Using the discretized space, a set of complete orthonormal functions
is defined to span the energy space in each interval. Finally, integrals over energy are then
replaced by summations over intervals. New orthonormal operators can then be defined,
the first being localized closest to the impurity, each of which couples to the next operator
sequentially. In this way, scaled Hamiltonians are developed which apply to different energy
scales. Different variations of the single impurity Kondo model have been developed and
applied in various systems where applicable. The Cogblin-Schrieffer model is a variation
of the single impurity model which accounts for non s-wave scattering so different angular
momentum states are considered in contrast to only spin-flip processes. Multi-channel Kondo

models have been developed which find application in certain quantum dot systems while
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multi-impurity models have been developed to account for interactions between localized

spins. The common denominator is the many-body physics of correlated electrons.

The Kondo effect within the Anderson model has been described in Fermi liquids through
WNRG calculations. Doped graphene is expected to be a Fermi liquid so it is possible that
RGO could be a Fermi liquid if the concentration of residual free radicals is low [40]. In
Fermi liquid theory, the characteristic temperature scale for the thermodynamic properties

is the Fermi temperature (Tx) which is defined as

. EF . hQ (371'277,)2/3 (6 5)

Tr = —
F kB 2mk3

where n is the density of states and m is the effective mass. As the temperature of a Fermi
liquid systems approaches T, strong interactions ensue. With decreasing temperature,
particle dynamics can no longer be understood in terms of a non-interacting Fermi gas
however there is a correspondence between the interacting and non-interacting behavior
in that the spin, charge and momentum are the same in both descriptions [166]. In Fermi
liquids there is also a sense of renormalization of quasi-particle excitations with temperature,
in a similar sense to the Poor Man’s Scaling approach outlined earlier. These additional
correlations must be accounted for when studying the Kondo effect in Fermi liquid systems.
Electrons within the energy range kpTr of Ep contribute to the formation of the Kondo

resonance.

The Kondo resonance forms a quasi-bound state at Epr which is occupied by a single
conduction electron (considering a spin 1/2 impurity). This is due to the correlation between
conduction electrons at the Fermi level and the energy of the one-level state. This leads
to the formation of a peak in the local density of states at the Fermi level. This single
conduction electron, effectively removed from the problem, screens the local moment [165,
164, 169]. When T' << Tk and the local moment is entirely screened, the resistivity is
governed by scattering (at low energies, close to EF) from the electrons which screen the
local moments. At temperatures sufficiently less than the Kondo temperature the resistivity
varies as 7. This may be physically interpreted as electron-electron scattering induced by
the accumulation of conduction electrons which screen the localized moments. This electron
screening has the additional effect of removing the magnetic moment of the system i.e. the
local spin is quenched.The Fermi sea occupies states which prevent conduction electrons

(in spin singlet states) from scattering. The Fermi liquid states are characterized by phase
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shifts. In Fermi liquids, the number of available scattering states decreases with decreasing
temperature along with the resistance. The temperature dependence of the resistivity of a

Fermi liquid is, in general, given by

p(T) o pg + AT? (6.6)

where A is positive. A similar temperature dependence is discussed in Chapter 5 (in the
context of disordered metals) although the mechanism is different. If 7' < T then the DOS
is approximately constant and there is an energy relation which characterizes the energy of

the Kondo singlet state (Fss), given by

where n(0) is the constant density of states, D is the upper energy limit of the conduction
band and J; is the magnitude of the exchange interaction. The energy F,s can be viewed as

the “binding energy” of the Kondo singlet.

The width of the Kondo resonance in the DOS is directly related to the Kondo tempera-
ture. The Kondo temperature is also directly related to the rate of transition of electrons on
and off the impurity site I'. In Chapter 3 we discussed how the lifetime of the quasi-bound
states formed through constructive quantum interference is inversely related to the width
of the quasi-bound state in the DOS. In the case of the Kondo resonance, the greater the
transition rate I', the greater the width of the Kondo resonance and the higher the Kondo

temperature.

In the Fermi liquid theory, which describes the excitations of quasi-particles and hence the
thermodynamic properties, the characteristic temperature scale of the susceptibility, specific
heat and magneto-resistance is also Tr. Magneto-resistance within the Fermi liquid regime
shows the characteristic £? scaling with the magnetic field. Kondo scattering is expected
to result in negative magnetoresistivity [168, 164, 165]. The application of a magnetic field
increases the Zeeman energy with the result that the number of available states for con-
duction electrons to scatter into decreases, consequently the resistance decreases. At higher
temperatures this effect is expected to decrease as the increased thermal energy increases

the number of available states.
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The mixture of the localized moment and conduction band states has an important ef-
fect at low temperatures. A conduction electron scattering from a localized moment (where
T > Tk) may cause spin-flip of the conduction electron or the localized moment. However,
scattering is not limited to only one conduction electron and there are consequently many
conduction electrons entangled together with the result that the impurity has a large scat-
tering effect due to correlation. For a local spin up moment, this mixing of states increases
the number of correlated spin down states close to the energy of the localized moment. The
spin down electrons are therefore quasi-localized. However, the localized moment may lower
its kinetic energy by hopping to a virtual state (of the same spin) at around the Fermi en-
ergy. The formation of a localized moment in this model therefore relies on the energy of
the one level states, the Coulomb energy and the position of the Fermi level in relation to

the broadening of the one-electron level.

6.1.2 Kondo Correlations in Graphene

Amid the plethora of studies investigating various aspects of electronic transport in graphene
the coupling of conduction electrons to localized magnetic moments is being studied intensely
both as a fundamental problem in condensed matter and for the development of novel spin-
tronic devices [170, 171, 172]. The Kondo physics of graphene is expected to be atypical due
to the Dirac nature of charge carriers in graphene and the zero density of states at Er so
the phase transition with temperature from Kondo screened to unscreened may be unusual
[173]. It is believed that local moments may be stably formed in graphene through the
incorporation of magnetic adatoms or induced through the incorporation of non-magnetic
impurities which induce a magnetic moment through a non-bonding lone electron. Through
tight-binding studies it was shown that single vacancies in graphene can induce localized
states close to E, their influence stretching over many lattice sites [92]. Coulomb interac-
tions, not included in the previously mentioned study, may induce magnetic moments at the

localized states.

The single impurity Kondo model has been applied to graphene where spin 1/2 moments
were considered. Equation 6.7 illustrates that Tk depends on the DOS at Er. In graphene, a
pseudo-gap DOS is used which illustrates that Kondo screening is suppressed and for small
exchange interaction the Kondo screening is entirely absent and the Kondo temperature

in graphene is expected to be very low [173]. This may also have implications for the
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Kondo temperature as a universal scaling temperature as the sensitivity of the specific heat
and susceptibility to the reduced electron screening may not be the same as that of the
resistivity. With regard to the resistivity as well, the scattering properties of graphene
(discussed in Chapter 5) may also result in anomalous effects. In addition, the tendency to
from electron-hole puddles may also mask Kondo physics in graphene and result in a wide

range of local Kondo temperatures due to local differences in the charge distribution [173].

The mass of single layer graphene prevents conventional magnetic studies, such as SQUID
studies, on individual layers. On the other hand, local properties can be probed through
transport studies. The introduction of ferromagnetic adatoms (such as C'o) has been widely
studied while in parallel features such as vacancies and topographical distortions as well
as non-magnetic adatoms which induce magnetism have also been studied. Kondo physics
in graphene is an emerging field with many open questions and apparent contradictions.
Ferromagnetism has been recorded in functionalized graphenes as discussed in Chapter 5
[70, 68], and graphite [159] even at room temperature indicating that the Kondo effect may
be significant in these materials despite the lack of ferromagnetic impurities. In graphene,
ferromagnetism has been attributed to edge states [174] | topographical defects and vacancies
where localized moments may form [68, 160, 93]. In reduced graphene oxide ferromagnetism
is likely due to the formation of local moments at residual functionalized groups, defects and
vacancies [70, 68]. The large m conjugation of free radicals is believed to provide the stability

for ferromagnetic ordering although the exact mechanism is as yet unclear [68].

The Kondo effect in graphene has been theoretically investigated extensively, some studies
beginning with the Anderson model Hamiltonian for a magnetic impurity adsorbed on a
graphene sheet with calculations performed using Wilson’s group renormalization method
[175]. Tt has been documented that in graphene the low density of states in the region of
the Fermi energy may allow for the formation of sharp resonances in the density of states if
covalent molecules are attached to graphene or if there are vacancies in the graphene sheet
[172] . It was found that there is no Kondo resonance in the density of states at the Fermi
energy for undoped graphene. However in doped graphene (where Ef is shifted away from

the Dirac point) a Kondo peak indeed appears at the Fermi energy [175].

Another recent study has focused on the formation and effect of magnetic moments near
vacancies in graphene and their potential ferromagnetic coupling to conduction electrons
[172] . It should be noted that there are indeed differences between the moments of magnetic

impurities conventionally treated in the Kondo effect and the localized moments formed in
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graphene. In the case of ferromagnetic coupling, the resonant state is orthogonal to the
conduction states and the virtual hopping between the localized state and the conduction
electrons no longer occurs. The coupling between the magnetic moment and conduction
electrons was found to be ferromagnetic with a magnetic susceptibility proportional to inverse
temperature [172]. It has also been pointed out that disorder induced charge puddles may
destroy the magnetic moment if the carrier concentration is high enough.

Spin-transport measurements have been used to demonstrate local moment formation in
graphene with chemisorbed hydrogen [176]. Spin-currents were generated through cobalt
contacts and spin-transport measurements were performed under an applied field as a func-
tion of exposure (and consequent chemisorption) of hydrogen. Changes in the non-local spin
dependent resistance were induced through hydrogen incorporation and compelling evidence
suggests that spin-spin exchange coupling occurs between local moments and conduction
electrons [176]. In addition, the experimental demonstration of spin currents bodes well for
the realization of graphene spintronic devices which have been widely studied theoretically

but have been found to be difficult to achieve experimentally.

An ab-initio study indicated that graphene functionalized with fluorine on one side might
exhibit giant magneto resistance [74]. Experimentally, dilute fluorine incorporated graphene
has also been studied [177]. Colossal negative magnetoresistance as well as unusual steps
in the magnetoresistance at low temperatures (which may be due to the filling of quantized
energy levels) were reported which cannot be satisfactorily explained by current theories
of scattering from impurities in graphene and it was suggested that magnetic interactions
may play a role. Inspired by the similarity of their results with studies on magnetites, these
authors suggest that local moments form through the incorporation of fluorine. These local
moments induce magnetic polarons which in turn delocalize under the application of an

external field resulting in large negative magnetoresistance [177].

Further studies on fluorinated graphene found anomalous behavior of the phase coherence
length which was found to saturate at temperatures less than 10 K [178]. Magnetic impurities
are expected to break the time reversal symmetry and therefore contribute to the loss of
phase coherence over and above the usual mechanisms of electron-electron interactions and
electron-phonon interactions which have been widely studied in graphene. In graphene,
the relationship between the phase coherence length and the magnetoconductance accounts
for the conventional weak localization effects as well as weak anti-localization as a result

of inter-valley scattering and chirality considerations (as discussed in detail in Chapters 2
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and 5). While the phase breaking as a result of phonon interactions and electron-electron
interactions was found to be the same as in pristine graphene, both the phase coherence
length and the phase breaking rate were found to saturate at low temperatures. These
results provide evidence of spin-flip scattering which may account for the anomalous time-
reversal symmetry breaking [178]. At low temperatures, the stability of local spin formation
is enhanced so the time-reversal symmetry is broken resulting in saturation of the phase
coherence length. The spin-flip rate was used to calculate a Kondo temperature of 0.01 mK
(dependent upon the carrier density). In both of these studies, a long spin-diffusion length
(in the range of a few microns) was demonstrated [178] with significant implications for the
viability of graphene spintronic devices, specifically spin-polarized devices. Additionally, it

was demonstrated that the spin diffusion length can be controlled with the carrier density.

Although direct evidence of magnetic moment formation has been limited in graphene,
the studies previously mentioned confirm some of the prerequisites for graphene spintronics.
They illustrate that magnetic moments can be induced in graphene with relatively minor
changes to graphene. On the other hand, spintronics in functionalized graphenes, as opposed
to modified graphenes, has so far received little attention. In the present study on RGO we
begin with a material which is known to form local moments (the exact mechanism is still
under debate) however so far transport in RGO has been limited by strong localization effects

as a result of the reduction method used.

In addition to local moment formation and retention, sufficiently delocalized conduction
electrons are a prerequisite to allow hybridization between the local moment and the con-
duction electrons. The electrical transport properties in reduced graphene oxide have been
attributed to Mott variable range hopping in a number of studies as a result of the disorder
induced in the oxidation-reduction process and the small concentration of residual function-
alized groups which remains after reduction, as discussed in Chapter 5 . Although other
studies have reported space charge limited conduction [155] or a variation from variable
range hopping to activated transport [67], these mechanisms are still dominated by the ef-
fects of disorder. A recent study has shown activated transport in RGO indicating band-like
transport [179)].

RGO consists of intact graphene nano-islands interspersed with regions dominated by
topographical defects and residual functionalized groups [155, 65, 63]. These structural
properties were incorporated successfully into a recent study of the electronic transport

properties which showed Efros-Shklovskii variable range hopping and Coulomb blockade
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effects [65]. A schematic transport model was consequently developed in which graphene
regions are embedded in the disordered matrix like quantum dots . The Coulomb oscillations
that were observed indicate single electron tunnelling between the disordered regions [65].
With this picture in mind together with the possibility of band-like transport it would
seem likely that the interaction of conduction electrons with localized magnetic moments
in disordered regions (both residual free radicals and topographical defects) may play a

significant role in the electronic and magnetic properties of RGO.

Recently the Kondo effect has been observed in irradiated graphene [180]. Irradiation
creates vacancies and topographical defects where localized magnetic moments may form.
The conductivity as a function of gate voltage showed asymmetry which was ascribed to
non-zero on-site energy for the defects. The magnetoresistance was found to be negative,
the result of the disorder induced through irradiation which causes weak localization ef-
fects. While spin-transport has been widely studied theoretically in graphene and modified
graphenes with experimental studies being actively pursued, the possibility of spin transport
in functionalized graphenes has received little attention despite reports of ferromagnetism.
A DFT study has demonstrated that oxygen and hydrogen functionalized graphenes could
be exploited in spin filters where the stable ferromagnetic moment was found to be localized
on unfunctionalized carbon atoms[74]. With additional motivation provided by the unusual
transport properties presented in Chapter 5, we have therefore performed more detailed

transport measurements on RGO.

6.2 Experimental Techniques

Four terminal RGO devices were fabricated by dielectrophoresis across a gold Hall bar in
the van der Pauw configuration, suspended across a gap of approximately 1 um. Four probe
resistance versus temperature (R vs. T') and magneto-resistance (MR) measurements were
performed in a cryogen free automated measurement system from 2 K and up to fields of 12
T. A Keithly 2400 was used to source a current of 10 uA and a Keithly 2182A was used to

measure voltage.
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6.3 Results and Discussion

R vs. T measurements of RGO from 2 K to 100 K are shown in Figure 6.3. At low
temperatures resistance increases quadratically with temperature. The blue solid line in the
inset of Figure 6.3 is a straight line illustrating a quadratic temperature dependence (with
a positive TCR) up to around 20 K. After attaining a maximum, resistance then decreases
quadratically up to around 50 K before decreasing logarithmically to around 90 K. We
employ the Fermi liquid description of the Kondo effect where the temperature dependence
of the resistivity depends on the Kondo temperature [181, 180]. In the low temperature

region it is expected to behave as

p(T) = per + po (1 - (%)j (6.8)

At low temperatures the energy of conduction electrons is close to the energy of localized
magnetic moments. The conduction electrons then form quasi-localized states around the
local moments through the Kondo resonance resulting in enhanced electron scattering at low
temperatures. The resistance shows a negative quadratic temperature dependence (the solid
red line in Figure 6.3 is a fit to Equation 6.8). At higher temperatures, the resistance scales

according to the logarithmic expression

p(T) = por+ 2 (1 — 0.470In (%)) (6.9)

K

At higher temperatures, the scattering of conduction electrons may change the magnetic
quantum numbers of both conduction electrons and the localized moments (spin-flip scatter-
ing) resulting in a negative logarithmic dependence. The solid green line in Figure 6.8 is a fit
to Equation 6.9. The constants p.; and p.1o were found to be virtually the same indicating

that the Fermi liquid description is valid.

Figure 6.4 shows the MR of RGO, which was found to be negative at low temperatures.
As the temperature increases the MR approaches zero, appearing to be slightly positive at 31
K. Kondo scattering is expected to result in negative MR as the application of a magnetic
field increases the Zeeman energy with the result that the number of available states for

conduction electrons to scatter into decreases, consequently the resistance decreases. At
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Figure 6.3: Resistance versus temperature of RGO. The solid red line is a fit to a
quadratic temperature dependence while the green solid line is a fit to a
logarithmic temperature dependence. Inset is the low temperature resistance

plotted as a function of the temperature squared.

higher temperatures this effect is expected to decrease as phonon interactions disrupt the
Kondo resonance. The MR is therefore scaled by a characteristic temperature (7*) closely
related to the Kondo temperature [182]. The MR has been plotted as a function of the scaled
magnetic field within the Schlottmann description [182]

p(B) — p(0) _ B
o= ) (610)

T* was found to be in the region of 4 K. This is in good agreement with the Kondo

temperature of 2.6 K determined from the R vs. T' measurements. We found that changing
T by around 1 K destroyed the scaling. We attempted to interpret the MR measurements
within the framework of 2D weak localization but found that the curve fits were not convinc-

ing. Furthermore the R vs. T" measurements at zero field show no sign of weak localization

117



CHAPTER 6: THE KONDO EFFECT IN REDUCED GRAPHENE OXIDE

-0.02
.
o
N
o
==
8 '0.04 8
=
o z.
m x
¥ 006} ¥ Moy | 10K
-0.04} M‘? ——42K
ofo 0f4 ofs 1?2 : |
0.08  BIT+T* (TIK) |
0 3 6 9 12

Magnetic Field (T)

Figure 6.4: Magneto-resistance of RGO. Inset is the MR scaled with the characteristic

temperature.

at low temperatures.

Hall measurements were performed to determine the carrier density at low temperatures.
The experimental values of the mobile carrier density range from 6.041 x 10° cm =2 at 2.6 K
to a maximum of 1.524 x 101 em™2 at 18 K before levelling out at approximately 9 x 10'°

2 at around 22 K. We have included the carrier density as a function of temperature

cm

in Figure 6.6. These values are consistent with mobile carrier densities reported in the
literature for disordered graphene (for example [183]). The exact relationship between the
fluctuations in carrier density and both the R vs. T" and the MR data is difficult to firmly
establish. Further experiments with varying oxygen concentrations could be illuminating in
this regard. The experimentally determined defect density (using the same method as [180])
is 1.053 x10*em™2, consistent with the value of 3 x 10 em =2 determined in that study for
irradiated graphene. The mobility of our RGO sample was found to be 3.09 x 10® em?/V.s

at 2.6 K. We have also shown the Hall coefficient as a function of temperature in Figure 6.5.
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Figure 6.5: Hall Coeflicient as a function of temperature

The stability for magnetic moments may be provided by the large 7 conjugation of certain
free radical groups. If the hybridization between these localized moments and conduction
electrons is not too small then the local moments and conduction electrons may be treated
within the Anderson single impurity model. Topographical defects in the graphene lattice
assist in the formation of stable magnetic moments induced by vacancies where the mag-
netism arises within the same 7 conjugated network as the conduction electrons (a schematic
diagram is presented in Fig. 6.7). The presence of disorder is therefore crucial to the for-
mation of local moments. However if the disorder is too great delocalized transport cannot
occur. Delocalized conduction electrons in RGO may interact with both the local moments in
functionalized regions and in non-functionalized regions (vacancies). It is difficult to imagine
the Kondo effect arising in functionalized regions as charge carriers would not be expected
to exist in extended states in these regions as a result of localization and potential barriers

formed by sp?® hybridization.

However in non-functionalized regions (intact graphene nano-islands) extended states may
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Figure 6.6: Carrier density as a function of temperature

well be found, despite the disorder induced in the reduction process. The antiferromagnetic
interaction then between these extended states and local moments on functionalized regions
(or at the edges of functionalized regions) and vacancies may then allow for the effective
screening of local moments by conduction electrons at low temperatures. The effects of this
screening (i.e. the Kondo effect) are seen at higher temperatures than they would otherwise
be seen in pristine graphene because delocalized states only occur in the RGO samples when
electrons gain enough energy to overcome the potential barriers posed by free radicals and
disorder. This results in enhanced electron scattering from the “Kondo cloud” and resis-
tance therefore shows a negative quadratic dependence. At yet higher temperatures phonon
interactions interfere with the formation of the Kondo resonance, the interaction between
local moments and conduction electrons becomes less prominent and spin-flip scattering may

occur, indicated by a negative logarithmic dependence.

At very low temperatures, below 30 K, Fermi liquid behaviour (quadratic temperature

dependence of the resistivity) ensues as a result of the onset of coherence effects which are
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manifest in increased elastic scattering. This explanation is in agreement with calculations
on graphene doped with charged impurities, where charge screening occurs due to interac-
tions between the impurities and conduction electrons, which have shown a metal-insulator

transition similar to the present experimental results [184].

Figure 6.7: Schematic diagram of local moment formation in RGO. Local moments (red
arrows) form at residual free radicals (blue spheres) which are attached to
the basal graphene plane and vacancies in the lattice. Extended states may

form in unfunctionalized graphene regions.

6.4 Conclusion

In summary, we have shown that the interaction between localized magnetic moments and
conduction electrons may be of significance in the transport properties of graphene oxide re-
duced with ascorbic acid. The Fermi liquid description of the Kondo effect has been employed
to fit R vs. T measurements while MR measurements scale with a characteristic tempera-
ture. The Kondo temperature is determined from the R vs. T measurements is 2.6 K which
is in fair agreement with the characteristic temperature of 4 K determined from the scaling
of the MR. This work provides motivation for further studies in RGO for possible spintronic

applications. Further studies including gate voltage dependent measurements, which might
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allow the occupancy of the local moments to be varied, may reveal more about the nature of
the Kondo effect in RGO. Scanning transmission spectroscopy may also yield insight into the
Kondo resonance in RGO. In further studies devices could be designed specifically to study
the Kondo effect in graphene. With the manipulation of single atoms afforded by scanning
transmission microscopes, it may be possible to place individual ferromagnetic adatoms at
specific lattice sites (most likely informed by DFT calculations) to induce the Kondo effect.
Chemical methods could also be used to deposit ferromagnetic clusters in functionalized

graphenes.
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Conclusions

Graphene and chemically modified graphenes have generated great interest in very different
facets of science, from molecular cell biology to renewable energy. It is a unifying force in
physics, sparking debate across the board. The full potential of modified graphenes will
likely not only be realized in the succession of conventional devices but in the development
of innovative devices which exploit their unique properties. It has been widely reported that
the European Union, in conjunction with universities worldwide and commercial partners (a
notable example being Nokia) will invest around 100 million Euro over the next 10 years in
taking graphene from a novel research material to the marketplace. However, as the fanfare
surrounding pristine graphene begins to wane, focus has turned towards modified graphenes
which offer even greater potential. The full potential of graphene lies in graphene-hybrid
materials which exploit its fundamental properties with tolerance to the defects and disorder
inherent to real systems. With the foundation laid in studies of pristine graphene focus has

shifted to modified graphenes.

Future nano-electronic devices will require a wide range of properties and therefore dif-
ferent dopants and doping mechanisms are required to modify the electronic properties.
Progress in graphene devices has been rapid especially given the difficulties of working with
a material which is only a single atom thick. New processing techniques are actively being
pursued to bring graphene and chemically modified graphene devices to the market and
with the exponential advance of technology, chemically modified graphenes will undoubtedly

contribute to carbon-based devices.

Graphene nano-electronic devices are widely anticipated to surpass current technologies.
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In Chapter 2 the electronic properties of NV incorporated graphene and bilayer graphene were
studied. NN incorporation induces metallicity in bilayer graphene while a gap is opened up
in the vicinity of the K point. N modification greatly reduces the dependence of the band
structure on the stacking configuration. We find that N incorporation is unlikely to induce
magnetism in bilayer graphene. A comparison of the total energy of graphene nano-ribbons
with N incorporated on the edge and in the bulk of the nano-ribbon indicated that N atoms
will tend to diffuse to the edge of the nano-ribbon to decrease the energy of the system. This
will likely pose a limitation to the maximum possible atomic doping of N as when nitrogen
atoms meet at the edges they are likely to recombine to N, and dissociate from the graphene

lattice.

In addition to the intrinsic bandgap of graphene nano-ribbons, previous studies have in-
vestigated chemical modification of graphene in order to induce a bandgap. On the other
hand, carbon nano-tubes and graphene nano-ribbons have been proposed as potential inter-
connects in nano-electronic integrated circuits. However graphene nano-ribbons have a band
gap which scales inversely with the width of the graphene nano-ribbon. Considering the
findings of the present study, N incorporation could be employed to reintroduce metallicity
to bilayer graphene nano-ribbons. However the diffusion of nitrogen atoms to the edge of
graphene nano-ribbons must also be accounted for in future studies. This may well be ben-
eficial as additional edge effects could enhance device applications. The current work may

be extended to studies of the transport properties of disordered N incorporated graphene.

In addition to substitutional incorporation, N can form many complexes which can be
incorporated into graphene. This allows N complexes to be incorporated with a range of dif-
ferent potentials allowing the band modulation to be tuned provided the gas phase chemistry
can be controlled. This is beneficial for large-scale production as various modifications to the
electronic properties can be achieved with little change in the processing methods. Device
parameters such as resonant energies and carrier lifetimes could then be tuned based on the
predominant incorporation of one or another NV complex. Further studies may focus on the
influence of different N complexes on electronic properties as well as formation energies to

inform synthesis techniques.

While N incorporated bilayer graphene is metallic in the in-plane direction, calculations of
the dielectric function are required to determine the nature of N doped graphene in the out-
of-plane direction. This may be of significance towards the development of meta-materials

however is not likely to be of significance for electronic device applications.
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After studying the modifications to the electronic properties of graphene and bilayer
graphene induced through the incorporation of single N impurities, the electronic transport
properties of impurity clusters embedded within a high bandgap material were studied in
Chapter 3. It was demonstrated that the device parameters such as the resonant energy and
characteristic time can be controlled through the geometric arrangement of impurity clusters
based on quantum interference. A distinct Fano resonance forms and the calculated I — V
characteristics show negative differential conductance. This study may be extended to the
effects of impurity clusters embedded in a carbon matrix on the resonant tunneling features.
Regions of predominantly sp® hybridized carbon form high potentials while sp? hybridized
clusters form lower potentials. In reality a competition between two processes i.e. increase
of cluster size and separation of clusters can result in conductivity saturation in the regime

of large coupling between the impurity clusters [124].

In Chapter 5 we showed that the geometry of the impurity configuration can be tuned to
achieve maximum electron transmission. Hence the energy of maximum transmission and
also the lifetime of wavefunctions in the respective trapping centres can be tuned. Consider-
ing the significant interest in naturally grown systems, for example reduced graphene oxide,
this study provides an in depth theoretical investigation of the effect of cluster configuration
on the transport properties of disordered graphenes [185, 186]. This study will enable us to
interpret the efficiency of doping versus non-doping in unconventional semiconductors such
as in diamond-like carbon films, which may find use in the development of new kinds of
field effect transistors based on the controlled arrangement of clusters. In addition, the con-
trolled confinement of charge carriers may lead to quantum information devices. We intend

to extend this model to include spin to inform the development of spintronic devices.

The experimental methods were presented in Chapter 4. In the present study, dielec-
trophoresis was used to control the placement of nano-materials by applying an alternating
current to micro-electrodes. Low temperature transport measurements were performed in
both the two probe and four probe configurations. In future studies nano-scale devices will
be manufactured using an in-situ gas injection system and electron beam lithography. Tem-
perature dependent four probe measurements will be performed from low temperatures (80
K) using nano-manipulated probes within a scanning electron microscope providing access
to quantum transport properties on the nano-scale. Using nano-manipulators and gas in-
jection, devices can also be manufactured for low temperature, magneto-resistance and gate

voltage dependent measurements within the Janis micromanipulated probe station and the
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Cryogenic free measurement system. Specifically, high frequency transport measurements

will be studied at low temperature and under an applied magnetic field.

In Chapter 5 the transport and magnetic properties of RGO were studied. Through
reduction of GO with ascorbic acid, the electrical properties have shown improvement in
comparison to GO reduced using hydrazine. This may be of use in large-scale production
of graphene devices such as FET’s. The transport properties are unusual and show a com-
bination of effects associated with pristine graphene and disordered metals. We suggest a
transport model in which MRF’s are prominent at low temperatures while at higher tem-
peratures the thermally activated carriers are strongly influenced by elastic scattering. This
anomalous scattering, interpreted within an extended Ziman theory of transport, merits fur-
ther investigation towards a more complete theory of transport in RGO. The magnitude
and distribution of the graphene quantum dots within RGO can be tuned to some extent
during the chemical reduction. Future studies might determine the relationship between
the transport properties and the extent of the graphene nano-islands. Gate voltage depen-
dent measurements may aid in the interpretation of MRF’s however the interaction of the

substrate may influence the gate voltage dependence.

At low temperatures, RGO shows ferromagnetism undergoing a phase transition to dia-
magnetism at around 8 K. While ferromagnetism in carbon is an emerging field, it is widely
accepted that local magnetic moments form at defects, vacancies and topographical distor-
tions with the large m conjugation of free radicals providing the stability for local moments.
Tuning the extent of graphene nano-islands may also shed some light on the nature of ferro-
magnetic ordering in RGO. Furthermore annealing to reverse some of the damage introduced
in the reduction process may also shed light on the role of topographical distortions as op-

posed to residual free radicals.

With initial studies indicating delocalized states and magnetic moments at low temper-
atures, more detailed transport studies were performed. In Chapter 6 four probe transport
measurements were performed on RGO. We found that the interaction of itinerant conduc-
tion electrons and local magnetic moments can be significant in reduced graphene oxide. R
vs. T measurements showed a metal-insulator transition which was interpreted within the
Fermi liquid description of the Kondo effect. In addition the scaling of magnetoresistance
measurements was interpreted within the Schlotmann description of magnetoresistance of
the Kondo effect. Hall measurements of RGO samples indicated a high mobility, comparable

to that of disordered graphenes. The carrier density was also found to be in agreement with
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that found in a previous study which confirmed the Kondo effect in graphene. The field of
correlated graphene systems is gaining momentum not only due to the rich physics of these
systems but also towards device applications in graphene spintronics. There is great scope

for further studies especially with regard to Kondo physics in functionalized graphenes.

In our study of quantum transport through quantum dot systems, we find a Fano res-
onance close to Fr. With the inclusion of spin in the model it may be possible to induce
correlations based not only on constructive interference but also on the interaction of the spin
of charge carriers with local moments. This model would not necessarily capture conventional
Kondo physics but might aid in addressing the inter-play between quantum interference phe-
nomena and spin dependent correlations. Motivated by the experimental observation of the
Kondo effect in RGO, we may study functionalized graphene with clusters of ferromagnetic
impurities to develop new spintronic devices. With the inclusion of localized magnetic mo-
ments it may be possible to employ a magnetic field to further control the carrier lifetime.
Additionally the spin Rashba effect in quantum dot systems would be of interest. In future

studies, phonon interactions may also be included.

We have considered some potential outputs of the combined studies of this work. One po-
tential application may lie in dosimetry. Amorphous carbon is currently also being used for
medical imaging applications in conjunction with Csl scintillators. With a wide operational
range and high frequency capabilities, researchers in medical physics and materials science
are working towards further improving amorphous carbon and polycrystalline diamond de-
vices through controlling the device properties, principally through chemical doping in the
gas phase reaction [187]. Radiation induces electrons which can be induce conductivity in
diamond. One of the primary motivations for the use of diamond is that it has a dosimetry
index close to that of human flesh. Another important factor is the robustness of diamond

and its resilience to external influences.

By tuning the graphitic concentration in a — C' films the dosimetry factor could be further
controlled. Graphitic impurity clusters within a — C' are effectively quantum dots. Through
the controlled arrangement of these dots it may be possible to develop new electronic detec-
tors for a wide range of applications, such as dosimetry and bolometry. As the eigenenergies
are well defined, the influence of external radiation could be detected by the change in res-
onant energy. This may offer greater scope for performing dosimetry in different regions
of the spectrum by tuning the eigenenergies of wells in the a — C' SL structures through

controlling the geometric configuration of the clusters while the eigenenergies of the clusters
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can be tuned through the application of a gate voltage.
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